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Osteoporosis is a state of bone weakening caused by an imbalance in osteoblast and osteoclast
activity. In this study, the anti-osteoporotic effects of three proteins fermented by lactic acid bacteria
(LAB) were assessed. Commercial proteins sodium caseinate (SC), whey protein isolate (WPI), and soy
protein isolate (SPI) were fermented by LAB strains for 48 h. The fermented products (F-SC, F-WPI,
and F-SPI, respectively) were used in an in vitro osteoclast and osteoblast-like cell model to assess
their effects on bone health. Despite no difference in the results of TRAP staining of RANKL-induced
osteoclastogenesis, F-WPI and F-SPI were effective in normalizing the altered gene expression of
osteoclastogenesis markers such as TRAP, Nfatcl, RANK, and ATP6v0d. F-SPI was also effective in
modulating osteoblasts by enhancing the expression of the osteoblastogenesis markers T1Col, Col2a,
and OSX to levels higher than those in the SPI group, indicating that protein characteristics could be
enhanced through bacterial fermentation. Moreover, these boosted effects of F-SPI may be involved
with isoflavone-related metabolism during LAB-fermentation of SPI. These results demonstrate the
potential of LAB-fermented proteins as dietary supplements to prevent bone loss. However, further
understanding of its effects on balancing osteoblasts and osteoclasts and the underlying mechanisms
is needed.

Osteoporosis is a major skeletal disease worldwide, particularly in aging societies'. Osteoporosis occurs due to
the imbalanced action of osteoclasts and osteoblasts, which decreases skeletal stability through disruption of
bone formation and resorption" 2. Osteoblasts originate from mesenchymal stem cell precursors and regulate
bone formation during remodeling or healing, whereas osteoclasts originate from hematopoietic progenitor
cells®. Osteocytes, the principal mechanosensory cells of bone tissue, are terminally differentiated osteoblasts
that maintain bone structure by contributing to the bone remodeling process by balancing the activities of
osteoblasts and osteoclasts®. Among several subtypes of osteoporosis, primary osteoporosis is divided into two
types including postmenopausal and senile osteoporosis, which is related with estrogen deficiency and aging®.
Senile osteoporosis is a primary age-related bone metabolic disease characterized by bone loss and decreased
bone fragility®. Calcium supplementation or bisphosphonates are the drugs of choice for clinical treatment of
osteoporosis’. However, long-term treatment with these drugs can cause side effects such as esophagitis and
osteonecrosis; therefore, new safe strategies are urgently needed?®.

Sodium caseinate (SC), whey protein isolates (WPI), and soy protein isolates (SPI) are widely used protein
sources in industrial research. SC is a variable multicomponent mixture containing casein monomers and is used
as a source of protein in a wide range of processed food products’. Currently, the application of SC has been
extended to encapsulation, stabilization, and generation of edible films, beyond their use as proteins'®. However,
as SC has been investigated primarily as a protein source, attempts to apply SC to osteoporosis have not been
made. WPI is a milk protein obtained after the precipitation of casein during cheese production'!. WPI is widely
used as a food ingredient because of its high nutritional value, such as peptides, glycopeptides, and compo-
nents promoting bone mineralization, which includes calcium, lactates, and phosphates'?. In older women, WPI
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supplementation can block bone loss when a high bone turnover rate occurs during menopause'?. SPI, which act
as transporters of bioactive ingredients, are well recognized worldwide for its nutritional and functional value'*.
Several studies have suggested that soy protein consumption can lower blood lipid levels, decrease type 2 diabetes
occurrence, and increase bone density'®. Moreover, soy proteins inhibit density reduction in the femur bones of
an osteoporotic rat model'S. SPI is composed almost exclusively of two major proteins, namely B-conglycinin
and glycinin'’, which have been shown to have anti-osteoporotic effects in an ovariectomized animal model'.
Emerging research has demonstrated better immune-boosting effects of fermented soy protein isolates (F-SPI)
by functional bacteria than those of SPI alone'®. Therefore, bacterial fermentation of protein sources may exert
more beneficial effects than the source before fermentation.

Lactic acid bacteria (LAB) are lactic acid-producing gram-positive bacteria that are widely distributed in
nature and are associated with various health benefits. For instance, some LABs possess antimicrobial effects
against pathogenic microorganisms such as Salmonella and Listeria, and therefore are utilized in the food
industry". The most common health-promoting LABs are classified as probiotics which is defined as “live micro-
organisms that, when administered in adequate amounts, confer a health benefit on the host”*. Among various
probiotics, the Lactobacillaceae family is the most well-known and used in the probiotic industry?!. This includes
strains such as Lactobacillus acidophilus, Lacticaseibacillus rhamnosus, Lactobacillus gasseri, and Lactiplantibacil-
lus platarum that were formerly classified under Lactobacillus®. Recent studies suggest that LAB fermentation
can improve protein applicability by modulating protein characteristics and functions. For example, Lactobacil-
lus plantarum fermentation increases the protein and starch digestibility and viscosity in sorghum flour?. In
addition, black soybean extracts fermented with Lacticaseibacillus rhamnosus GG and Bifidobacterium animalis
subsp. lactis BB-12 showed greater hair growth-promoting effects than non-fermented black soybean extracts*.

Thus, the present study was conducted to screen for the best fermenting combination of LAB and three
proteins (SC, WPI, and SPI) that exhibited the highest hydrolytic capacity. Furthermore, the anti-osteoporotic
abilities of these LAB-fermented proteins were assessed using MC3T3-E1 mouse pre-osteoblasts and Receptor
activator of nuclear factors kB ligand (RANKL)-induced osteoclastogenic RAW 264.7 mouse macrophage cells
in vitro.

Results

Effects of LAB-fermented proteins onthe proliferation of RAW 264.7 osteoclasts and MC3T3-Ea
osteoblasts

To determine the optimal dosage for in vitro assays, the cell viability of RAW 264.7 and MC3T3-EL1 cells treated
with different dosages of LAB-fermented proteins were measured using the MTT assay (Fig. 1). Treatment of
LAB-fermented proteins affected cell viability in a dose dependent manner. The results have shown that a 0.2%
treatment of WPI, SPI, F-SC, and F-WPI maintained the viability of RAW 264.7 significantly higher than 80%
(P<0.05; Fig. 1a). Additionally, 1% treatment of SC adjusted RAW 264.7 cell viability to 92% (P <0.05), and 2%
treatment of F-SPI leveled RAW 264.7 cell viability to 83.7% (P <0.05). For MC3T3-E1 cells, a 1% treatment of
all protein samples maintained cell viability at levels higher than 70% (P <0.05; Fig. 1b). According to the ISO
10993-5:2009, a reduction in cell viability higher than 30% is considered cytotoxic?. Therefore, these protein
doses were considered tolerant in cellular application and used for further in vitro assays.

Effects of LAB-fermented proteins on the differentiation of RAW 264.7 osteoclasts and
MC3T3-E1 osteoblasts

To determine the effects of LAB-fermented proteins on osteoclast differentiation, RANKL-induced RAW 264.7
cells were pre-treated with LAB-fermented proteins for 24 h. TRAP staining was done to confirm the formation
of mature multinucleated osteoclasts. As a result, TRAP-positive multinucleated cells were observed in WPI
and SPI treated cells (Fig. 2a). WPI and SPI, showed no effect on osteoclast differentiation reduction in both
fermented and non-fermented types (Fig. 2b). Interestingly, treatment of SC and F-SC significantly reduced
osteoclast differentiation induced by RANKL in RAW264.7 cells (Fig. 2b). To determine the effects of LAB-
fermented proteins on osteoblast differentiation, MC3T3-E1 cells were pretreated with LAB-fermented proteins
before differentiation induction. ALP staining was done to confirm the formation of osteoblasts. WPI and SPI
maintained differentiation media-induced osteoblast formation, while SC, F-SC, F-WPI reduced differentia-
tion significantly (P<0.05; Fig. 2¢,d). F-SPI was the only treatment effective in increasing osteoblast formation
(P<0.05; Fig. 2d). Interestingly, the intensity of F-SPI treated cells were higher than SPI treated cells, implying
that LAB fermentation may have enhanced the promoting effects of osteoblast differentiation. Taken together,
these observations show that LAB fermented proteins affect osteoclast and osteoblast differentiation.

