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Abstract: Background/Objectives: Crude extracts from the Brassica genus have recently emerged as
promising phytochemicals for preventing bone loss. While the most documented evidence suggests
that their general biological activity is due to glucosinolates’ (GLSs’) hydrolysis products, the direct
activity of GLSs is beginning to be uncovered. However, the contribution of GLSs to the bone-sparing
activity of crude Brassicaceae extracts has seldom been addressed. Here, we aimed to gain insights
into this gap by studying in the same in vitro model of human osteogenesis the effect of two Brassica
seed extracts (Eruca sativa and Lepidium sativum) obtained from defatted seed meals, comparing them
to the isolated GLSs most represented in their composition, glucoerucin (GER) and glucotropaeolin
(GTL), for Eruca sativa and Lepidium sativum, respectively. Methods: Osteogenic differentiation of
human mesenchymal stromal cells (hMSCs) was assessed by alizarin red staining assay and real-time
PCR, respectively, evaluating mineral apposition and mRNA expression of specific osteogenic genes.
Results: Both Brassica extracts and GLSs increased the osteogenic differentiation, indicating that the
stimulating effect of Brassica extracts can be at least partially attributed to GLSs. Moreover, these
data extend previous evidence of the effect of unhydrolyzed glucoraphanin (GRA) on osteogenesis to
other types of GLSs: GER and GTL. Notably, E. sativa extract and GTL induced higher osteogenic
stimulation than Lepidium sativum extract and GER, respectively. Conclusions: Overall, this study
expands the knowledge on the possible application of Brassica-derived bioactive molecules as natural
alternatives for the prevention and treatment of bone-loss pathologies.

Keywords: osteoporosis; Brassicaceae; Lepidium sativum; Eruca sativa; glucotropaeolin/benzylglucosinolate;
glucoerucin; 4-(methylthio)butyl glucosinolate; osteogenesis

1. Introduction

Phytochemicals are plant-derived bioactive compounds that provide systemic health
benefits by reducing the risk of major chronic diseases when assumed with the diet [1–4].
A growing body of evidence supports the beneficial effects of a specific dietary habit rich in
phytochemicals on bone health [5–8]. For instance, adherence to the Mediterranean diet,
characterized by a high intake of vegetables, fruits, legumes, and cereals, lowered the risk
of hip fracture [9]; high consumption of fruits, vegetables, and seafood was associated with
increased bone mineral density (BMD), delayed bone fragility, and lowered incidence of
bone fractures [10,11]. Consequently, dietary recommendations have emerged as a key tool
to preventing bone loss in aging and chronic diseases [7,12,13].

Among phytochemicals, organosulfur compounds (OSCs) belonging to the Allium
and Brassica genera revealed broad protective activity towards organs and tissues, lead-
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ing to a meaningful impact on common chronic diseases [14,15]. In particular, they are
endowed with a strong potential for maintaining skeletal health [16]. Within OSCs, glu-
cosinolates (GLSs) represent a large family of secondary plant metabolites synthesized
predominantly by Brassicaceae, sharing the potential to form several degradation end-
products when hydrolyzed by myrosinase [17]. This specific enzyme is a thioglycosidase
that is well characterized in Brassica species and also found in bacteria, mushrooms, and
insects [18–20]. Different chemistries of the GLSs side chains and different reaction con-
ditions yield distinct breakdown products, with isothiocyanates (ITCs) being considered
highly bioactive [21]. Importantly, chemical variations affect bioavailability and bioactivity
in living organisms [22]. Even if the biological activity of GLSs is commonly attributed
to the production of ITCs, direct biological activity of intact GLSs is beginning to be un-
covered [23–25]. Our group has recently reported that glucoraphanin (GRA) obtained
from Tuscan black kale exerts a beneficial effect on the osteogenic differentiation of human
mesenchymal stromal cells (hMSCs; a myrosinase-free in vitro model). These data suggest
that GLSs may provide a beneficial contribution to bone health independently of their
conversion to ITCs [26].

Interestingly, clinical studies have demonstrated that a diet rich in food containing
GLSs is associated with improved musculoskeletal health [11,27–29]. For example, one
population-based study investigating the clinical relevance of habitual consumption of
specific food for the prevention of bone fragility showed that eating Brassicaceae was
significantly inversely associated with all fractures [11]. The use of crude extracts is
essential in the preliminary screening of natural medical products [30]. Crude extracts
from Brassicaceae showed promising results against bone-wasting diseases. The capacity
to stimulate bone formation or inhibit bone resorption was reported by several authors
in preclinical in vitro and in vivo studies, with reference to the effects of the ITC and to
bioactive molecules from the Lepidium genus [16,31–36]. However, the contribution of GLSs
to the bone-sparing effect of Brassica extracts has seldom been addressed.

Building upon these previous findings, the aim of this work was to gain further
insights into the bone anabolic bioactivity of Brassica vegetables and the specific role of
GLSs. The hypothesis was that the most prevalent GLSs may explain, at least in part, the
stimulation of osteogenic activity of the native GLSs-rich extract. To test this hypothesis,
we compared the activity of two Brassica extracts and their isolated GLSs in an in vitro
myrosinase-free microenvironment during osteogenic differentiation of hMSCs. Eruca sativa
(E. sativa) and Lepidium sativum (L. sativum) seeds were chosen as a source of extracts because
they are rich in two types of GLSs belonging to different chemical subfamilies: glucoerucin
(GER; 4-(methylthio)butylglucosinolate), an oxidized analogue of 4-methylsulfinylbutyl-
GLSs (GRA), and glucotropaeolin (GTL; benzylglucosinolate), which is characterized by a
benzylic side chain.

