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Abstract
Recently, interest in fish byproduct-derived bioactive components as potential ingredients for treating and preventing osteo-
porosis is increasing. In this study, we investigated the antiosteoporotic effects of mackerel Scomber japonicus extracts in 
MC3T3-E1 preosteoblasts in vitro and ovariectomized rats in vivo. Scomber japonicus neutrase-assisted protein hydrolysate 
(SJNH) treatment enhanced alkaline phosphatase (ALP) activity and osteoprotegerin (OPG) level, and attenuated receptor 
activator of nuclear factor κB ligand (RANKL) level in MC3T3-E1 cells. In an osteoporotic animal model, ovariectomized 
(OVX) rats were administered SJNH (200 mg/kg/day) for 8 weeks. SJNH prevented OVX-induced bone mineral density 
(BMD) loss and restored bone structural compartment loss based on micro-computed tomography (CT). In addition, SJNH 
administration normalized bone remodeling by regulating bone regeneration and resorption-related proteins such as ALP, 
osteocalcin (OC), and tartrate-resistant acid phosphatase 5b (TRACP-5b) as well as calcium contents in serum. Taken 
together, our findings suggest that SJNH can promote antiosteoporotic effects both in vitro and in vivo. Thus, SJNH might 
be a potent therapeutic agent or functional food ingredient for preventing osteoporosis.

Keywords  Scomber japonicus byproduct · Protein hydrolysate · MC3T3-E1 cells · Ovariectomized rat · Antiosteoporosis · 
Functional food

Introduction

Osteoporosis is the most common bone disorder character-
ized by decreased bone mineral density (BMD) and impaired 
bone microarchitecture and strength that can increase the 
risk of fragility fractures (Rachner et al. 2011). The main 
risk factors of osteoporosis include advanced age and decline 
of female sex hormones, with elder women being especially 

vulnerable to osteoporosis (Raisz 2005). It is well known 
that the balance between bone formation by osteoblasts as 
bone-generating cells and bone resorption by osteoclasts as 
bone-degrading cells is responsible for skeletal homeosta-
sis (Tantikanlayaporn et al. 2020). Therapeutic strategies 
for osteoporosis have been leaning toward attenuating bone 
resorption via inhibition of osteoclast activity. However, in 
bone remodeling process, long-term administration of potent 
inhibitors of bone resorption such as bisphosphonates exhib-
its multiple adverse effects such as impaired skeletal micro-
fractures and fragility (Kennel and Drake 2009). Therefore, 
developing safe and effective candidates that improve osteo-
blast activity and bone formation is needed.

In recent years, natural bioactive compounds have been 
highlighted as functional ingredients for improving bone-
related diseases (Okagu et al. 2022). Especially, dietary bio-
active compounds derived from marine organisms exhibit 
a variety of health benefits in the human body. In addition, 
their nutritional values as a rich source of collagen, fatty 
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acids, proteins, amino acids, and bioactive peptides are of 
great interest in nutraceuticals, cosmeceuticals, and phar-
maceuticals (Atef and Ojagh 2017). For many years, huge 
amounts of fishery byproducts including heads, frames, 
scales, and viscera from the fish processing industry have 
been recognized as economic and environmental issues. 
For this reason, there have been many reports to find a use 
for fishery wastes as efficient sources of diverse bioactive 
materials and functional components (Caruso et al. 2020). 
In particular, dietary proteins, the most abundant part of 
fish byproducts, contain many amino acids, vitamins, and 
minerals beneficial for skeletal metabolism (Bihuniak 2015; 
Tilami and Sampels 2017). Hence, there is sufficient evi-
dence to utilize fish processing byproducts as sources for 
developing pharmaceuticals and nutraceuticals that prevent 
osteoporosis. However, previous research studies demon-
strating antiosteoporotic effects of fish byproducts and pro-
tein hydrolysates are limited.