Effect of LAB-fermented proteins on gene expression levels of bone resorbing-related mark-
ers in RANKL stimulated RAW 264.7 osteoclasts

The mRNA levels of genes related to bone resorption in samples treated with the LAB-fermented proteins were
measured using RT-qPCR (Fig. 3). The mRNA expression levels of Tartrate-resistant acid phosphatase (TRAP),
Nuclear factor of activated T-cells, cytoplasmic 1 (Nfatcl), ATPase, H + transporting, lysosomal 38 kDa, VO
subunit d2 (ATP6v0d), receptor activator of NF-kB (RANK) and Cathepsin K (CTK) were measured in RANKL-
induced RAW264.7 osteoclasts (Fig. 3). RANKL injection has significantly upregulated the gene expression levels
of all five bone resorption-related markers in RAW 264.7 cells compared to control (P <0.05). The mRNA expres-
sion levels of TRAP were significantly downregulated by 3.0-fold in all three protein fermentations (P <0.05)
relative to the RANKL-stimulated group (Fig. 3a). Similar results were obtained for Nfatcl, ATP6v0d, and RANK
(Fig. 3b-d). The expression levels of these genes significantly decreased by over 0.5-fold in all three protein treat-
ment groups compared to those in the RANKL-stimulated group (P <0.05). Interestingly, F-SPI significantly
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Figure 1. Cell viability of RAW 264.7 and MC3T3-EI cells treated with LAB-fermented proteins for 48 h. (a)
Cell viability of RAW264.7 cells pre-treated with SC, F-SC, WPI, F-WPI, SPIL, E-SPI in various concentrations
(0,0.2, 1, 2, and 10%) for 48 h. (b) Cell viability of MC3T3-E1 cells pre-treated with SC, F-SC, WPI, F-WPI, SPI,
and F-SPI in various concentrations (0, 0.2, 1, 2, and 10%) for 48 h. Results are expressed as means+ SE (n=3).
abedMeans in the same series with different lowercase superscript letters are significantly different (P<0.05).

downregulated the increased gene expression levels of all five biomarkers to control levels (P < 0.05; Fig. 3). SPI
reduced the RANKL-induced gene expression levels of all biomarkers, except CTK, to control levels (P <0.05).
Notably, RANKL-induced CTK expression was reduced by F-SPI and F-WPI treatments (P <0.05; Fig. 3e). F-WPI
suppressed the expression of all five biomarkers to levels similar to those in the control. SC and F-SC repressed
the RANKL-induced gene expression of TRAP and RANK (P <0.05). Taken together, these results suggested
that F-WPI and F-SPI accelerated bone resorption by normalizing the gene expression levels of TRAP, Nfatcl,
ATP6v0d, RANK, and CTK.

Effect of LAB-fermented proteins on gene expression levels of bone forming-related markers
in MC3T3-E1 osteoblasts

The mRNA expression levels of bone forming-related genes in LAB-fermented proteins were measured using
RT-qPCR (Fig. 4). Gene expression levels of type 1 collagen (T1Col), collagen type 2 alpha 1 (Col2a), alkaline
phosphatase (ALP), and osteorix (OSX) were measured in MC3T3-E1 cells treated with differentiation medium
(DM) containing glycerophosphate and ascorbic acid. F-SPI significantly upregulated T1Col, Col2a, and OSX
by more than 0.6-fold compared to their expressions in the DM group (P <0.05; Fig. 4a,b,d). Moreover, the
F-SPI-induced ALP expression was similar to that observed in the DM group (Fig. 4c). This, along with the ALP
staining results (Fig. 2c), confirmed that F-SPI is involved in the bone formation process. In contrast, F-WPI
significantly downregulated the expression of all four biomarkers (P <0.05) by more than 1.2-fold compared to
that in the DM group, and ALP expression was significantly lower than in the control by 0.85-fold (P<0.05).
This difference was also observed during ALP staining (P <0.05; Fig. 2¢), indicating that F-WPI did not affect
bone formation. SC, F-SC, WPI, and SPI did not enhance the gene expression of any of the four biomarkers,
suggesting that their involvement in bone formation is scarce. These results indicated that F-SPI accelerated bone
formation by modulating the gene expression levels of T1Col, Col2a, ALP, and OSX.

Effects of fermentation on isoflavone compositions in SPI

HPLC analysis revealed increased amounts of isoflavones such as daidzin and genistin in LAB-fermented
SPI (P<0.05; Fig. 5a,b). F-SPI was significantly higher in daidzin by 100.39+0.20 pg/mL and genistin by
55.71+3.1 ug/mL. In order to assess the bioavailabilty of daidzin and genistin in F-SPI, in vitro gastrointesti-
nal digestion was conducted. Table 1 shows the changes to daidzin and genistin in the oral, gastric, and small
intestinal compartments of SPI and F-SPI during digestion. Daidzin in SPI was reduced by 39.05+1.14 ug/
mL in the oral phase, 77.63+1.07 ug/mL in the gastric phase, 44.48 £0.21 ug/mL in the intestinal phase; while
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Figure 2. Effects of LAB-fermented proteins on differentiation of RAW264.7 and MC3T3-E1 cells. (a) TRAP
staining of RANKL-induced RAW264.7 cells pre-treated with SC, F-SC, WPI, F-WP]I, SPI, or F-SPI. (b) Number
of mature osteoclasts in TRAP-stained RANKL-induced RAW264.7 cells pre-treated with SC, F-SC, WPI,
F-WPI, SPI, or F-SPI. Results are expressed as means = SE (1=3). (c) ALP staining of differentiated MC3T3-E1
cells pre-treated with SC, F-SC, WPI, F-WPI, SPI, or F-SPI. (d) ALP staining intensity of MC3T3-E1 cells
pre-treated with SC, F-SC, WPI, F-WPI, SPI, or F-SPI relative to the control group. Results are expressed as
means + SE (n=3). ®¢Means in the same series with different lowercase superscript letters are significantly
different (P<0.05).

daidzin in F-SPI was reduced by 30.76 +0.04 pg/mL in the oral phase, 145.48 +0.31 pug/mL in the gastric phase,
50.42 +0.35 ug/mL in the intestinal phase. Genistin in SPI was reduced by 140.7 + 5.39 pg/mL in the oral phase,
287.42+2.34 pg/mL in the gastric phase, 213.55+0.76 pug/mL in the intestinal phase; while Genistin in F-SPI
was reduced by 87.2+£0.68 pg/mL in the oral phase, 370.48 +0.69 ug/mL in the gastric phase, 173.14+0.57 pg/
mL in the intestinal phase. For further confirmation on whether bioactive components in F-SPI are isoflavones,
spearman correlation analysis between gene expression levels of biomarkers in RAW264.7 osteoclasts, MC3T3-
E1 osteoblasts and isoflavone levels were carried out (Fig. 5¢). Correlation of bone formation-related marker
T1Col, and bone resorption-related marker TRAP was proportional to daidzin and genistin level (P <0.05). Bone
formation-related OSX was proportional only to genistin level (P <0.05). These results indicate that daidzin and
genistin may be involved in the protective effects of F-SPI in RAW264.7 osteoclasts and MC3T3-E1 osteoblasts
(P<0.05).

Discussion

Fermentation is the process of controlled microbial growth and enzymatic conversion of food components®. Pro-
biotics such as Lactobacillus can participate in fermentation and produce beneficial compounds such as organic
acids, bacteriocins, and peptides”. Furthermore, probiotic fermentation can improve digestion and absorption
of insoluble macromolecular food components by converting them into smaller soluble substances?. Recent
studies have suggested that probiotics can hydrolyze proteins through fermentation and produce metabolites
such as free amino acids, isoflavones, and bioactive peptides, which exert beneficial effects on conditions such
as senescence, neurodegenerative diseases, and inflammatory bowel disease**. Therefore, this study aimed to
determine the effects of LAB-fermented proteins on osteoporosis, a major symptom of senescence. Commercial
proteins SC, WPI, and SPI as well as probiotics such as Limosilactobacillus were used for fermentation. In vitro
assessments of osteoporosis were conducted using RAW264.7, an osteoclast-related model, and MC3T3-E1, an
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Figure 3. Effects of LAB-fermented proteins on gene expression levels of bone resorption-related markers in
RANKL-induced RAW264.7 cells. Gene expression levels of (a) TRAP, (b) Nfatcl, (c) ATP6b0d, (d) RANK, and
(e) CTK in RANKL-induced RAW264.7 cells pre-treated with SC, F-SC, WPI, F-WPI, SPI, and F-SPI. Results
are expressed as means + SE (n=3). ***“Means in the same series with different lowercase superscript letters are
significantly different (P <0.05).

osteoblast-related model. The optimal treatment dosages for protein samples were determined using the MTT
assay. Based on ISO cell toxicity guidelines, the highest concentration that did not reduce cell viability to levels
lower than 80% was selected for further treatment®.