2. Materials and Methods
2.1. Extraction, Isolation, and Characterization of GLSs from Brassica Extracts

Extracts and GLSs were obtained from E. sativa and L. sativum seeds from the Brassi-
caceae collection at CREA-CI, Bologna, Italy [37]. E. sativa Mill. Var. NEMAT and L. sativum
were sown in October and harvested in April–May during the 2016–2017 season within
a plot with a size of 1100 m2, adopting a minimum agronomical input approach. Both
cultivations were carried out at the CREA experimental farm located in Budrio, Bologna,
in the Po Valley area (Emilia Romagna region, 44◦32′00′′ N; 11◦29′33′′ E, altitude 28 m
a.s.l.). Harvesting was conducted at seed maturity when seed moisture content reached
7–8%. After harvesting, seeds were accurately cleaned and air-dried to reduce the residual
moisture content and stored in a dry and dark place at room temperature until use. The
ethanolic extract production included the following steps, as detailed below: seed defatting,
ethanolic extraction at 80 ◦C of the defatted meal, and separation, concentration, and freeze-
drying of the obtained extracts. E. sativa seeds were defatted by a small continuous seed
crusher machine (Bracco Company model Elle.Gi type 0.90, Milan, Italy) with a controlled
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temperature procedure, as previously described [38], while L. sativum seeds were ground
in an ultra-centrifugal mill ZM200 (Retsch GMBH, Haan, Germany), sieved at 0.75 mm,
and defatted using hexane (1:10 w/v) under agitation overnight at room temperature. The
solvent de-oiling in the case of L. sativum was necessary to more effectively remove the
particularly abundant mucilages from its seeds during extraction procedures. Both E. sativa
and L. sativum defatted seed meals were ground to 500 µm grain size. A total of 300 g
of homogeneous meals were extracted in 3 L of 70% ethanol for 10 min at 80 ◦C with
an Ultra-Turrax homogenizer (IKA-Werk, Staufen, Germany). The extracts were cooled
in an ice bath and then centrifuged at 25,900× g for 30 min at 10 ◦C. The supernatants
were reduced about three-fold at 40 ◦C in rotavapor, stored at −20 ◦C for 48 h, and finally
freeze-dried (DLAB 500, Italian Vacuum Technology, Trezzano sul Naviglio, Italy). E. sativa
and L. sativum powdered extract were analyzed for GLSs content by means of HPLC-UV
of previously desulfated GLSs, according to procedures previously described in Testai
et al. [39]. Briefly, desulfation was achieved by loading extracts and purified sulfatase
(0.35 U mL-1, 200 µL, and 100 µL for E. sativa and L. sativum extracts) onto a mini column
filled with DEAE Sephadex A-25 anion-exchange resin (Cytiva, Uppsala, Sweden). The
desulfated GLSs were eluted in water and detected by monitoring their absorbance at
229 nm by using a Hewlett-Packard 1100 HPLC equipped with a diode array detector and
an Inertsil 5 ODS-3 column (250 × 3 mm, 5 µm). The desulfo-GLSs were identified by UV
spectra and HPLC retention times according to a purified standard library. The amount
was estimated through the internal standard method (by using purified sinigrin as the
internal standard) and published response factors [40].

Purified GER from E. sativa defatted seed meals and GTL from L. sativum seeds were
isolated according to the chromatographic two-step procedure described in Flori et al. [41].
Individual fractions containing pure GLSs in distilled water eluted from the final step of
purification by gel filtration chromatography were pooled and freeze-dried before HPLC-
UV analysis, which was performed as detailed above.

2.2. Cell Isolation and Culture

The study was approved by the Institutional Ethic Committee (CE 0011810/2017)
and conducted according to the principles of the ICH-GCP. All surgical procedures and
the harvesting of human tissues were performed at the Rizzoli Orthopedic Hospital after
obtaining the patients’ informed consent. hMSCs were isolated by using a mechanical and
a ficoll-density gradient isolation protocol (Cederlane, Burlington, ON, Canada) from bone
chips of tibial plateau obtained by patients undergoing surgical knee replacement [42].
Cells were cultured in α-MEM 15% FBS (Thermofisher Waltham, US; Euroclone, Pero, Italy)
at 37 ◦C and in 5% CO2 and 95% O2, and medium was replaced twice per week; they were
expanded until passage 2, harvested with trypsin/EDTA solution 0.25% (Biochrom, Berlin,
Germany), and seeded for further experiments. A total of 8 donors of hMSCs (mean age
67 ± 10, BMI 25 ± 3) were employed to further assess the osteogenic differentiation (after
culture with osteogenic factors in the presence or absence of extracts or purified GLSs) by a
functional evaluation of bone mineral matrix production (by alizarin red staining) and by a
quantitative evaluation of mRNA expression of osteogenic markers (by real-time PCR).