Mackerel Scomber japonicus is a species of pelagic fish. 
It is an important edible fish consumed worldwide for cen-
turies (Guo et al. 2022). Although its flesh is highly con-
sumed, most inedible parts such as viscera, head, and frames 
after fish processing are discarded due to rapid decomposi-
tion after fishing (Suresh et al. 2017). Several studies have 
reported that mackerel muscle proteins and/or protein hydro-
lysates from enzyme-assisted extraction show antioxidant 
and immunomodulatory properties (Bashir et  al. 2018; 
Abachi et al. 2022). However, the biological activities of 
S. japonicus and its byproducts have not been fully investi-
gated yet. Therefore, the objective of the present study was 
to prepare protein hydrolysates from head and frame mixed 
parts of S. japonicus (fish processing byproducts) using a 
commercial proteolytic enzyme and examine their antiosteo-
porotic activities in vitro and in vivo for use as therapeutic 
agents and/or functional food ingredients.

Materials and methods

Reagents and chemicals

Frozen mackerel S. japonicus head and frame parts were 
kindly provided by the processing center of Jeju Hal-
lim Suhyup Co., Ltd (Jeju, Korea). Total fish length 
ranged from 30 to 35  cm. Head parts (8–10  cm) and 
frame parts (22–25 cm) were then separated. Alcalase, 
flavourzyme, neutrase, and protamex were purchased 
from Novo Co. (Novozyme Nordisk, Bagsvaerd, Den-
mark). β-Glycerophosphate, L-ascorbic acid, p-nitro-
phenylphosphate (pNPP), glycine, and sodium hydrox-
ide (NaOH) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Minimum essential medium (MEM), 
penicillin/streptomycin, fetal bovine serum (FBS), and 

phosphate-buffered saline (PBS) were obtained from 
Gibco BRL (Life Technologies, Burlington, ON, Canada). 
All other chemicals and reagents used in this study were 
of analytical grade.

Preparation of enzymatic hydrolysates 
of S. japonicus

S. japonicus hydrolysis was performed according to a pre-
viously reported method (Lee et al. 2012). Firstly, 35 g 
of ground mackerel head and frame mixture was added 
into 200 mL of distilled water. After 1 mL of proteolytic 
enzyme (alcalase, flavourzyme, neutrase, and protamex) was 
added with a substrate to enzyme ratio of 10:1, enzymatic 
hydrolysis was carried out at 50 ℃ for 6 h, after which the 
hydrolysate was boiled at 100 ℃ for 10 min to inactivate the 
enzyme. The hydrolysate was then clarified by centrifuga-
tion at 3000 × g for 20 min to precipitate any unhydrolyzed 
residues. Supernatants of hydrolysates were filtered, adjusted 
to pH 7.0, and then lyophilized. Yields of enzymatic hydro-
lysates were assessed by subtracting freeze-dried weight of 
the residue. Yields are expressed as percentages.

Amino acid analysis

Analysis of amino acids was performed using a high-per-
formance liquid chromatography (HPLC) system (Ultimate 
3000, Dionex, Germany). Samples were introduced to an 
Inno C18 column (4.6 × 150 mm) and eluted with mobile 
phase A consisting of 40 mM sodium phosphate pH 7. As a 
mobile phase B, 10% Milli-Q water, 45% acetonitrile, and 
45% methanol were used. Elution was conducted at a flow 
rate of 1.5 mL/min. Amino acid compositions in S. japoni-
cus Neutrase hydrolysate (SJNH) were analyzed using a 
fluorescence detector at 450 nm and 305 nm.

Cell culture and osteoblast differentiation

MC3T3-E1 preosteoblasts were cultured in MEM supple-
mented with 10% FBS and 1% antibiotics at 37 ℃ under 
a 5% CO2—95% air. To induce differentiation, 2-day 
postconfluent preosteoblasts were treated with 10  mM 
β-glycerophosphate and 50 μg/mL L-ascorbic acid in culture 
medium. Cells were treated with or without hydrolysates. 
The medium was refreshed a every 2 days. To examine 
effects of proteolytic hydrolysates on differentiated osteo-
blasts, cells and culture medium were collected and meas-
ured for alkaline phosphatase (ALP) activity, osteoprote-
gerin (OPG) levels, and receptor activator of nuclear factor 
κB ligand (RANKL) levels.
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ALP activity assay

ALP activity was measured as described previously (Ji 
et al. 2015) with some modifications. Briefly, MC3T3-E1 
preosteoblasts were seeded into 6-well culture plates at a 
cell density of 1 × 105 cells/mL. Osteoblast differentiation 
was induced for 4 days as mentioned above. Cells were 
washed twice with PBS and harvested with a homogenizing 
solution. The cell lysate was collected. Supernatants were 
mixed with pNPP substrate solution (5 mM pNPP in 0.1 M 
glycine buffer) and then incubated at 37 ℃ for 30 min. After 
the incubation, the enzymatic reaction was stopped by add-
ing 1 M NaOH solution. The absorbance was measured at a 
wavelength of 405 nm.