Bone homeostasis is an equilibrium state regulated by three key bone cells-osteoclasts, osteoblasts, and
osteocytes—to maintain bone mass and integrity*’. Osteoclasts are multinucleated cells formed near the bone
surface that degrade the bone tissue®', whereas osteoblasts are bone-building cells that synthesize and deposit
organic bone matrix proteins that mineralize the skeleton®?. Osteocytes regulate the local mineral deposition
in the bone matrix of mature skeletal tissue®. The activity of these major bone cells is affected by common risk
factors such as senescence, postmenopause, and diet, which trigger imbalanced bone homeostasis along with
symptoms such as osteoporosis and osteopenia®. Therefore, we assessed the ability of LAB-fermented proteins
to restore uneven bone homeostasis in RANKL-induced osteoclasts and differentiated osteoblasts. RANKL is a
protein ligand secreted by osteoblasts that induces osteoclast differentiation by binding to its receptor RANK?>.
To prevent osteoclast overexpression, osteoblasts secrete osteoprotegerin (OPG), which inhibits osteoclastogen-
esis by binding to RANK, thus preventing the action of RANKL?. The regulatory system of osteoclastogenesis
is known as the RANKL/RANK/OPG pathway*. RANKL-induced osteoclastogenesis increases the number
of mature osteoclasts that secrete bone-degrading acids and enzymes, such as TRAP?!. Previous studies have
shown that Lactobacillus strains exert osteoprotective effects by reducing osteoclastogenesis, as assessed by
TRAP staining®®**. Theses immunomodulatory effects trigger production of anti-osteoclastogenic inflammatory
cytokines (IL-10) in T regulatory cells and repress the production of RANKL and osteoclastogenic inflammatory
cytokines (IL-4, TNF-a) in T helper 17 cells®. Recently, treatment with LAB-fermented whey protein showed
immunomodulatory effects by reducing the expression of IL-4 and TNF-a in an ulcerative colitis mouse model,
demonstrating the potential of LAB-fermented proteins as novel immune-regulating therapies®®. Moreover, the
immune-related protective effects were greater in the LAB-fermented whey group than in the non-fermented
whey group. Immune regulation is also known to reduce RANKL expression, leading to suppression of NFATc1*.
NFATc] activates the expression of genes that typify the osteoclast lineage such as CTK, ATP6v0d2, and TRAP*
4, Our results showed that LAB-fermented proteins have osteoclastogenesis-modulating effects related to RANKL
and NFATcl signaling, and these effects were greater when using fermented proteins such as F-WPI and F-SPL
Despite no difference in TRAP-positive osteoclast numbers, TRAP expression was reduced by treatment of
all protein sources, which implies that these effects may be because of osteoclastogenesis modulation through
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Figure 4. Effects of LAB-fermented proteins on gene expression levels of bone formation-related markers in
MC3T3-E1 osteoblasts. Gene expression levels of (a) T1Col, (b) Col2a, (c) ALP, and (d) OSX in MC3T3-E1
osteoblasts pre-treated with SC, F-SC, WPI, F-WPI, SPI, and F-SPI. Results are expressed as means + SE (n=3).
abedMeans in the same series with different lowercase superscript letters are significantly different (P<0.05).

immunoregulatory mechanisms rather than regulation of osteoclast proliferation. However, further studies are
needed to determine whether these protective effects can be attributed to immunoregulatory mechanisms.
Osteoblasts are bone-building cells that originate from mesenchymal stem cells (BMSCs)*'. BMSCs differenti-
ate into osteoblasts in three main stages: cell proliferation, matrix maturation, and matrix mineralization*2. Osteo-
blast lineage progenitor cells differentiate into pre-osteoblasts via cell proliferation, and these pre-osteoblasts
differentiate into osteoblasts via matrix maturation®. Osteoblasts can also differentiate into osteocytes by matrix
mineralization®” *2. When osteogenic differentiation is triggered, BMSCs form Col2a-coated surfaces, which
enhance calcium deposition and RUNX2 expressions*’. Overexpression of RUNX2 and high calcium deposits
are known to induce differentiation of BMSCs into pre-osteoblasts®’. Pre-osteoblasts and osteoblasts secrete
ALP to provide a high phosphate concentration at the osteoblast cell surface during bone differentiation and
synthesize T1Col to facilitate cell attachment and utilize ALP for bone mineralization*® **. Moreover, the binding
of osteoblasts or BMSCs to T1Col accelerates osteogenic differentiation by triggering pathways such as ERK1/2
signaling®. OSX activates the transcription of osteoblastogenic markers during the maturation of pre-osteoblasts
to osteoblasts, and once matured, osteoblasts produce OCN to regulate bone quality by aligning biological bone
minerals parallel to the collagen fibrils*. In this study, F-SPI was the only protein to have significantly increased
osteoblastogenesis marker T1Col, Col2a, and OSX expressions. F-SPI was more effective than SPI in normal-
izing osteoclastogenesis and improving osteoblastogenesis, proving that the bone-related functions of SPI can
be enhanced by LAB-mediated fermentation. These findings are consistent with previous research; for instance,
isoflavone-rich dry fermented soybean product supplementation for 15 weeks in senescence-accelerated mice
increased bone mineral density and relative bone length*. In addition, mice fed with isoflavone-rich bacterial
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Figure 5. Concentration of SPI and F-SPI isoflavones before and after in gastrointestinal in vitro digestion. (a,
b) Isoflavone levels of Daidzin, Genistin in SPI and F-SPI in vitro digests. Results are expressed as means + SE
(n=3). ®cdthMeans in the same series with different lowercase superscript letters are significantly different
(P<0.05). (c) Spearman correlation between gene expressions of MC3T3-E1, RAW264.7 cell markers, and
isoflavone content in undigested SPI and F-SPI (*P<0.05, ** P<0.01, *** P<0.001).
Isoflavone (pg/ SPI F-SPI
mL) Undigest Oral Gastric Intestinal Undigest Oral Gastric Intestinal
Daidzin 189.350.25f. 150.3 +1.08° 72.67+0.36° 28.18%0.15° 289.74£0.09" 258.98+0.05¢ 113.5£0.26 63.08+0.144°
Genistin 839.87+3.46% 699.17£2.08¢ 411.75+0.89¢ 198.2£0.16* 895.58+0.5" 808.38£0.3f. 437.9+0.38 264.76£0.19°

Table 1. Isoflavone content in the undigest, oral, gastric, and small intestinal compartments of SPI and F-SPI
during digestion. Results are expressed as mean + SE (n=3). ®«%'Means in the same series with different
lowercase superscript letters are significantly different (P<0.05).

fermented soybean diet for four weeks showed reduced calcium deposition in the arterial wall, which is known
to occur when osteoporosis occurs, and increased bone mineral density*:. Soybeans are rich in isoflavones,
which possess oxidation-, inflammation-, and osteoporosis-related effects. Among various types of isoflavones,
daidzin and genistin mixtures reduced osteoclastogenic activities in RANKL-induced RAW264.7 cells**. Moreo-
ver, genistin-rich extracts enhanced osteoblastic differentiation in MC3T3-E1 cells®. Therefore, in this study
isoflavone profiles of daidzin and genistin before and after fermentation were compared to identify potential
bioactive compounds contributing to the greater bone-protective effects in F-SPI than SPI. As a result, amounts of
daidzin and genistin were significantly increased in F-SPI, and theses isoflavones were positively correlated with
in vitro gene expressions of T1Col, OSX, and TRAP. Daidzin and genistin are major soy isoflavones that exert
weak estrogenic effects, which may prevent postmenopausal bone loss®'. Moreover, the concentrations of daidzin
and genistin were higher in F-SPI than SPI throughout all phases of in vitro digestion. This implies that potential
bioactive components in F-SPI, daidzin and genistin, may survive digestion and exhibit systemic effects when
orally consumed. These observations align with previous studies, suggesting that isoflavones are bioavailable
even after digestion®> . Interestingly, daidzin is bioconvertable to equol by gut microbial metabolism®. Equol is
a secondary metabolite of daidzin known for its high estrogenic and antioxidative activity, which helps prevent
osteoporosis®. Thus, when orally consumed, the interactions of the gut microbiota and the daidzin in F-SPI may
induce secondary metabolite productions, which may subsequently contribute to the efficacy of F-SPI. Therefore,
further in vivo studies are needed to fully determine the effects of F-SPI in a gut-bone interactive setting. Despite
numerous reports on the effectiveness of SPI on bone health, studies comparing the functions and compositional
profiles of fermented and non-fermented materials are scarce, and therefore this research is rare in its attempt
to do so. Not only can LAB metabolize isoflavones, but they can also degrade amino acids into oligopeptides
using cell-envelope proteinase and peptidases®®. The bioactive peptides produced in turn may possess calcium
binding abilities, which have positive effects on bone homeostasis®” *%. The fermented-protein treatments used
in this study were all byproducts of protein hydrolysis that increased amounts of amino acids such as tryptone,
leucine, and serine (Supplementary Fig. S1). Interestingly, although all three candidates were protein sources,
F-SPI was the only booster of osteoblastic activity. SPI is a vegetable protein source with no lactose and dietary
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fibers, making it easier to digest than other plant-sourced proteins. WPI is also an easily digested protein contain-
ing low levels of fat, lactose and high levels of cysteine. However, SC exists in a micelle form that slows down the
process of full digestion®”. This could have affected bioavailability of LAB metabolic precursors in each protein
source, and subsequently produce fermentation end products with different efficacies. In our study, treatment
with SC normalized T1Col gene expression in an osteoblastogenesis-induced environment but inhibited Col2a,
ALP, and OSX expression to levels lower than the normal state. F-SC treatment also normalized T1Col and
Col2a expression but inhibited other osteoblastogenesis-related markers to levels lower than those in the normal
group. Moreover, SC and F-SC treatments did not normalize the expression of osteoclastogenesis markers such
as ATP6v0d and CTK. The 1% treatment of SC and F-SCs did not affect cell viability, which suggests that SC and
F-SC have inhibitory effects on osteoblastic activity, and are not suitable candidates for preventing bone loss.
Notably, despite both being easily digestible proteins, F-SPI and F-WPI exhibited different impacts on in vitro
models. This could be because LABs obtain distinct protease profiles depending on bacterial strain type—F-WPI
was made by a Pediococcus pentosaceus strain, while F-SPI was made by a Limosilactobacillus fermentum strain®.
WPI fermentation increased effects on normalizing gene expression levels of osteoclastogenic markers. However,
both WPI and F-WPI failed to heighten DM-induced osteoblastic activity. These results align with those from
a previous clinical study in which 184 elderly individuals were given a whey protein nutritional supplement for
13 weeks but showed little effect on improving bone mineral density®’.