2.3. Osteogenic Differentiation and Alizarin Red Staining

Each analysis was performed in duplicate. hMSCs were seeded at 5 × 104 cells/cm2

in a 12-well plate in α-MEM 15% FBS and cultured for 14–21 days in osteogenic medium
(α-MEM 20% FBS supplemented with 100 nM dexamethasone, 100 µM ascorbic acid, and
10 mM β-glycerophosphate; Thermofisher, Waltham, MA, USA; Euroclone, Milan, Italy;
Sigma Aldrich, St. Louis, MO, USA) with or without treatment with purified GLSs at
increasing doses (10–30–100 µM) or extracts at the same concentration expressed in GLSs
content (GER and GTL for E. sativa and L. sativum extract, respectively). Medium and stimuli
were replaced twice per week. At D14 and D21, Alizarin Red S (AR-S) (Sigma Aldrich,)
staining was performed to assess the presence and extent of mineralization. Briefly, cells
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were stained with 40 mM AR-S for 20 min, after being fixed for 15 min at RT in formaldehyde
(Kaltek, Padova, Italy) 10% phosphate-buffered saline (PBS, Thermofisher) and washed
twice with PBS, as detailed elsewhere. Cell positivity at AR-S staining was observed with
a Nikon Instruments Europe BV optic microscope (Amstelveen, The Netherlands), and
pictures were taken at 100× of magnifications.

2.4. AR-S Staining Quantification and Evaluation

A spectrophotometric analysis at 510 nm with TECAN Infinite® 200 PRO (Tecan
Italia S.r.l., Cernusco Sul Naviglio, Italy), recording 177 readings for each well (in dupli-
cate), was performed to quantify the mineral apposition, as described in our previous
studies [26,42,43]. First, the 177 readings obtained from all 8 donor hMSCs treated with
each stimulus (in duplicate) were averaged to have a comprehensive overview of the effect
of each treatment. Then, based on the renowned heterogeneous ability of differentiation of
different hMSCs donors, we analyzed whether this aspect could be a possible confound-
ing factor. Therefore, to gain further insights into the effect of each treatment limiting
this possible confounding effect, we analyzed each donor for its ability to induce mineral
apposition at D14 and D21. Particularly, we considered 0.3 as the threshold value corre-
sponding to the baseline mineralization and 0.9 as the threshold value corresponding to
high levels of mineralization [26,42,43]. A detection (1) below the threshold of 0.3 identified
cells that were not producing mineral matrix, (2) between 0.3 and 0.9 identified cells that
were producing low mineral matrix, and (3) above 0.9 identified cells that were producing
high mineral matrix. Based on the above considerations, we evaluated the effect of each
treatment comparing (a) all the donors, (b) the non-mineralizing donors (in analysis at D14)
or low-mineralizing donors (in analysis at D21) and (c) the high-mineralizing donors.

2.5. Quantification of mRNA Expression by Real-Time PCR

hMSCs were cultured under osteogenic stimulation (as detailed above) to assess the
mRNA expression of some of the most relevant genes involved in osteogenesis: alkaline
phosphatase (ALP), bone sialoprotein (BSP), SMAD Family Member 1 (SMAD-1), and
WNT1-inducible-signaling pathway protein 1 (WNT-1). At the end of the culture, duplicates
of cells were lysed using 1 mL of pure RNA solution (Euroclone) before performing the
chloroform–phenol–ethanol (Invitrogen, Waltham, MA, USA) extraction protocol and the
purification from genomic DNA by treatment with DNase I (DNA-free Kit, Ambion, Austin,
TX, USA), according to the manufacturer’s instructions. cDNA synthesis was performed
by using a SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen) on a 2720 Thermal
Cycler (Applied Biosystem, Life Technologies, Waltham, MA, USA) at 25 ◦C for 10 min,
42 ◦C for 60 min, 85 ◦C for 5 min, and 4 ◦C for 30 min. mRNA expression was assessed by
real-time polymerase chain reaction (PCR) analysis using the SYBR Premix Ex Taq (TaKaRa
Biomedicals, Tokyo, Japan). Primers were purchased from Life Technologies Italia and
are listed in Table 1. The real-time PCR analyses were run on a LightCycler Instrument
(Roche, Basel, Switzerland) as follows: one cycle at 95 ◦C for 10 s, at 45 cycles at 60 ◦C for
20 s, and at 95 ◦C for 5 s. Standard melting curve analyses were performed at 95 ◦C for
10 s, 65 ◦C for 15 s, and 95 ◦C reached in one-degree increments to confirm the specificity
of the PCR products. The PCR products were relatively quantified with the comparative
CT method, normalizing to the housekeeping mRNA expression of glyceraldehyde-3
phosphate dehydrogenase (GAPDH).

Table 1. List of primer sequences. FW: forward primer; REV: reverse primer.

Gene Protein 5′-Sequence-3′ Product
Size (bp)

Accession
Number

GAPDH
Glyceraldehyde-3 phosphate

dehydrogenase
FW CGGAGTCAACGGATTTGG

218 NM_002046
REV CCTGGAAGATGGTGATGG
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Table 1. Cont.

Gene Protein 5′-Sequence-3′ Product
Size (bp)

Accession
Number

ALP Alkaline phosphatase
FW GGAAGACACTCTGACCGT

152 NM_000478
REV GCC CAT TGC CAT ACA GGA

BSP Bone sialoprotein
FW CAGTAGTGACTCATCCGAAG

158 NM_004967
REV CATAGCCCAGTGTTGTAGCA

SMAD1 SMAD Family Member 1
FW CACCCGTTTCCTCACTCTCC

257 NM_005900
REV TCCTCATAAGCAACCGCCTG

WISP1
WNT1-inducible-signaling

pathway protein 1
FW ACACGCTCCTATCAACCCAAG

103 NM_003882
REV CATCAGGACACTGGAAGGACA

2.6. Statistical Analyses

GraphPad Prism 7 (La Jolla, CA, USA) was used for statistical analyses. Before
each test, the presence of outliers was checked by a ROUT (Q = 1%) test. Outliers were
removed from each data set when present. The D’Agostino and Pearson normality test was
performed to analyze the normality of the data. We performed a Friedman + Dunn multiple-
comparisons test to analyze AR-S data, a “two-way ANOVA” to evidence the effect of both
concentration and donor effect independently on AR-S quantification evaluations, and a
two-way ANOVA and Tukey’s multiple comparisons test for analysis of gene expression.
Significance was attributed when p < 0.05 (*), p < 0,01 (**), p < 0.001 (***), p < 0.0001 (****).