Measurement of OPG and RANKL level

MC3T3-E1 cells were grown to high density (1 × 105 cells/
mL) in 6-well plates. Differentiation was then induced for 
8 days. Subsequently, differentiated osteoblasts were cul-
tured in the absence or presence of hydrolysates for 24 h. 
Cell supernatants were collected and OPG levels were 
quantified using an enzyme-linked immunosorbent assay 
(ELISA) kit (R&D Systems, Inc., Minneapolis, MN, USA) 
in accordance with the manufacturer’s instructions.

Animal experiments

Five-week-old female Sprague–Dawley (SD) rats were pur-
chased from Joongah Bio (Suwon, Korea). They were sham-
operated or bilaterally ovariectomized. Rats were maintained 
at 12 h/12 h light/dark cycle under humidity- and tempera-
ture-controlled laboratory conditions. These animals were 
provided with a standard chow diet and free access to water. 
After 1 week of acclimation to the laboratory environment, 
rats were randomly divided into the following three groups 
(n = 4 per group): (1) sham group, (2) ovariectomized group 
(OVX), and (3) SJNH supplemented group (OVX + SJNH). 
SJNH was dissolved in distilled water (DW). Rats were 
administered orally at a dose of 200 mg/kg bw once daily for 
9 weeks. Food intake was monitored daily. Body weights of 
rats were recorded weekly during the feeding period. After 
12 h of fasting on the last day of administration, all rats were 
anesthetized by inhaling ether. Blood and tibia tissues were 
carefully collected for the isolation of serum and assess-
ment of bone microstructure. All experimental protocols 
were approved by the Laboratory Animal Administration 
Committee of Soonchunhyang University (approval number: 
SCH23-0002). The experiment was performed according to 
the University Guidelines of Animal Experimentation.

Biochemical analysis

Concentrations of bone turnover markers in the serum were 
measured using ELISA kits for ALP (Abcam, Cambridge, 
MA, USA), calcium (Abcam), osteocalcin (OC) (Abebio, 
Wuhan, China), and tartrate-resistant acid phosphatase 5b 
(TRACP-5b) (Abebio) according to each manufacturer’s 
instruction.

Micro‑computed tomography (micro‑CT) analysis

After 9  weeks of animal experiments, right proximal 
tibia tissues were dissected and stored in 4% paraformal-
dehyde. Twelve samples (four sham, four OVX, and four 
OVX + SJNH) were scanned with a micro-CT (vivaCT 80, 
Scanco Medical AG, Switzerland). Volume of interest (VOI, 
diameter = 4 mm) was determined within the femoral meta-
physis defect for further analysis. Quantitative analysis of 
bone architectural parameters including BMD, bone vol-
ume ratio (BV/TV), bone surface ratio (BS/BV), trabecular 
number (Tb.N), trabecular separation (Tb.Sp), trabecular 
thickness (Tb.Th), and structural model index (SMI) was 
performed with Skyscan CT-analyzer software.

Statistical analysis

Data are presented as mean ± standard deviation (SD). 
All experiments were performed in triplicate. All statisti-
cal analyses were performed using SPSS software. Values 
were determined by one-way analysis of variance (ANOVA) 
complemented by Duncan’s multiple range test. Statistically 
significant difference was set at P < 0.05.