Based on the results of this study, F-SPI was identified as a potent candidate, exhibiting bone-protective effects
in an in vitro model. However, this study had some limitations that warrant discussion. First, only in vitro experi-
ments were conducted to examine the health benefits of F-SPI. Osteoblastogenic and osteoclastogenic activities
of F-SPI were significant in in vitro osteoblast and osteoclast models. However, these results cannot represent
the bioavailability of F-SPI bioactive compounds, and the possible interactions between the intestine and bone
when consumed as food supplements. In order to determine bioavailability of bioactive compounds, in vitro
digestion of F-SPI was conducted. Gel electrophoresis results showed that high molecular proteins observed
in undigested samples were no longer intact after completion of the intestinal phase, which verifies that LAB-
fermented protein digestion was conducted properly (Supplementary Fig. S2). In align with our findings, in vitro
digestion of fermented soy beans increase accumulation of small molecular weight size fragments of free amino
acids such as serine®. Moreover, the daidzin and genistin in F-SPI digests were higher than SPI digests in all
phases of gastrointestinal in vitro digestion. These results suggest that oral consumption of F-SPI may provide
higher amounts of isoflavones than SPI even after digestion. Therefore, these in vitro results need confirmation
on the systemic effects of F-SPI in an in vivo study capable of observing the gut-bone interactions. Second,
to confirm whether daidzin and genistin are the major metabolites responsible for the fermentation-induced
features of F-SPI, the effects of F-SPI and the equivalent amount of these isoflavones should be compared in the
same experimental models used in this study. Lastly, metabolites other than daidzin and genistin may contribute
to the fermentation-induced characteristics of F-SPI. Spearman correlations only revealed significant relations
among isoflavones, osteoblast T1Col, OSX and osteoclast TRAP gene expressions. Other markers assessed such
as Col2a, ALP, Nfatcl, RANK, ATPv0d, and CTK showed no correlations with the isoflavones measured in this
study. These results suggest possible activities of other bioactive compounds. Therefore, additional studies on the
effects of F-SPI oral supplementation in an animal model and on F-SPI compositional analysis are in progress.

Conclusion

This study aimed to evaluate the effects of LAB-fermented proteins in an in vitro osteoporosis model. Among the
evaluated LAB-fermented proteins, F-WPI and F-SPI normalized osteoclastogenesis. Moreover, F-SPI enhanced
osteoblastogenesis to levels greater than SPI and osteoblastic differentiation-induction media, suggesting the
synergistic effects of probiotics and commercial foods through fermentation produced metabolites. Notably,
osteoclastogenic gene expression results and TRAP staining in RANKL-induced RAW264.7 suggest the pos-
sibility that LAB-fermented proteins affect osteoclast differentiation through pathways other than RANKL/
RANK signaling, such as regulation of inflammatory responses. Furthermore, LAB-fermentation of SPI induced
modulations in isoflavone concentrations such as daidzin and genistin, which may have contributed to the effects
of F-SPI in bone models. Therefore, in vivo studies are currently underway to determine the effects of LAB-
fermented proteins in the presence of intestinal and skeletal interactions.

Materials and methods

Materials

Dairy- and plant-derived protein powder samples were purchased from commercial sources. The bacterial strains
Lactiplantibacillus plantarum K15 (99% identity; accession no. NR_115605.1), Pediococcus pentosaceus SKP314
(98% identity; accession no. KX886792.1), and Limosilactobacillus fermentum 606 (98% identity; accession no.
NR_113335.1) were obtained from the Food Microbiology Laboratory of Korea University (Seoul, South Korea).
16 s rRNA sequencing was conducted (Macrogen, Seoul, South Korea) for strain identification. All strains were
grown in MRS broth (Kisan Bio, Seoul, South Korea) at 37 °C for 18 h. All strains were sub-cultured three times
prior to use.

LAB-fermented protein preparation
Bacterial fermentation of SC, WPI, and SPI were carried out.

SC powder was mixed with distilled water (1:20, w/v) and glucose (1:50, w/v). The mixture was sterilized
by heating at 85 °C for 5 min. After cooling, the samples were streaked onto tryptic soy agar plates (Kisan Bio,
Seoul, South Korea) to confirm sterilization. Thereafter, 1 x 10'° CFU/mL of Lactiplantibacillus plantarum K15
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was added to each protein sample and fermented at 37 °C for 48 h. Samples were prepared at fermentation time
points of 0 and 48 h for further analyses.

WPI powder was mixed with distilled water (1:20, w/v) and glucose (1:200, w/v). The mixture was sterilized
by heating to 85 °C for 5 min. After cooling, the samples were streaked onto tryptic soy agar plates (Kisan Bio,
Seoul, South Korea) to confirm sterilization. Thereafter, 1 x 10'° CFU/mL of Pediococcus pentosaceus SKP314
was added and fermented at 37 °C for 48 h. Samples were prepared at fermentation time points of 0 and 48 h
for further analyses.

SPI powder was mixed with distilled water (1:20, w/v) and glucose (1:50, w/v). The pH was adjusted to 9.0
in order to increase SPI solubility. The mixture was sterilized by heating to 90 °C for 20 min. After cooling, the
samples were streaked onto tryptic soy agar plates (Kisan Bio, Seoul, South Korea) to confirm sterilization.
Thereafter, 1 x 10'® CFU/ml of Limosilactobacillus fermentum 606 was added and fermented at 37 °C for 48 h.
Samples were prepared at fermentation time points of 0 and 48 h for further analyses.

Determination of free amino acid residues

To measure the degree of proteolysis, the total amount of free primary amino acids was determined using an
o-phthalaldehyde (OPA) spectrophotometric assay. OPA reagent was prepared by dissolving 40 mg of OPA in
1 mL methanol, to which 25 mL of 0.1 M sodium tetraborate, 2.5 mL of 20% (w/w) sodium dodecyl sulfate, and
100 pL B-mercaptoethanol were added. Distilled water was added to achieve a final volume of 50 mL. The pH
values of each fermented protein product were measured at 0 and 48 h time periods and subsequently adjusted
to the lower pH value among the two. In order to remove protein precipitates, SC and SPI fermented products
were centrifuged (10,000g, 10 min, 4 °C) and filtered using 0.2 um syringe filters (Sartorius, Sungnam, South
Korea). WPI fermented product was centrifuged (8,000 g, 10 min, 4 °C) using Vivaspin (MWC 10,000) and fil-
tered using 0.2 um syringe filters (Sartorius, Sungnam, South Korea). Thereafter, 10 uL of each filtered samples
were mixed with 180 uL of OPA reagent and incubated at room temperature (20 °C) for 2 min. The absorbance
of each sample was measured at 340 nm using an Epoch microplate spectrophotometer (BioTek). Calibration
curves were drawn using the amino acids obtained via protein digestion. Tryptone, leucine, and serine were used
as the standards for SC, WPI, and SPI, respectively, at concentrations of 0-10 mM.