3. Results
3.1. Characterization of Extracts and Purified GLSs

A brown powder containing 498 ± 6 µmol g−1 GER and 22 ± 2 µmol g−1 GRA was
obtained from E. sativa seeds. This lyophilized extract contained 22% (w/w) total GLSs, with
a preponderant amount of GER, which was 21% (w/w). A fine yellow powder containing
752 ± 40 µmol g−1 GTL (as the only detectable GLSs) was obtained from L. sativum seeds.
This lyophilized extract contained 31% (w/w) GTL. Purified GER and GTL were isolated as
K+ salts from E. sativa and L. sativum defatted seed meals, respectively, and their purity,
assessed by HPLC-UV, was 99% (area peak based) and 97% on a weight basis for GER, and
99% as indicated both by HPLC-UV and on a weight basis for GTL (Figures 1 and 2).

3.2. Brassica-Derived Extracts and GLSs Stimulate Mineral Deposition

To identify the key component of the extracts’ biological activity, we performed
a matched analysis of the effect of GLSs-rich extracts and of their purified GLSs in a
myrosinase-free environment: in vitro cultures of hMSCs (harvested from 8 different
donors) treated with osteogenic stimulation with or without purified GLSs (GER or GTL)
or crude extracts (E. sativa and L. sativum).

AR-S was performed to detect the amount of mineral deposition in the presence or
absence of phytochemical stimulation. Representative images of one donor show cell
monolayers with different levels of red positivity in cells treated only with osteogenic
stimulation (CTRL) or treated with extracts/GLSs at D14 (Figure 3a,b and Figure 4a,b). The
quantification of AR-S by spectrophotometric measurements in the eight donors analyzed
showed a high stimulation of differentiation both for GLSs-rich extracts and isolated GLSs
as compared to CTRL at D14 (Figures 3c and 4c).
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their retention times (r.t.). The insert on the right shows a chromatogram of isolated GTL and I.S. for
the determination of purity on a weight basis.
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Figure 3. AR-S on ES- and GER-treated cells vs. CTRL cells during osteogenic stimulation.
Panels (a,b) show representative images at D14 ARS (a) and D21 (b). Panels c and d show histograms
(mean ± SEM) of AR-S quantification obtained by 177 measurements in duplicate for each of the N = 8
donors comparing ES (red), GER (orange), CTRL (black) at D14 (c) and D21 (d). Friedman–Dunn’s
multiple-comparisons test: *: Comparisons between CTRL and treatments (at each concentration);
◦: Comparisons between different concentrations of each treatment (10 µM vs. 30 µM; 10 µM vs.
100 µM); #: Comparisons between different treatments at the same concentration (es 10 µM ES vs.
10 µM GER). ** p < 0.01; *** p < 0.001; ****, ◦◦◦◦, #### p < 0.0001, ns = non significant. ES extract
concentration is expressed as GER content (µM).

When compared to CTRL, E. sativa (ES) extract increased the amount of mineral
deposition by 1.7-fold (10 µM ES), 1.9-fold (30 µM ES), and 2-fold (100 µM ES) at D14
(Figure 3c; **** p < 0.0001). Moreover, low doses of ES (10 µM) showed lower and significant
values compared to greater doses (30–100 µM), showing a dose-dependent effect of this
treatment (◦◦◦◦ p < 0.0001). Glucoerucin (GER), the main GLSs constituent of ES, showed
a similar stimulatory effect on osteogenesis. When compared to CTRL, GER increased
the amount of mineral deposition by 1.4-fold (10 µM GER), 1.9-fold (30 µM GER), and
1.9-fold (100 µM GER) at D14 (Figure 3c; **** p < 0.0001), showing a dose-dependent effect
(◦◦◦◦ p < 0.0001). At D21, when most donors reached the highest level of matrix production,
a negligible additive effect on osteogenic stimulation was found either for ES or for GER.
When the ES effect was directly compared to the GER effect, no difference was found at
D14 (Figure 3d); a low and significant increase was found at D21 for GER 10 and 30 µM
(#### p < 0.0001).