Results and discussion

Results

Preparation of S, japonicus proteolytic hydrolysates 
and their antiosteoporotic activities in MC3T3‑E1 cells

Extraction yields and antiosteoporotic activities of S. japoni-
cus alcalase hydrolysate (SJAH), flavourzyme hydrolysate 
(SJFH), SJNH, and protamex hydrolysate (SJPH) are sum-
marized in Table 1. SJFH had the highest total extraction 
yield of 45.3%, followed by SJAH (39.4%), SJNH (35.4%), 
and SJPH (31%). ALP has been reported as an important 
biomarker for osteoblast function and bone mineralization 
(Vimalraj 2020). Mature osteoblasts express RANKL, a 
membrane-associated cytokine pivotal for osteoclastogenesis 
and bone resorption, and its decoy receptor OPG (Humphrey 
et al. 2006; Udagawa et al. 2021). To determine antiosteo-
porotic activities, effects of hydrolysates on levels of bone 
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metabolism-related factors such as ALP activities, OPG, and 
RANKL were evaluated at final concentration of 0.5 mg/
mL in MC3T3-E1 osteoblasts. SJNH markedly increased 
ALP activities at 29 ± 3.27% with minor elevation of OPG 
levels at 2.46 ± 1.29% compared with the nontreated group 
in MC3T3-E1 cells. In addition, RANKL inhibition levels 
in osteoblasts were effectively promoted by 24 h exposure 
to SJNH and SJPH by 22.5 ± 9.24% and 64.94 ± 16.49%, 
respectively. Altogether, our results indicated an in vitro 
antiosteoporotic effect of SJNH. Thus, its bioactive com-
ponents and its effect on in vivo skeletal metabolism were 
further analyzed.

Amino acid compositions and contents of SJNH

The amino acid compositions of SJNH are presented in 
Table 2. Quantification of a total of 22 amino acids was 
performed compared with a total amount of amino acids at 
69,242.2 mg/kg. Our results showed that leucine (13.70%, 
9485.80 mg/kg) was the most abundant amino acid in SJNH, 
followed by histidine (12.09%, 8374.66 mg/kg), and taurine 
(11.05%, 7648.11 mg/kg) with little differences among them. 
SJNH had minor contents of some amino acids, such as 
aspartic acid, glutamic acid, asparagine, serine, glutamine, 
glycine, threonine, arginine, alanine, γ-aminobutyric acid 
(GABA), tyrosine, valine, methionine, isoleucine, ornithine, 
lysine, phenylalanine, and proline. Our results implied that 
the antiosteoporotic effect of SJNH might be driven by mul-
tiple amino acids, especially leucine, histidine, and taurine, 
with each of them accounting for more than 10% of the total 
amount of amino acids in SJNH.

Effects of SJNH on body weights of OVX‑induced rats

The verification of OVX in rodent models has been based 
on several biochemical conditions including the profile 
of female sex hormones, estrous cycle, and body weight 
(Yousefzadeh et al. 2020). Therefore, body weights of rats 
operated with sham, OVX, and OVX administrated with 

SJNH were measured. Figure 1a shows the body weight 
changes of animals for 9 weeks. OVX-operated rats had 
significantly increased body weights compared with those 
in the sham group while SJNH administration did not cause 
significant changes in body weight. Daily food intake was 
15.23 g for the sham group, 17.57 g for OVX-operated group 
supplemented with SJNH, and 17.67 g for the OVX-operated 
group without SJNH supplementation (Fig. 1b). Our findings 
suggest that SJNH treatment does not result in an OVX-
induced abnormal body weight increase.

Effects of SJNH on serum biological parameters 
in OVX‑induced bone turnover

To elucidate whether SJNH administration affected bone 
metabolism, bone turnover-related metabolic markers in 
the serum of rats were evaluated. As shown in Fig. 2a, 
c, OVX surgery significantly increased ALP, OC, and 
TRACP-5b levels compared with the sham group. These 
effects were reversed by SJNH treatment, suggesting the 
potential of SJNH in regulating bone turnover rate by 

Table 1   Extraction yields and antiosteoporotic activities of alcalase 
(SJAH), flavourzyme (SJFH), neutrase (SJNH), and protamex (SJPH) 
hydrolysates from head and frame mixture parts of Scomber japoni-
cus considered as fish processing byproducts

* The values are expressed as mean ± SD in triplicate experiments

Sample Yield (%) Value (%)*

ALP activity OPG activity RANKL inhibition

SJAH 39.4 1.43 ± 1.2 −12.56 ± 0.8 8.17 ± 2.01
SJFH 45.3 −9.48 ± 2.17 −21.4 ± 3.51 −4.44 ± 4.41
SJNH 35.4 29.48 ± 3.27 2.46 ± 1.29 22.5 ± 9.24
SJPH 31 13.34 ± 4.73 4.69 ± 1.67 64.94 ± 16.49