Cell culture
RAW 264.7 murine macrophages were obtained from the Korean Cell Line Bank (KCTC, Seoul, South Korea).
Cells were maintained in cell culture dishes containing Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Dublin, Ireland) with 10% fetal bovine serum (FBS; Hyclone, MA, USA) and 1% penicillin/streptomycin (P/S;
GE Healthcare, Chicago, IL, USA). The cells were then incubated in a humidified atmosphere (37 °C, 5% CO,).
MC3T3-E1 murine pre-osteoblasts were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were maintained in cell culture dishes containing Minimum Essential Medium
Eagle alpha modification (a-MEM, Gibco, Dublin, Ireland) with 10% FBS and 1% P/S. The cells were then incu-
bated in a humidified atmosphere (37 °C, 5% CO,).

Cell cytotoxicity assessment by MTT assay

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay was performed to assess the
toxicity of fermented protein products on RAW 264.7 and MC3T3-E1 cells. The cells were seeded at a density
of 2 x 10* cells/well in 24 well plates. After 24 h of incubation, the cells were pre-treated with protein ferments
in a dose-dependent manner (i.e., 0.2, 1, 2, and 10%) and incubated for 48 h. The cells were then treated with
MTT solution (5 mg/mL, Sigma Aldrich) and incubated for 4 h. After removing the medium, the plates were
washed with PBS and treated with dimethyl sulfoxide (DMSO; Sigma Aldrich). The absorbance was measured
at 540 nm using an Epoch microplate spectrophotometer (BioTek, VT, USA), and the relative percentage of
proliferation was calculated.

Osteoclast differentiation assessment by TRAP staining

RAW 264.7 cells were seeded at a density of 3 x 10* cells/well in 12-well plates. After 24 h, cells were treated with
fermented protein products and differentiation media. a-MEM (Gibco, Dublin, Ireland) supplemented with
Recombinant Human sRANK Ligand (RANKL, 100 ng/mL, Peprotech, Seoul, South Korea), 1% P/S, and 10%
FBS was used for differentiation. The fermented protein product and differentiation medium were changed every
2 days. After 5 days, the cells were fixed with 10% formaldehyde for 10 min and stained with a tartrate-resistant
acid phosphatase (TRAP) staining kit according to the manufacturer’s instructions (Takara, Shiga, Japan). Stained
cells were washed with distilled water and dried at room temperature. Multinucleated osteoclasts with three or
more nuclei were defined as TRAP-positive cells.

Osteoblast differentiation assessment by ALP staining

The MC3T3-E1 cells were seeded at a density of 10° cells/well in 12-well plates. After 24 h, cells were treated with
protein fermentation and DM. a-MEM (Gibco, Dublin, Ireland) supplemented with 10 mM B-glycerophosphate
(Sigma Aldrich), 50 pL/mL ascorbic acid (Sigma Aldrich), 1% P/S, and 10% FBS was used for differentiation. The
fermented protein product and differentiation medium were changed every 2 days. After 6 days, the cells were
stained using an alkaline phosphatase (ALP) staining kit according to the manufacturer’s instructions (Takara,
Shiga, Japan). Cells were washed with PBS and observed using the Olympus CKX41 inverted phase contrast
microscope (Olympus, Tokyo, Japan). ALP intensity was measured using Image J software (National Institutes
of Health, MA, USA).
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Measurement of osteoclast and osteoblast differentiation related gene expression levels by
reverse transcription quantitative real-time PCR (RT-qPCR)
RAW 264.7 cells were seeded at a density of 3 x 10* cells/well in 12-well plates. After 24 h, the cells were treated
with the fermented protein product and differentiation medium for 4 days. Both the fermented product and
differentiation medium were changed every two days. Total mRNA was extracted using the TRIzol reagent (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. The concentration and purity
of the extracted RNA were assessed using a NanoDrop spectrophotometer (BioTek, Winooski, VT, USA) and
standardized to a final concentration of 0.1 ug/uL. The cDNA was synthesized using a reverse transcription kit
(Thermo Fisher Scientific). The PCR cycling conditions were 25 °C for 10 min, 37 °C for 120 min, and 85 °C for
5 min. RT-qPCR was performed using the Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA). Targeted genes were quantified using MG2 x qPCR MasterMix (SYBR green) (MGmed, South Korea),
and the RT-qPCR cycling conditions were initial denaturation cycle at 95 °C for 10 min followed by 40 cycles of
amplification at 95 °C for 15 s, annealing at 55-65 °C for 30 s, and extension at 70 °C for 5 s. The mRNA expres-
sion level of each target gene was analyzed and normalized to that of the internal standard gene GAPDH, using
Bio-Rad CFX Maestro (Bio-Rad Laboratories). The primer sequences used in this study are listed in Table 2.
The MC3T3-E1 cells were seeded at a density of 10° cells/well in 12-well plates. After 24 h, the cells were
treated with the fermented protein product and differentiation medium for 5 days. Both the fermented product
and differentiation medium were changed every 2 days. Total mRNA was extracted using the TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. The concentration and
purity of the extracted RNA were assessed using a NanoDrop spectrophotometer (BioTek, Winooski, VT, USA)
and standardized to a final concentration of 0.1 ug/uL. The cDNA was synthesized using a reverse transcription
kit (Thermo Fisher Scientific). The PCR cycling conditions were 25 °C for 10 min, 37 °C for 120 min, 85 °C for
5 min. RT-qPCR was performed using the Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, Hercu-
les, CA, USA). Targeted genes were quantified using MG2 x qPCR MasterMix (SYBR green) (MGmed, South
Korea), and the RT-qPCR cycling conditions were an initial denaturation cycle at 95 °C for 10 min, followed
by 40 cycles of amplification at 95 °C for 15 s, annealing at 55-65 °C for 30 s, and extension at 70 °C for 5 s. The
mRNA expression level of each target gene was analyzed and normalized to that of the internal standard gene
GAPDH using Bio-Rad CFX Maestro (Bio-Rad Laboratories, Hercules, CA, USA). The primer sequences used
in this study are listed in Table 2.

INFOGEST static in vitro simulation of gastrointestinal food digestion

The in vitro gastrointestinal INFOGEST protocol was carried out with slight modifications®. In brief, 10 g of
freeze-dried SPI and F-SPI samples were mixed in 1 mL of simulated salivary fluid (pH 7, 37 °C) containing
amylase (75 U/mL of digesta, Sigma Aldrich, MO, USA) for 2 min. Then, 2 mL of simulated gastric juice (pH
3, 37 °C containing pepsin (2000 U/mL of digesta, Sigma Aldrich) and lipase (60 U/mL, Sigma Aldrich) were
added and incubated for 120 min. Subsequently, 4 mL of simulated intestinal juice (pH 7, 37 °C) containing

Gene Sequence Ta (°C)

TRAP F:5’- ACT TCC CCA GCC CTT ACT ACCG -3’ .
R:5'- TCA GCA CAT AGC CCA CAC CG -3’

F: 5- TGC TCC TCC TCC TGC TGC TC -3'
Nfatcl 58
R:5'- CGT CTT CCA CCT CCA CGT CG -3'

F: 5- ATC CAG GTC ACA CAT TCC AGC A -3’
Osteoclast differentiation genes ATP6v0d2 58
R: 5'- CGA CAG CGT CAA ACA AAG GCT TGT A-3’

F:5'- AAA CCT TGG ACCAACTGC AC -3’
RANK 53
R:5'- ACC ATC TTC TCC TCC CGA GT -3'

CTK F:5"- AGG CGG CTA TAT GAC CACTG -3’ s
R: 5'- CCG AGC CAA GAG AGC ATATC -3’

F: 5-GTG AGA CAG GCG AAC AAG -3’
Type 1 collagen 55
R: 5'-CAG GAG AAC CAG GAG GAC -3’

F: 5'- AGG GCA ACA GCA GGT TCA CAT AC -3’
Col2al 63.3
R: 5-TGT CCA CAC CAA ATT CCT GTT CA -3'

F: 5-GCT TAA CCC TGC TTG TGA -3’
Osteoblast differentiation genes Osteocalcin 63.3
R: 5'-TCC TAA ATA GTG ATA CCG TAG ATG -3’

F:5-CGC TTT GTG CCT TTG AAAT -3’
OSX 64.5
R:5'-CCG TCA ACG ACG TTA TGC -3’

ALP F:5'- CCA GCA GGT TTC TCT CTT GG-3' .
R: 5'-GGA ATG TTC CAT GGA GGT TG -3’

F: 5'-TCT CCT GCG ACT TCA ACA -3’
Housekeeping gene GAPDH 63.3
R: 5'-CTG TAG CCG TAT TCA TTG TC -3’

Table 2. Primer sequences used for qRT-PCR analysis.
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pancreatin (100 U trypsin activity/mL of digesta) and bile (10 mmol/L of total digesta) were added and incu-
bated for 120 min. The entire digestion process was conducted at 37 °C with continuous gentle mixing. Gastric
digestion was stopped after 120 min by adjusting the pH to 7 with NaOH (1 mol/L), and the intestinal phase was
stopped by putting the samples in an ice bath immediately. All samples were rapidly frozen in liquid nitrogen
and stored for further analysis.