Similarly, Lepidium Sativum (LS) extract and its most representative GLSs constituent,
GTL, showed a positive effect on osteogenic stimulation. Compared to control sam-
ples, LS increased mineral deposition by 1.3-fold (10 µM LS), 1.5-fold (30 µM LS), and
1.6-fold (100 µM LS) at D14 (Figure 4c; **** p < 0.0001), showing a dose-dependent effect
(◦◦◦◦ p < 0.0001). Isolated GTL was able to induce osteogenesis with higher amounts com-
pared to LS (#### p < 0.0001; at 10-30-100 µM, D14). GTL increased the amount of mineral
deposition by 1.7-fold (10 µM GTL), 1.9-fold (30 µM GTL), and 1.8-fold (100 µM GTL) at
D14 (Figure 4c; **** p < 0.0001), showing no dose-dependent effect. At D21, when the
level of mineralization almost reached the plateau, only a negligible increase in mineral
apposition was found for both LS and GTL (Figure 4d).
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Figure 4. AR-S on LS- and GTL-treated cells vs. CTRL cells during osteogenic stimulation. Panels
a and b shows representative images at D14 ARS (a) and D21 (b). Panels (c,d) show histograms
(mean ± SEM) of AR-S quantification obtained by 177 measurements in duplicate for each of the N = 8
donors comparing LS (green), GTL (blue), CTRL (black) at D14 (c) and D21 (d). Friedman–Dunn’s
multiple-comparisons test: *: Comparisons between CTRL and treatments (at each concentration);
◦: Comparisons between different concentrations of each treatment (10 µM vs. 30 µM; 10 µM vs.
100 µM); #: Comparisons between different treatments at the same concentration (es 10 µM ES vs.
10 µM GER). **, ## p < 0.01; ◦◦◦ p < 0.001; ****, ◦◦◦◦, #### p < 0.0001. LS extract concentration is
expressed as GTL content (µM).

Further statistical analysis directly compared the extracts in order to provide more
information on whether ES or LS displays more osteogenic properties in the same model
(as shown in Figure 5). ES showed higher stimulation compared to LS at concentrations of
30 and 100 µM (#### p < 0.0001) at D14 and at a concentration of 10 µM (#### p < 0.0001)
at D21. Similarly, we directly compared purified GLSs to provide more information of
whether GER or GTL displays more osteogenic properties in the same model. GTL showed
higher stimulation compared to GER at each concentration tested at D14 (# p < 0.0001),
while GTL at D21 showed negligibly lower values compared to GER.

To gain further insights into the variables affecting this response, we performed a
“two-way ANOVA” considering concentrations of stimulus and the donor as possible
sources of variation. As summarized in Table 2, at both time points the cell donor turned
out to be a significant source of variation.

Table 2. P-values of two-way ANOVA. ES (Eruca sativa), LS (Lepidium sativum), GER (glucoerucin),
GTL (benzylglucosinolate/glucotropaeolin); D (day); ns = non significant.

Results of Two-Way
ANOVA

Influence of
Concentration (D14)

Influence of
Concentration (D21)

Influence of
Donor (D14)

Influence of
Donor (D21)

ES p < 0.01 ns p < 0.0001 p < 0.0001

GER p < 0.0001 ns p < 0.0001 p < 0.0001

LS p < 0.01 ns p < 0.0001 p < 0.0001

GTL p < 0.001 ns p < 0.0001 p < 0.0001
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Figure 5. AR-S on ES-, GER-, LS-, and GTL-treated cells vs. CTRL cells during osteogenic stimulation.
Panels (a–d) show histograms (mean ± SEM) of AR-S quantification obtained by 177 measurements
in duplicate for each of the N = 8 donors comparing (a) ES (red) vs. LS (green) D14; (b) ES vs. LS
D21; (c) GER (orange) vs. GTL (blue) (D14); (d) GER vs. GTL (D21). Friedman–Dunn’s multiple-
comparisons test: #: Comparisons between different treatments at the same concentration (es 10 µM
ES vs. 10 µM GER). #### p < 0.0001. ES and LS extract concentrations are expressed as GER and GTL
content (µM), respectively.

3.3. Brassica-Derived Extracts and GLSs Stimulate Greater Amounts of Mineral Deposition in the
Non-/Low-Mineralizing Subgroups of Donors

It was previously described that primary hMSCs subjected to osteogenic differentiation
media show different mineralizing behavior [42]. Based on this previous knowledge
and the evidence that donors influence hMSCs’ mineralizing response to Brassica seed
extracts/GLSs stimulus; we analyzed more in detail the population of eight different
donors of hMSCs and further evaluated the effects of GLSs and GLSs-enriched extracts
in different subgroups. By analyzing the levels of mineral matrix produced by cells, we
identified different “subgroups” at D14 and D21. At D14 (Figure 6a,b), the majority of
donors were not-mineralizing at this stage (values below the threshold of mineralization;
N = 6), while only two donors displayed high levels of mineralization (values around 0.9;
N = 2). At D21 (Figure 7a,b), the majority of donors (N = 6) were highly mineralizing at
this stage (values above the “threshold of high levels of mineralization”, ranging from 1.74
to 2.96), while two cases displayed low values of mineralization (0.36 and 0.56; Figure 4c).