Table 2   Amino acid compositions and contents of SJNH

*n.a.: not applicable

SJNH

mg/kg Total 
amino 
acids (%)

Aspartic acid 1542.77 2.23
Glutamic acid 3681.70 5.32
Asparagine 469.71 0.68
Serine 2160.00 3.12
Glutamine 1799.08 2.60
Histidine 8374.66 12.09
Glycine 1109.82 1.60
Threonine 3358.06 4.85
Citrulline n.a.* n.a.*
Arginine 4075.99 5.89
Alanine 4342.76 6.27
Taurine 7648.11 11.05
GABA 54.16 0.08
Tyrosine 3257.78 4.70
Valine 2966.86 4.28
Methionine 2129.06 3.07
Phenylalanine 5141.73 7.43
Isoleucine 2232.07 3.22
Ornithine 348.25 0.50
Leucine 9485.80 13.70
Lysine 3516.53 5.08
Proline 1547.32 2.23
Total 69,242.20 100
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optimizing osteoblast–osteoclast activity. On the other 
hand, calcium levels were lower in OVX-induced rats 
than sham rats. However, SJNH treatment significantly 
increased calcium levels to be similar to those of sham 
rats (Fig. 2d). These results also indicated that SJNH could 

improve ovariectomy-induced reduction in serum calcium 
resorption. Taken together, our findings suggest an impor-
tant role of SJNH in reducing bone turnover rate by rebal-
ancing bone homeostasis in OVX-operated rats.

Fig. 1   Effect of SJNH on OVX-induced rats. (a) Bodyweight and (b) daily food intake of the mice measured for 9 weeks. Data are expressed as 
mean ± standard deviation (n = 4). **P < 0.01 indicates significant differences compared with the sham group

Fig. 2   SJNH treatment reverses bone turnover-related serum bio-
markers in OVX-induced rats. (a) Alkaline phosphatase activity, (b) 
osteocalcin levels, (c) TRACP-5b levels, and (d) calcium levels in the 
serum of rats. Data are expressed as the mean ± standard deviation 

(n = 4). *P < 0.05, **P < 0.01 indicate significant differences com-
pared with the SHAM group; #P < 0.05, ##P < 0.01 compared with 
the OVX group



	 Fisheries Science

Effects of SJNH on bone microstructural parameters 
in OVX‑induced rats

Bone microstructure and quantified indices of trabecu-
lar bone were examined by bone histomorphometry using 
micro-CT analysis. Figure 3a illustrates the cancellous bone 
microarchitecture in the right proximal tibia tissue of rat. 
The OVX group revealed obvious trabecular bone loss, sup-
porting the notion that 9 weeks of ovariectomized conditions 
triggered dysregulated bone remodeling. However, SJNH 
administration partially normalized these impairments. 
Additionally, quantified bone microstructural parameters 
showed that OVX remarkably decreased BMD, BV/TV, 
Tb.Th, and Tb.N in comparison with sham group (Fig. 3b, 
e). Meanwhile, administration of SJNH caused minor res-
toration of those parameters against ovariectomy. Without 
above-mentioned bone microstructural indices, Tb.Sp and 
SMI were largely increased in OVX rats compared with 
those in sham rats (Fig. 3f, g). However, intake of SJNH 
for 9 weeks significantly restored the separation of bone 
known to cause deteriorative modifications in trabecular 
microstructure. Our results altogether suggest that SJNH has 
the potential to prevent bone loss and related impairment in 
OVX-induced rats.