Sample preparation for HPLC

Daidzin and genistin standards were purchased from Sigma-Aldrich. Each isoflavone standard was dissolved
in 80% methanol. SPT and F-SPI samples were extracted by the method from Agilent Technologies (CA, USA)
with slight modifications®. Briefly, 10 g of protein samples were combined with 50 mL of 100% methanol and
10 mL of aqueous 0.1 M HCI. Both samples underwent sonication for 20 min at room temperature (20 °C).
Subsequently, the supernatant from each sample was separated and filtered using Whatman No. 1 filter paper.
The solvent in each sample was removed using a rotary evaporator, and the final volume was adjusted to 10 ml of
80% methanol. Extracted SPI and F-SPI samples were filtered by a second filtration step using a 0.22 pm aqueous
phase filter membrane (Sartorious, South Korea) and stored at 4 °C until analysis.

HPLC instrumentation and chromatographic condition

Total isoflavone contents of SPI and F-SPI digests were determined using HPLC, per the following method®.
Chromatography was performed on an Agilent 1260 II Liquid Chromatography system equipped with a G7111A
quadruplex pump, G7129A autosampler, and G7114A variable wavelength scanning UV detector. Daidzin and
genistin separation was performed on an Agilent Poroshell 120 EC-C18 chromatographic column (4.6 x 50 mm,
2.7 um), with a detection wavelength of 260 nm, a mobile phase of 200 pL formic acid in 1 L distilled water (sol-
vent A) and 100% acetonitrile (solvent B) at a flow rate of 0.8 mL/min with a gradient: 5-80% solvent B from 0 to
10 min, 80% from 10 to 12 min, and 80%-5% from 12 to 16 min at ambient temperature (30 °C), and an injection
volume of 5 pL. Under these conditions, daidzin and genistin eluted at a retention time of 5.95+0.003 min and
6.63 £0.004 min respectively.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics software (version 25.0; IBM, Armonk, NY, USA).
One-way analysis of variance (ANOVA) with Tukey’s test was used to analyze the statistical differences between
the mean values of the samples. Statistical significance was defined as P<0.05. All figures were drawn using
GraphPad Prism 9.0 (GraphPad Software, Boston, MA, USA). Correlation based analyses and visualization were
performed using R studio (RStudio, United States) and related packages.

Data availability

The datasets generated during and/or analyzed during the current study are available in the GeneBank (NCBI-
Nucleotide Database) repository as following and also summarized in Supplementary Table ST.1. (1) Lactiplanti-
bacillus plantarum strain K15 16s ribosomal RNA gene, partial sequence under accession number NR_115605.1
(link: https://www.ncbi.nlm.nih.gov/nuccore/NR_115605.1) (2) Pediococcus pentosaceus strain SKP314 16s ribo-
somal RNA gene, partial sequence under accession number KX886792.1 (link: https://www.ncbi.nlm.nih.gov/
nuccore/KX886792.1) (3) Limosilactobacillus fermentum strain 606 16s ribosomal RNA gene, partial sequence
under accession number NR_113335.1 (link: https://www.ncbi.nlm.nih.gov/nuccore/NR_113335.1).

Received: 12 May 2023; Accepted: 3 December 2023
Published online: 07 December 2023

References

1. Li, Q, Cheng, J. C., Jiang, Q. & Lee, W. Y. Role of sirtuins in bone biology: Potential implications for novel therapeutic strategies
for osteoporosis. Aging Cell 20, e13301. https://doi.org/10.1111/acel.13301 (2021).

2. Mammoli, F et al. Magnesium is a key regulator of the balance between osteoclast and osteoblast differentiation in the presence
of vitamin D3. Int. J. Mol. Sci. https://doi.org/10.3390/ijms20020385 (2019).

3. Saranya, L, Akshaya, R. L. & Selvamurugan, N. Regulation of Wnt signaling by non-coding RNAs during osteoblast differentiation.
Differ. Res. Boil. Divers. https://doi.org/10.1016/j.diff.2022.10.003 (2022).

4. Burra, S. et al. Dendritic processes of osteocytes are mechanotransducers that induce the opening of hemichannels. Proc. Natl.
Acad. Sci. US.A. 107, 13648-13653. https://doi.org/10.1073/pnas.1009382107 (2010).

5. Lee, C. S. et al. Lactobacillus-fermented milk products attenuate bone loss in an experimental rat model of ovariectomy-induced
post-menopausal primary osteoporosis. J. Appl. Microbiol. 130, 2041-2062. https://doi.org/10.1111/jam.14852 (2021).

6. Wang, N., Ma, S. & Fu, L. Gut microbiota feature of senile osteoporosis by shallow shotgun sequencing using aged rats model.
Genes https://doi.org/10.3390/genes13040619 (2022).

7. Liang, S. et al. Ibandronate sodium and zoledronate sodium in the treatment of senile osteoporosis: Efficacy, impact on quality of
life and cost-effectiveness analysis. Am. J. Transl. Res. 13, 1764-1771 (2021).

8. Chen, L. R,, Ko, N. Y. & Chen, K. H. Medical treatment for osteoporosis: From molecular to clinical opinions. Int. J. Mol. Sci.
https://doi.org/10.3390/ijms20092213 (2019).

9. Zhan, F. et al. Combining surface dilatational rheology and quantitative proteomics as a tool for understanding microstructures of
air/water interfaces stabilized by sodium caseinate/tannic acid complex. Food Hydrocoll. https://doi.org/10.1016/j.foodhyd.2019.
105627 (2020).

10. Manoj Kumar, C. T. et al. Effect of incorporation of sodium caseinate, whey protein concentrate and transglutaminase on the
properties of depigmented pearl millet based gluten free pasta. LWT 103, 19-26. https://doi.org/10.1016/j.1wt.2018.12.071 (2019).

11. Nonogaki, K. & Kaji, T. Whey protein isolate inhibits hepatic FGF21 production, which precedes weight gain, hyperinsulinemia
and hyperglycemia in mice fed a high-fat diet. Sci. Rep. https://doi.org/10.1038/541598-020-72975-8 (2020).

Scientific Reports |

(2023) 13:21575 | https://doi.org/10.1038/s41598-023-49024-1 nature portfolio


https://www.ncbi.nlm.nih.gov/nuccore/NR_115605.1
https://www.ncbi.nlm.nih.gov/nuccore/KX886792.1
https://www.ncbi.nlm.nih.gov/nuccore/KX886792.1
https://www.ncbi.nlm.nih.gov/nuccore/NR_113335.1
https://doi.org/10.1111/acel.13301
https://doi.org/10.3390/ijms20020385
https://doi.org/10.1016/j.diff.2022.10.003
https://doi.org/10.1073/pnas.1009382107
https://doi.org/10.1111/jam.14852
https://doi.org/10.3390/genes13040619
https://doi.org/10.3390/ijms20092213
https://doi.org/10.1016/j.foodhyd.2019.105627
https://doi.org/10.1016/j.foodhyd.2019.105627
https://doi.org/10.1016/j.lwt.2018.12.071
https://doi.org/10.1038/s41598-020-72975-8

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

34,

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

Slota, D. et al. Composites based on hydroxyapatite and whey protein isolate for applications in bone regeneration. Materials
https://doi.org/10.3390/mal14092317 (2021).

Zhu, K. et al. The effects of a two-year randomized, controlled trial of whey protein supplementation on bone structure, IGF-1,
and urinary calcium excretion in older postmenopausal women. J. Bone Miner. Res. 26, 2298-2306. https://doi.org/10.1002/jbmr.
429 (2011).

Zhang, A. et al. Effect of different homogenization pressure on soy protein isolate-vitamin D3 complex. Process. Biochem. 87,
145-150. https://doi.org/10.1016/j.procbio.2019.09.011 (2019).

Yang, J., Zou, Y., Guo, ], Yang, X. & Jin, B. Protective effect of isoflavone enriched soy B-conglycinin on osteoporosis in ovariec-
tomized rats. J. Food Biochem. https://doi.org/10.1111/jfbc.14507 (2022).