Figure 6c shows a comparison among (1) the entire population (TOTAL), (2) the group
of cells not producing mineral matrix at D14 (non-mineralizing; N = 6), and (3) the group
of donors producing early high levels of mineral matrix at D14 (high-mineralizing; N = 2).
When we analyzed AR-S quantification, in the non-mineralizing donors (N = 6) we found
the highest ability of stimulation for all compounds tested compared to CTRL cells. ES
increased the amount of mineral deposition by 2.9-fold (10 µM ES), 3.2-fold (30 µM ES),
and 3.2-fold (100 µM ES); GER increased the amount of mineral deposition by 1.7-fold
(10 µM GER), 3.0-fold (30 µM GER), and 3.0-fold (100 µM GER). LS increased the amount
of mineral deposition by 1.9-fold (10 µM LS), 2.3-fold (30 µM LS), and 2.4-fold (100 µM LS);
GTL increased the amount of mineral deposition by 2.5-fold (10 µM GTL), 3.1-fold (30 µM
GTL), and 2.9-fold (100 µM GTL) D14. GER. When we analyzed AR-S quantification, in
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the group producing early high levels of mineral matrix (high-mineralizing) (N = 2), we
found only negligible differences for all compounds tested compared to CTRL cells, thus
evidencing that the stimulus of Brassica seed extracts and both isolated GLSs is ineffective
when the mineralization is highly advanced.
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AR-S quantification of 177 values in duplicate for each one of 8 donors, highlighting donors displaying
different levels of mineral deposition. Arrows indicate donors displaying early high levels of mineral
matrix deposition. (b) Representative images of AR-S at D0 and D14 (magnification 10×), highlight-
ing the two subgroups of donors found at D14: non-producing mineral matrix (non-mineralizing)
and highly producing mineral matrix (high-mineralizing). (c) Histograms (mean ± SEM) of AR-S of
177 values in duplicate for each one of 8 donors (TOTAL), non-mineralizing donors (N = 6) and high-
mineralizing donors (N = 2) for ES (red), GER (orange), GTL (blue), and LS (green). Friedman–Dunn’s
multiple-comparisons test: *: Comparisons between CTRL and treatments (at each concentration);
◦: Comparisons between different concentrations of each treatment (10 µM vs. 30 µM; 10 µM vs.
100 µM). ◦◦◦ p < 0.001; ****, ◦◦◦◦ p < 0.0001. ES and LS extract concentrations are expressed as GER
and GTL content (µM), respectively.
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Figure 7. AR-S on ES-, GER-, LS-, and GTL-treated cells vs. CTRL cells during osteogenic stimula-
tion in the total population and selected groups of donors at D21. (a) Histograms (mean ± SEM) of
AR-S quantification of 177 values in duplicate for each of 8 donors, highlighting donors displaying
different levels of mineral deposition. Arrows indicate donors displaying low levels of mineral matrix
deposition. (b) Representative images of AR-S at D0 and D21 (magnification 10×), highlighting
the two subgroups of donors found at D21: low-producing mineral matrix (low-mineralizing) and
highly producing mineral matrix (high-mineralizing). (c) Histograms (mean ± SEM) of AR-S of
177 values in duplicate for each of 8 donors (TOTAL), low-mineralizing donors (N = 2) and high-
mineralizing donors (N = 6) for ES, GER, GTL, and LS. Friedman–Dunn’s multiple-comparisons
test: *: Comparisons between CTRL and treatments (at each concentration); ◦: Comparisons between
different concentrations of each treatment (10 µM vs. 30 µM; 10 µM vs. 100 µM). *, ◦ p < 0.05,
** p < 0.01, ***, ****, ◦◦◦◦, p < 0.0001. ES and LS extract concentrations are expressed as GER and GTL
content (µM), respectively.
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Confirming this interpretation, there were only negligible differences in the entire
population and in the high-mineralizing subgroup at D21 (Figure 7c). On the other hand,
when we analyzed AR-S quantification, selecting the two cases that displayed low levels
of mineralization at D21, we still found an ability to stimulate the osteogenesis for most
compounds tested. In particular, ES increased the amount of mineral deposition by 1.6-fold
(10 µM ES), 1.4-fold (30 µM ES), and 1.3-fold (100 µM ES); GER increased the amount of
mineral deposition by 1.6-fold (10 µM GER), 2.2-fold (30 µM GER), and 1.6-fold (100 µM
GER). Similarly, LS increased the amount of mineral deposition by 1.2-fold (10 µM LS),
1.1-fold (30 µM LS), and 1.6-fold (100 µM LS), while unlike ES, LS, and GER, no stimulatory
effect was found for GTL.

Overall, these data confirm that donors are a source of variation when analyzing the
effect of both extracts and GLSs on mineral deposition, although this aspect seems to be
strictly dependent on the level of mineralization of the CTRL cells. In particular, we found
that, independent of the time of evaluation, a high increase in mineral matrix deposition by
GLSs/extracts was found only in the low-/non-mineralizing group of donors, while only
minor variations were found in the high-mineralizing group.

3.4. Brassica-Derived Extracts and GLSs Stimulate the Expression of Osteogenic Markers
in hMSCs

To date, only a few studies have investigated the modulation of osteogenic genes or
osteogenic protein by GLSs in MSCs or osteoblasts, showing increased collagen protein
synthesis, increased ALP activity, and increased BSP and SMAD-1 mRNA expression [26,35].

To gain further insights into the molecular signaling involved in the regulation of
osteoprogenitor cells, we also evaluated the gene expression of several signature mark-
ers of osteogenic differentiation. In particular, SMAD-1 is involved in TGF-β and BMP
signaling and promotes osteoblast differentiation and proliferation [44]; WISP1 regulates
bone remodeling during aging by modulating osteoblast and, in particular, Wnt signal-
ing [45]; BSP is abundantly expressed in mineralized tissues, where it plays a role in matrix
mineralization [46]; and ALP plays a critical function in the formation of mineralized
tissue [47].

Given the above-mentioned differences in mineralization processes, we restricted
the analysis to the most homogeneous groups: (1) non-mineralizing donors at D14 and
(2) high-mineralizing donors at D21.

Among the markers tested here, SMAD-1 was the one most regulated at both D14 and
D21 (Figures 8 and 9). At D14, GTL activated SMAD-1 expression at each concentration
tested: 10 µM (p < 0.01), 30 µM (p < 0.05), and 100 µM (p < 0.001), while ES at 30 µM
(p < 0.05), LS at 10 µM (p < 0.05), and GER displayed a non-significant increasing trend
(Figure 8). At D21, only GTL at 100 µM (p < 0.001), ES at 10 µM (p < 0.05), and GER at 30 µM
(p < 0.05) showed significant stimulation of expression (Figure 9). WISP-1 was significantly
up-regulated by ES at 100 µM (p < 0.05) at D14 (Figure 8) and LS at 10 µM (p < 0.05) at D14
and D21 (Figures 8 and 9). Only GER at 100 µM (p < 0.05) significantly up-regulated BSP
expression at D21 (Figure 9). Neither extracts nor GLSs further increased ALP expression
with respect to CTRL cells (Figures 8 and 9).