Discussion

For many years, natural bioactive functional ingredients 
from aquatic organisms have been focused on due to their 
beneficial effects on human health (Hosseini et al. 2022). 
Especially, marine organisms including algae, inverte-
brates, sponges, and microalgae are commonly known to 
be vital sources of abundant metabolites, characterized by 
multiple biological activities including antioxidant, anti-
inflammatory, antimicrobial, and anticancer effects (Lobine 
et al. 2022). In recent years, many studies have reported that 
fisheries and fish byproducts are potential sources for func-
tional food ingredients owing to their nutritional values and 
functional properties (Nawaz et al. 2020; Roy et al. 2023). 
Mackerel Scomber japonicus is an edible fish consumed 
worldwide (Guo et al. 2022). Most parts of its byproducts 
are organized within the head and frame, simultaneously dis-
carded in fish processing (Suresh et al. 2017). Importantly, 
many studies have tried to valorize these fish byproducts and 
confirmed that they possess a variety of bioactive ingredients 
and health benefits, especially proteins, peptides, and protein 
hydrolysates (Ananey-Obiri et al. 2019; Gao et al. 2021; 
Ozogul et al. 2021). Therefore, our present study aimed to 
obtain protein hydrolysates from the head and frame mix-
ture of S. japonicus using enzymatic hydrolysis techniques 
and investigate their effects on osteoporosis-related bone 

metabolism in cellular and animal models for the develop-
ment of novel therapeutic ingredients.

Recently, proteolytic hydrolysis has been regarded as an 
effective extraction method to obtain numerous bioactive 
substances in fisheries and fish byproducts for use as phar-
maceuticals, cosmeceuticals, and nutraceuticals (Vazquez 
et al. 2020; Henriques et al. 2021; Borges et al. 2023). 
This method is more advantageous than classical water 
and chemical treatment methods mainly due to its higher 
yields of valuable components and blockade of harmful 
chemical waste (Araujo et al. 2021). Hence, the head and 
frame mixture of S. japonicus was subjected to proteolytic 
hydrolysis using four commercial proteases alcalase, flavour-
zyme, neutrase, and protamex. Although SJFH and SJAH 
exhibited relatively higher yields than SJNH and SJPH, 
antiosteoporotic activities such as ALP, OPG, and RANKL 
levels in MC-3T3E1 cells were not significantly changed. 
Meanwhile, SJNH treatment resulted in the highest ALP 
activities followed by SJPH. In addition, RANKL levels 
were significantly suppressed by both SJNH and SJPH. ALP 
is an important typical protein responsible for osteoblastic 
activity and phenotype, leading to cell proliferation, extra-
cellular matrix maturation, and mineralization (Wang et al. 
2012). RANKL, a member of tumor necrosis factor (TNF) 
family secreted by osteoblasts, plays a critical role in osteo-
clast formation and activity by combination with its receptor 
RANK (Li et al. 2012). This interaction is interfered with 
by OPG (Li et al. 2012). Taken together, both ALP activity 
and the RANKL/OPG ratio can be dominant factors of bone 
remodeling. Hence, our results suggest that neutrase-assisted 
protein hydrolysis of head and frame mixture of S. japonicus 
can provide more benefits for regulating osteoblast activities 
to promote bone regeneration and attenuate bone resorption 
in vitro than other proteases.

Dietary proteins and amino acids are positively related to 
bone homeostasis. They can increase bone mass and BMD 
and decrease fracture risk. (Conigrave et al. 2008). Taurine 
is one of the major amino acids, important for several physi-
ological stages in human life (Ripps and Shen 2012). It plays 
a role in bone metabolism by both stimulating bone forma-
tion and inhibiting bone resorption (Kim et al. 2008). Inter-
estingly, taurine is abundant in marine organisms including 
fish, shellfish, and algae (Salze and Davis 2015; Im et al. 
2022). Our present study performed quantitative analysis 
of 22 amino acids and showed a large amount of taurine 
in SJNH. Several studies have reported the possible effect 
of taurine supplementation on bone metabolism using both 
in vitro and in vivo models, suggesting that taurine-rich 
substances have potential to regulate bone homeostasis 
and protect against skeletal diseases such as osteoporosis 
(Choi et al. 2017; Prideaux et al. 2020; Perez-Hernandez 
et al. 2022). Previous studies have also shown that leucine-
rich amelogenin peptide can prevent ovariectomy-induced 
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Fig. 3   SJNH administration restores bone loss and stimulates bone 
formation in OVX-induced rats. (a) Representative micro-CT images 
of right tibia tissues of OVX rats. Bone structural indices including 
(b) BMD, (c) BV/TV, (d) Tb.Th, (e) Tb.N, (f) Tb.Sp, and (g) SMI in 

OVX rat models are shown. Data are expressed as the mean ± stand-
ard deviation (n = 4). **P < 0.01 indicate significant differences com-
pared with the SHAM group; #P < 0.05, ##P < 0.01 compared with 
the OVX group
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bone disorder and promote bone generation (Fiorino et al. 
2021; Haruyama et al. 2021). Therefore, effects of SJNH on 
bone turnover-related metabolism and microstructure in an 
osteoporotic rat model induced by ovariectomy were further 
elucidated.