Ghanem, K. Z. Beneficial effects of soybean protein and isoflavone extract supplementation on bone density and plasma lipids in
females rats. Polish J. Food Nutr. Sci. 57, 1 (2007).

Xu, J., Mukherjee, D. & Chang, S. K. C. Physicochemical properties and storage stability of soybean protein nanoemulsions prepared
by ultra-high pressure homogenization. Food Chem. https://doi.org/10.1016/j.foodchem.2017.07.077 (2018).

Huang, J. et al. Assessment of the effect of lactic acid fermentation on the gastroduodenal digestibility and immunoglobulin e
binding capacity of soy proteins: Via an in vitro dynamic gastrointestinal digestion model. Food Funct. 11, 10467-10479. https://
doi.org/10.1039/d0£002023k (2020).

Teneva, D., Denkova, R., Goranov, B., Denkova, Z. & Kostov, G. Antimicrobial activity of Lactobacillus plantarum strains against
Salmonella pathogens. Ukrainian Food ]. 8, 125-133 (2017).

Hill, C. et al. Expert consensus document: The international scientific association for probiotics and prebiotics consensus statement
on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 11, 506-514. https://doi.org/10.1038/
nrgastro.2014.66 (2014).

Lee, C. S., Kim, B. K., Lee, I. O., Park, N. H. & Kim, S. H. Prevention of bone loss by using Lactobacillus-fermented milk products
in a rat model of glucocorticoid-induced secondary osteoporosis. Int. Dairy J. https://doi.org/10.1016/j.idairyj.2020.104788 (2020).
Zheng, J. et al. A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the genus
Lactobacillus beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 70, 2782-2858.
https://doi.org/10.1099/ijsem.0.004107 (2020).

Pranoto, Y., Anggrahini, S. & Efendi, Z. Effect of natural and Lactobacillus plantarum fermentation on in-vitro protein and starch
digestibilities of sorghum flour. Food Biosci. 2, 46-52. https://doi.org/10.1016/j.fbi0.2013.04.001 (2013).

Choi, J. H., Lee, M., Kim, H. J., Kwon, J. I. & Lee, Y. Effects of black soybean and fermented black soybean extracts on proliferation
of human follicle dermal papilla cells. J. Korean Soc. Food Sci. Nutr. 46, 671-680. https://doi.org/10.3746/jkfn.2017.46.6.671 (2017).
Standard, I. Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity (International Organization for Stand-
ardization, 2009).

Marco, M. L. et al. The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on fermented
foods. Nat. Rev. Gastroenterol. Hepatol. 18, 196-208 (2021).

Soemarie, Y. B., Milanda, T. & Barliana, M. I. Fermented foods as probiotics: A review. J. Adv. Pharmaceut. Technol. Res. 12,
335-339. https://doi.org/10.4103/japtr.japtr_116_21 (2021).

Hu, T. et al. Antioxidant effect of Lactobacillus fermentum HFY02-fermented soy milk on D-galactose-induced aging mouse model.
Food Sci. Hum. Wellness 11, 1362-1372. https://doi.org/10.1016/j.fshw.2022.04.036 (2022).

Raveschot, C. et al. Production of bioactive peptides by lactobacillus species: From gene to application. Front. Microbiol. https://
doi.org/10.3389/fmicb.2018.02354 (2018).

. Al-Bari, A. A. & Al Mamun, A. Current advances in regulation of bone homeostasis. FASEB Bioadv. 2, 668-679. https://doi.org/

10.1096/fba.2020-00058 (2020).

. Yang, ], Bi, X. & Li, M. Osteoclast differentiation assay. Methods Mol. Biol. 1882, 143-148 (2019).
. Henry, J. P. & Bordoni, B. Histology, Osteoblasts. (2023).
. Schaffler, M. B. & Kennedy, O. D. Osteocyte signaling in bone. Curr. Osteoporos. Rep. 10, 118-125. https://doi.org/10.1007/s11914-

012-0105-4 (2012).

Noh, J. Y,, Yang, Y. & Jung, H. Molecular mechanisms and emerging therapeutics for osteoporosis. Int. J. Mol. Sci. 21, 1-22. https://
doi.org/10.3390/ijms21207623 (2020).

Tobeiha, M., Moghadasian, M. H., Amin, N. & Jafarnejad, S. RANKL/RANK/OPG pathway: A mechanism involved in exercise-
induced bone remodeling. Biomed. Res. Int. https://doi.org/10.1155/2020/6910312 (2020).

Zhang, Y. et al. The RANK/RANKL/OPG system and tumor bone metastasis: Potential mechanisms and therapeutic strategies.
Front. Endocrinol. https://doi.org/10.3389/fendo.2022.1063815 (2022).

Amarasekara, D. S., Kim, S. & Rho, J. Regulation of osteoblast differentiation by cytokine networks. Int. J. Mol. Sci. 22, 1-16. https://
doi.org/10.3390/ijms22062851 (2021).

Kaur, H., Gupta, T., Kapila, S. & Kapila, R. Lactobacillus fermentum (MTCC-5898) based fermented whey renders prophylactic
action against colitis by strengthening the gut barrier function and maintaining immune homeostasis. Microb. Pathogen. https://
doi.org/10.1016/j.micpath.2022.105887 (2022).

Kim, S. S., Jeong, S. P, Park, B. S. & Kim, I. R. Melatonin attenuates RANKL-induced osteoclastogenesis via inhibition of Atp6v0d2
and DC-STAMP through MAPK and NFATcI signaling pathways. Molecules https://doi.org/10.3390/molecules27020501 (2022).
Zou, N, Liu, R. & Li, C. Cathepsin K+ non-osteoclast cells in the skeletal system: Function, models, identity, and therapeutic
implications. Front. Cell Dev. Biol. https://doi.org/10.3389/fcell.2022.818462 (2022).

Hanna, H., Mir, L. M. & Andre, E. M. In vitro osteoblastic differentiation of mesenchymal stem cells generates cell layers with
distinct properties. Stem Cell Res. Ther. https://doi.org/10.1186/s13287-018-0942-x (2018).

Rutkovskiy, A., Stenslokken, K.-O. & Vaage, 1. J. Osteoblast differentiation at a glance. Med. Sci. Monit. Basic Res. 22, 95 (2016).
Chiu, L. H. et al. The effect of type II collagen on MSC osteogenic differentiation and bone defect repair. Biomaterials 35, 2680-2691.
https://doi.org/10.1016/j.biomaterials.2013.12.005 (2014).

Yeniyol, S. & Ricci, J. L. Alkaline phosphatase levels of murine pre-osteoblastic cells on anodized and annealed titanium surfaces.
Eur. Oral Res. 52, 12-18 (2018).

Grue, B. H. & Veres, S. P. Effect of increasing mineralization on pre-osteoblast response to native collagen fibril scaffolds for bone
tissue repair and regeneration. J. Appl. Biomater. Funct. Mater. https://doi.org/10.1177/22808000221104000 (2022).

Komori, T. Functions of osteocalcin in bone, pancreas, testis, and muscle. Int. J. Mol. Sci. 21, 1-15. https://doi.org/10.3390/ijms2
1207513 (2020).

Kim, J. S. et al. Dry-fermented soybean food (cheonggukjang) ameliorates senile osteoporosis in the senescence-accelerated mouse
prone 6 model. J. Med. Food 22, 1047-1057. https://doi.org/10.1089/jmf.2018.4335 (2019).

Panda, B. P. Enhancement of calcium absorption and bone health by fermented soybean. Int. J. Nutraceut. Funct. Foods Novel Foods
(2021).

Saisavoey, T. et al. Anti-osteoclastogenic, estrogenic, and antioxidant activities of cell suspension cultures and tuber root extracts
from Pueraria mirifica. Food Sci. Biotechnol. 23, 1253-1259. https://doi.org/10.1007/s10068-014-0172-7 (2014).

Horie, M., Sugino, S., Tada, A. & Nara, K. Groundnut (Apios americana Medik) extract enhances the osteoblast differentiation of
MC3T3-E1 Cells. Nat. Prod. Commun. 16, 1934578X211010567. https://doi.org/10.1177/1934578X211010567 (2021).