Overall, SMAD-1 was the only marker up-regulated by most of the phytochemicals.
Particularly, GTL was the only phytochemical inducing significant stimulation at each
concentration tested at D14 (Figure 8). Therefore, we analyzed its expression in different
subgroups of donors based on different mineralization status and we found that GTL
differently induced SMAD-1 if analyzed in the donors not yet producing mineral matrix
(where it was up-regulated, p < 0.05) and in the ones producing high levels of mineral
matrix (where it was not up-regulated), which is coherent with the mineralization data
(Supplementary Figure S1).
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Figure 8. mRNA expression of osteogenic markers in ES-, GER-, LS-, and GTL-treated cells vs. CTRL
cells during osteogenic stimulation at D14. Histograms show mean ± SEM of mRNA expression
in duplicate for each of 6 donors (for SMAD-1, WISP-1, BSP, and ALP) for ES (red), GER (orange),
LS (green), GTL (blue). Two-way ANOVA and Tukey’s multiple-comparisons test were performed.
* p < 0.05, ** p < 0.01, *** p < 0.001.
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in duplicate for each of 6 donors (for SMAD-1, WISP-1, BSP, and ALP) for ES (red), GER (orange),
LS (green), GTL (blue). Two-way ANOVA and Tukey’s multiple-comparisons test were performed.
* p < 0.05, *** p < 0.001.
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4. Discussion

Osteoporosis is a subtle condition that is still underestimated in the population and
often diagnosed only when fragile bone fracture occurs. Phyto-compounds and nutraceu-
ticals are attracting particular interest in this context, given their promising perspectives
in the prevention of bone loss and fracture. Plants belonging to the Brassicaceae family are
the main source of natural GLSs, which are sulfur-containing molecules that are part of
the defense system of these vegetables against pathogens. Several reports have shown that
extracts obtained from different parts of these plants may effectively stimulate osteoblast
activity and slow the progression of bone erosion in in vitro and in vivo models. However,
Brassica extracts that have been tested are limited to Brassica rapa L. root, Lepidium meyenii
Walp. Brassica oleracea, and, to a larger extent, Lepidium sativum. Moreover, despite the
interest in studying crude extracts as a source of medical bioactive natural products, for
Brassicaceae no studies have performed a bio-fractionation approach to correlate the effect
of crude extracts to that of specific bioactive molecules of interest purified from them.

A previous study from our group using a myrosinase-free in vitro model showed that
GLSs are not biologically inert molecules, given that GRA, a GLSs found in broccoli and
turnip, was entailed with osteogenic properties even in the absence of its derived ITC,
sulphoraphane [26]. To investigate whether other classes of GLSs have the same biological
properties in human bone cells, we extended our investigation to different chemical sub-
groups of GLSs. These share a common core structure consisting of an S-β-D-glucopirano
unit linked to an O-sulfated-(Z)-thiohydroximate and a variable side chain. Here, we
studied GER, which represents an oxidized analogue of 4-methylsulfinylbutyl-GLSs, GRA,
and has been identified as responsible, at least in part, for the beneficial effects of E. sativa
seeds on the cardiovascular system [48], on intestinal inflammation and pain and on dia-
betic neuropathy [38,48]. Moreover, we studied GTL, an aromatic hydrophylic compound
present in several plants with known anti-inflammatory and antioxidant effects [49,50].
Like GRA, when hMSCs were stimulated with different concentrations of GER and GTL
(10, 30, and 100 µM), a marked increase in the mineral matrix apposition was observed,
especially at D14. In our previous work, we found that GRA stimulation mostly increased
the expression of BSP and SMAD1 while inducing occasional down-regulations of ALP
and WISP1. Here, BSP was increased only by GER, while SMAD-1 was up-regulated by
all the phytochemicals analyzed and especially by GTL at D14. Taken together, these data
suggest that the mechanism beyond osteogenic induction is common to different groups of
GLSs and independent of the chemical structure.

To gain more insights into the possible contribution of GLSs in the effect of crude
extracts, we studied the osteogenic stimulation of crude extracts containing GER and GTL,
from E. sativa and L. sativum, respectively. Notably, our data indicate that both extracts
induce osteogenesis similarly to their most prevalent GLSs. Because we used the same
human cellular model, we can conclude that E. sativa and L. sativum extracts’ stimulatory
effect can be at least partially attributed to GER and GTL.

Notably, while several studies previously investigated the effects of L. sativum extracts
in preclinical models of bone loss [16], our findings represent the first preliminary evi-
dence of the efficacy of L. sativum extracts on human bone cells. In vivo studies in rodents
demonstrated the ability of L. sativum extracts to prevent osteoporosis by modulating bone
remodeling [31,33,34] and to improve fracture healing [32,36]. In particular, L. sativum
extracts increased markers of bone formation (ALP, OCN) and decreased markers of bone
resorption (TRAP, CTX-I) in serum [31,34], increased femur strength [31], increased the per-
centage of trabecular bone [34], and increased cortical thickness in femur, osteoblast, OPN
expression, and RANKL/OPG ratio [31], while it decreased the number of osteoclasts [33].
Seeds, leaves, roots, and seed oil of L. sativum are a rich source of alkaloids, GLSs, saponins,
terpenes, and saturated and essential fatty acids. The specific phytocompounds responsible
for its action are still unknown and worthy of investigation.