The OVX surgery-operated rat is an acceptable in vivo 
model of postmenopausal osteoporosis showing estrogen 
deficiency-induced bone impairment (Yousefzadeh et al. 
2020). It is well known that estrogen deficiency can cause 
body weight gain observed both in OVX rats and postmeno-
pausal women. In this context, several studies have reported 
that OVX can increase body weights of rats during the 
experimental period (Wang et al. 2017; Xu et al. 2019). Our 
current results also revealed that the OVX group had higher 
body weight gain than the sham group, suggesting their 
osteoporotic conditions. However, the body weight of SJNH-
treated group after 9 weeks of treatment was not significantly 
different from that of the OVX group. Bone metabolism can 
be determined by bone turnover markers (BMTs), a series of 
proteins released during bone remodeling for bone formation 
and bone resorption (Medio and Brandi 2021). In addition, 
levels of ALP, OC, and TRACP-5b have been reported to be 
increased in OVX rats (Han and Wang 2017; Xu et al. 2019), 
consistent with our results. Especially, a previous clinical 
study has revealed that ALP levels are abnormally elevated 
in postmenopausal women (Keijiro et al. 2015). Meanwhile, 
SJNH administration significantly reversed OVX-induced 
abnormal elevation of BMTs. Calcium is a major compo-
nent for sustaining BMD. Serum calcium level is also an 

important phenotype marker for bone remodeling (Nian 
et al. 2009; Chen et al. 2021). In the present study, treatment 
with SJNH significantly increased serum calcium levels in 
OVX rats. Taken together, these results suggest that SJNH 
can modulate bone turnover-related serum biomarkers and 
ameliorate osteoporotic bone impairment in OVX rats.

SJNH did not affect body weight change in the OVX 
group. This suggest that SJNH has no capability to regulate 
postmenopausal hormone deficiency. Various studies have 
shown that bone microarchitecture and quantitative param-
eters are indispensable factors for identifying practical bone 
conditions (Tantikanlayaporn et al. 2020; Semeghini et al. 
2022). Three-dimensional (3D) micro-CT images of rat tibia 
displayed that the trabecular structure was mostly impaired 
by OVX surgery. Meanwhile, 9 weeks of SJNH administra-
tion retained osteoporotic trabecular damage. In addition, 
our current study showed that ovariectomy significantly 
promoted bone loss and structural abnormalities, increased 
Tb.Sp and SMI, and reduced trabecular BMD, BV/TV, Tb.N, 
and Tb.Th. However, treatment with SJNH reversed all these 
bone markers and improved impaired bone structures in the 
OVX group. These results suggest that SJNH can prevent 
osteoporotic bone loss and microstructural aggravation, 
although it has no effect on estrogen-related metabolism.

In conclusion, our present study demonstrated antiosteo-
porotic effects of SJNH both in vitro and in vivo. S. japoni-
cus is one of the most consumed fish species worldwide. 
However, its byproducts such as head and frame parts are 
wasted during fish processing. The potential of utilizing 

Fig. 3   (continued)
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them needs to be elucidated. SJNH contains large amounts 
of leucine, histidine, and taurine, which might be major 
components for its biological activities. Moreover, SJNH can 
regulate ALP activity and RANKL/OPG ratio in MC3T3-E1 
osteoblasts and attenuate OVX-induced osteoporotic con-
ditions in rats. Proteolytic hydrolysis using neutrase is an 
effective method to make byproducts from S. japonicus as 
functional foods and nutraceuticals. Therefore, proteolytic 
hydrolysate from head and frame mixture from S. japonicus 
could be a potential candidate to prevent osteoporosis with 
applications as a fish processing byproduct-based functional 
food ingredient.
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