Scientific Reports |

(2023) 13:21575 | https://doi.org/10.1038/s41598-023-49024-1 nature portfolio


https://doi.org/10.3390/ma14092317
https://doi.org/10.1002/jbmr.429
https://doi.org/10.1002/jbmr.429
https://doi.org/10.1016/j.procbio.2019.09.011
https://doi.org/10.1111/jfbc.14507
https://doi.org/10.1016/j.foodchem.2017.07.077
https://doi.org/10.1039/d0fo02023k
https://doi.org/10.1039/d0fo02023k
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1016/j.idairyj.2020.104788
https://doi.org/10.1099/ijsem.0.004107
https://doi.org/10.1016/j.fbio.2013.04.001
https://doi.org/10.3746/jkfn.2017.46.6.671
https://doi.org/10.4103/japtr.japtr_116_21
https://doi.org/10.1016/j.fshw.2022.04.036
https://doi.org/10.3389/fmicb.2018.02354
https://doi.org/10.3389/fmicb.2018.02354
https://doi.org/10.1096/fba.2020-00058
https://doi.org/10.1096/fba.2020-00058
https://doi.org/10.1007/s11914-012-0105-4
https://doi.org/10.1007/s11914-012-0105-4
https://doi.org/10.3390/ijms21207623
https://doi.org/10.3390/ijms21207623
https://doi.org/10.1155/2020/6910312
https://doi.org/10.3389/fendo.2022.1063815
https://doi.org/10.3390/ijms22062851
https://doi.org/10.3390/ijms22062851
https://doi.org/10.1016/j.micpath.2022.105887
https://doi.org/10.1016/j.micpath.2022.105887
https://doi.org/10.3390/molecules27020501
https://doi.org/10.3389/fcell.2022.818462
https://doi.org/10.1186/s13287-018-0942-x
https://doi.org/10.1016/j.biomaterials.2013.12.005
https://doi.org/10.1177/22808000221104000
https://doi.org/10.3390/ijms21207513
https://doi.org/10.3390/ijms21207513
https://doi.org/10.1089/jmf.2018.4335
https://doi.org/10.1007/s10068-014-0172-7
https://doi.org/10.1177/1934578X211010567

www.nature.com/scientificreports/

51. Uesugi, T., Toda, T., Tsuji, K. & Ishida, H. Comparative study on reduction of bone loss and lipid metabolism abnormality in
ovariectomized rats by soy isoflavones, daidzin, genistin, and glycitin. Biol. Pharm. Bull. 24, 368-372. https://doi.org/10.1248/
bpb.24.368 (2001).

52. Walsh, K. R, Zhang, Y. C., Vodovotz, Y., Schwartz, S. J. & Failla, M. L. Stability and bioaccessibility of isoflavones from soy bread
during in vitro digestion. J. Agric. Food Chem. 51, 4603-4609. https://doi.org/10.1021/jf0342627 (2003).

53. Macedo, G. A., Caria, C., Barbosa, P. P. M., Mazine, M. R. & Gambero, A. Bioaccessibility evaluation of soymilk isoflavones with
biotransformation processing. Foods https://doi.org/10.3390/foods12183401 (2023).

54. Wang, Q., Spenkelink, B., Boonpawa, R., Rietjens, I. M. C. M. & Beekmann, K. Use of physiologically based kinetic modeling to
predict rat gut microbial metabolism of the isoflavone daidzein to S-equol and its consequences for ERa activation. Mol. Nutr.
Food Res. https://doi.org/10.1002/mnfr.201900912 (2020).

55. Mayo, B., Vazquez, L. & Florez, A. B. Equol: A bacterial metabolite from the daidzein isoflavone and its presumed beneficial health
effects. Nutrients https://doi.org/10.3390/nul11092231 (2019).

56. Griffiths, M. W. & Tellez, A. M. Lactobacillus helveticus: The proteolytic system. Front. Microbiol. https://doi.org/10.3389/fmicb.
2013.00030 (2013).

57. Narva, M. et al. Effects of bioactive peptide, valyl-prolyl-proline (VPP), and Lactobacillus helveticus fermented milk containing
VPP on bone loss in ovariectomized rats. Ann. Nutr. Metab. 51, 65-74 (2007).

58. Dimitrov, Z. Characterization of bioactive peptides with calcium-binding activity released by specially designed cheese starter.
Biotechnol. Biotechnol. Equip. 23, 927-930. https://doi.org/10.1080/13102818.2009.10818574 (2009).

59. Hoffman, J. R. & Falvo, M. J. Protein—Which is best?. J. Sports Sci. Med. 3, 118 (2004).

60. Pescuma, M., Hébert, E. M., Mozzi, F. & Valdez, G. F. D. Hydrolysis of whey proteins by Lactobacillus acidophilus, Streptococ-
cus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus grown in a chemically defined medium. J. Appl. Microbiol. 103,
1738-1746. https://doi.org/10.1111/j.1365-2672.2007.03404.x (2007).

61. Hill, T. R. et al. A vitamin D, calcium and leucine-enriched whey protein nutritional supplement improves measures of bone
health in sarcopenic non-malnourished older adults: The PROVIDE study. Calcif. Tissue Int. 105, 383-391. https://doi.org/10.
1007/500223-019-00581-6 (2019).

62. Ketnawa, S. & Ogawa, Y. In vitro protein digestibility and biochemical characteristics of soaked, boiled and fermented soybeans.
Sci. Rep. https://doi.org/10.1038/s41598-021-93451-x (2021).

63. Brodkorb, A. et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc. 14, 991-1014. https://doi.
0rg/10.1038/541596-018-0119-1 (2019).

64. Blassioli-Moraes, M. C., Michereff, M. E. E, Lago, C. L. D. & Daniel, D. Determination of Isoflavones in Soybean by LC/MS/MS Vol.
2023 (Agilent Technologies Inc, 2018).

65. Qu, X. et al. Characterization of a GH3 halophilic B-glucosidase from pseudoalteromonas and its NaCl-induced activity toward
isoflavones. Int. . Biol. Macromol. 164, 1392-1398. https://doi.org/10.1016/j.ijbiomac.2020.07.300 (2020).

Acknowledgements

This work was supported by grants from Korea University and the Korea Institute of Planning and Evaluation for
Technology in Food, Agriculture, Forestry (iPET) through the High Value-Added Food Technology Development
Program, funded by Ministry of Agriculture, Food and Rural Affairs (MAFRA) (321036053SB010, 1545027002).

Author contributions

All authors contributed to the study conception and design. Material preparation, data collection and analysis
were performed by J.-Y.K., H].S., S.C., and S.A. The first draft of the manuscript was written by J.-Y.K. and C.S.L..
S.H.K. supervised the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-49024-1.

Correspondence and requests for materials should be addressed to S.H.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:21575 | https://doi.org/10.1038/s41598-023-49024-1 nature portfolio


https://doi.org/10.1248/bpb.24.368
https://doi.org/10.1248/bpb.24.368
https://doi.org/10.1021/jf0342627
https://doi.org/10.3390/foods12183401
https://doi.org/10.1002/mnfr.201900912
https://doi.org/10.3390/nu11092231
https://doi.org/10.3389/fmicb.2013.00030
https://doi.org/10.3389/fmicb.2013.00030
https://doi.org/10.1080/13102818.2009.10818574
https://doi.org/10.1111/j.1365-2672.2007.03404.x
https://doi.org/10.1007/s00223-019-00581-6
https://doi.org/10.1007/s00223-019-00581-6
https://doi.org/10.1038/s41598-021-93451-x
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1016/j.ijbiomac.2020.07.300
https://doi.org/10.1038/s41598-023-49024-1
https://doi.org/10.1038/s41598-023-49024-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparison of three different lactic acid bacteria-fermented proteins on RAW 264.7 osteoclast and MC3T3-E1 osteoblast differentiation
	Results
	Effects of LAB-fermented proteins on the proliferation of RAW 264.7 osteoclasts and MC3T3-E1 osteoblasts
	Effects of LAB-fermented proteins on the differentiation of RAW 264.7 osteoclasts and MC3T3-E1 osteoblasts
	Effect of LAB-fermented proteins on gene expression levels of bone resorbing-related markers in RANKL stimulated RAW 264.7 osteoclasts
	Effect of LAB-fermented proteins on gene expression levels of bone forming-related markers in MC3T3-E1 osteoblasts
	Effects of fermentation on isoflavone compositions in SPI

	Discussion
	Conclusion
	Materials and methods
	Materials
	LAB-fermented protein preparation
	Determination of free amino acid residues
	Cell culture
	Cell cytotoxicity assessment by MTT assay
	Osteoclast differentiation assessment by TRAP staining
	Osteoblast differentiation assessment by ALP staining
	Measurement of osteoclast and osteoblast differentiation related gene expression levels by reverse transcription quantitative real-time PCR (RT-qPCR)
	INFOGEST static in vitro simulation of gastrointestinal food digestion
	Sample preparation for HPLC
	HPLC instrumentation and chromatographic condition
	Statistical analysis

	References
	Acknowledgements