Notably, here, we studied the effect of L. sativum seed extracts and GTL on hMSCs
derived from the same donors. GTL is the only detected GLSs in the L. sativum seed



Nutrients 2024, 16, 3457 15 of 18

extracts, representing 31% of the total composition. Our data show that GTL increased
the mineralization more than L. sativum extract, evidencing that the effect of L. sativum
extract is at least partially attributed to the effect of GTL. Moreover, we can exclude an
effect of ITCs (such as BITCs) and of saturated or essential fatty acids since this extract was
produced by the inactivation of myrosinase at high temperature and was produced starting
from defatted seed meal. Further studies should be directed to investigating the specific
role of other compounds in L. sativum.

Unlike L. sativum extract, neither E. sativa extract nor E. sativa-derived GLSs stimulating
osteogenesis has ever been investigated in the literature. Interestingly, we found that E.
sativa extract is able to increase osteogenesis on hMSCs; moreover, a direct comparison
revealed that E. sativa extract induced higher osteogenic stimulation than L. sativum extract.
In particular, we found that GLSs comprised 22% (w/w) of the E. sativa extract and that
GER and GRA represented 21% and 1% of GLSs composition, respectively. Here, we
tested GER in the same model of osteogenesis, and we found that it induced osteogenesis
compared to CTRL hMSCs, thus highlighting that E. sativa extract’s effect can be at least
partially attributed to the effect of GER. Notably, we found higher osteogenic ability for
E. sativa extract than for GER. We previously showed that GRA induces the osteogenic
differentiation of hMSCs; thus, we can speculate on the synergic activity of GER and GRA
or the additive–synergic action of other compounds. Notably, the E. sativa seed extracts
used were depleted of fatty acid and were composed, along with GLSs, of phenol and
flavonoids. Overall, these data are the first evidence reporting increased osteogenesis by
both E. sativa seed extracts and GER.

Another interesting aspect of the study findings is the different response to both ex-
tracts and GLSs in hMSCs grouped according to different mineralizing behavior during
osteogenic differentiation. We previously showed that primary hMSCs display a different
response to osteogenic stimuli and can be grouped in low- or high-mineralizing cells de-
pending on the amount of mineralization laid on the monolayer during a 4-week osteogenic
culture [42]. Here, we showed that both crude extracts and GLSs induce a stronger response
in low-mineralizing MSCs, even if at different extents. While the mechanism underlying
this phenomenon is not clear, it is tempting to speculate that GLSs may supply exogenous
hydrogen sulfide (H2S), an important stimulus for osteogenic differentiation [51]. Recently,
the interest in categories of plant foods that are a natural source of H2S has risen and
their relevance in bone tissue has emerged. In particular, it has been shown that naturally
occurring polysulfides and ITCs (e.g., sulforaphane, benzylisothiocianate) act on cells and
tissues through H2S as a mediator [39]. While whether GTL, GER, and L. sativum seed
extract could release H2S is still unknown, E. sativa seed extract has been identified to
display an L-cysteine-independent H2S donation [39]. Interestingly, we previously showed
that the low-mineralizing behavior of hMSCs correlated with lower expression of the
H2S endogenous biosynthetic pathway in MSCs [42]. Consequently, exogenous H2S may
compensate, at least for E. sativa seed extract, for the lower constitutive expression in
low-mineralizing MSCs.

Overall, this in vitro preclinical study aimed at answering the knowledge gap of
whether Brassica seed extracts comprise the same biological properties as their major GLSs.
Here, we confirmed that Brassica seed extracts and their major GLSs constituents showed a
similar ability to induce osteogenic differentiation in hMSCs. Moreover, this study expands
the knowledge on the possible application of cruciferous derivatives as natural alternatives
for the prevention and treatment of bone-deteriorating pathologies. However, whether
the use of whole extracts or purified GLSs would be preferable is still an open question.
Further in vitro/in vivo preclinical studies and clinical studies need to be performed to
specifically address the potential protective role of OSCs against bone loss compared to
the crude Brassica seed extract by including a controlled measurement of GLSs and their
by-products in the circulation and tissue and a correlation to H2S blood levels and bone
status to define preventive/clinical dietary protocols for patients with an increased risk of
bone fragility.
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5. Conclusions

This study showed that OSCs belonging to the class of GLSs play an anabolic role on
hMSCs. Most importantly, by providing a direct comparison of the effect of Brassica seed
extracts and their most representative GLSs on hMSCs, they support the hypothesis that
they constitute a likely biological mechanism for the improved skeletal health observed in
patients who maintain an elevated intake of cruciferous vegetables. Direct comparisons
on extracts showed that E. sativa induced a higher level of osteogenesis compared to the
most published species of Brassica extract, L. sativum. Regarding GLSs, we found that GTL
induces higher osteogenesis than GER. However, these differences in the stimulatory effect
of different compounds are not extremely marked, thus evidencing an overall capacity of
osteogenic stimulation of Brassica extracts and GLSs. Further preclinical in vivo studies
and clinical studies need to be performed to specifically address the potential protective
role of OSCs derived from Brassicaceae against bone loss compared to whole-seed extracts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16203457/s1, Figure S1: mRNA expression of SMAD-1 in
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