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ABSTRACT: Modulating the gut microbiota has emerged as a novel strategy to address global calcium  deficiency  

and  its  associated  skeletal  disorders,  overcoming  the  limited bioavailability of traditional supplements. 

This study evaluated the efficacy of the highly tolerant, spore-forming Heyndrickxia coagulans (H. coagulans) in 

promoting intestinal  calcium  absorption. After  screening  51  wild-type  isolates,  the  selected strains 

significantly activated the cellular calcium transport network in a Caco-2 cell monolayer model, as evidenced by 

upregulation of TRPV6, VDR, PMCA1B, and NCX1 (P < 0.05). In a low-calcium diet-induced murine model, 

co-supplementation of H. coagulans and calcium significantly restored serum calcium levels (P < 0.0001) and 

attenuated abnormal alkaline phosphatase (ALP) activity, decreasing from 225.97 U/L to 95.00 U/L (P < 0.0001). 

Furthermore, micro-computed tomography (micro-CT) showed that the combined intervention produced greater 

improvements in trabecular microarchitecture than calcium supplementation alone, with bone volume fraction 

(BV/TV) increasing from 9.83% to 19.50% (P < 0.001) and trabecular number (Tb.N) rising from 1.03 to 1.94 mm⁻¹. 

These findings highlight the potential of H. coagulans as  a  novel  probiotic  adjunct  to  calcium  

supplementation  for  enhancing  mineral bioavailability  and  achieving  greater  amelioration  of  

bone  loss  than  calcium supplementation alone. 
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1. Introduction 

Calcium is the most prevalent essential mineral in humans. It serves as a cornerstone of skeletal integrity 

and ensures the proper functioning of the cardiovascular, nervous, and endocrine systems[1-3]. An estimated 

3.5 billion individuals worldwide are predisposed to calcium deficiency, with approximately 90% of this 

at-risk population concentrated in Asia and Africa[4]. Calcium deficiency not only reduces bone strength and 
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induces osteoporosis[5] but also leads to elevated blood pressure, cardiovascular problems[6, 7], pregnancy 

complications[8-11], and various chronic metabolic diseases[12-14]. However, traditional inorganic calcium 

supplements have hidden dangers such as drug interactions, interference with iron absorption[15], and the risk 

of rebound after withdrawal in specific populations[16, 17]; furthermore, their bioavailability is restricted by 

the saturable nature of intestinal transport, and high-dose singular supplementation exacerbates health risks 

such as ectopic calcification[18]. 

Therefore, to overcome the bottleneck of intestinal calcium absorption, targeting the gut microbiota to 

enhance mineral bioavailability has emerged as a promising strategy, and probiotics with high tolerance 

and colonisation potential are highly promising  intervention  candidates[19,   20].  By  modulating  

immune  responses  and increasing the expression of calcium-binding proteins, common 

probiotics—including Lactobacillus, Bifidobacterium, and Bacillus subtilis — have recently been found to 

effectively boost intestinal calcium uptake and prevent bone loss[21-25]. However, most current probiotics, 

such as Lactobacillus and Bifidobacterium, generally have poor heat resistance and are sensitive to 

environmental conditions; therefore, processing or storage conditions often reduce their survival rates and 

limit their applications[26-28]. 

Owing to the exceptional stress resilience of its spores, H. coagulans exhibits formidable potential for 

intestinal colonisation and industrial application[29]. Therefore, sporulation capacity was initially used as a 

criterion to prioritize strains with favorable industrial  applicability, after  which  their calcium  

absorption-promoting  properties were independently evaluated. In this study, we screened an optimal strain 

from 51 wild-type isolates and elucidated its targeted modulatory mechanisms on epithelial calcium 

transporters, such as TRPV6, utilising a Caco-2 model; furthermore, employing a low-calcium mouse model, 

we corroborated its in vivo efficacy in facilitating calcium absorption and demonstrated that its combined 

administration with exogenous calcium produced greater improvements in bone loss than calcium 

supplementation alone. This study establishes a systematic theoretical framework for developing novel 

microecological formulations dedicated to bone nutritional support. 

2. Materials and Methods 

2.1 Bacterial strain 

The Culture Collection at Jiangnan University (specifically the Food Biotechnology Research Center) 

provided the 51 H. coagulans strains used in this study. S1 presents the relevant strain information. 

2.2 Screening of high spore-yielding H. coagulans 

Fifty-one strains of H. coagulans were cultured in MRS medium at 37 °C under aerobic conditions for 

24 h, and subcultured 2-3 times. The activated strains were inoculated at an inoculum size of 2% w/w into 

three kinds of sporulation media respectively (Medium 1: glucose 4 g/L, yeast extract 6.16 g/L, and calcium 

chloride 1.25 g/L; Medium 2: wheat bran 36.91 g/L, corn steep liquor powder 13.70 g/L, and manganese 

sulfate monohydrate 0.84 g/L; Medium 3: wheat bran 32.12 g/L, beef extract 15.24 g/L, magnesium sulfate 
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heptahydrate 0.49 g/L, manganese sulfate monohydrate 0.34 g/L, and sodium dihydrogen phosphate 0.31 

g/L), and cultured in shake flasks at 37 °C and 200 r/min for 48 h. The viable cell count was determined by 

plate counting. 

The samples to be counted were treated in an 80 °C water bath for 10 min, and the spore count was 

determined by plate counting. Sporulation capacity was used as a pre-screening  criterion  for  industrial  

applicability,  and  the  selected  strains  were subsequently subjected to independent functional 

screening for their calcium absorption-promoting activity. 

2.3 Proliferation of Caco-2 cells as influenced by varying concentrations of calcium and bacterial cells 

Appropriate amounts of calcium chloride reagent were weighed to prepare calcium-containing solutions 

of different concentrations.  After filter sterilisation, Caco-2 cells were exposed to these mixtures for 2 h. 

Next, we introduced the CCK-8 reagent into the wells. After a subsequent 1-h incubation, the absorbance was 

recorded. 

After the H. coagulans cells were crushed by liquid nitrogen grinding, they were used to treat Caco-2 

cells at concentrations of 106, 107, 108, and 109 CFU/ml for 2 h. CCK-8 incubation was then allowed to 

proceed for 1 h before absorbance measurement[30]. 

2.4 Establishment and evaluation of the Caco-2 cell model 

Model construction utilized cells between passages 20 and 40. Caco-2 cells entering the logarithmic 

growth phase were resuspended for plating on polycarbonate Transwell filters (surface area: 1.12 cm²; pore 

diameter: 0.4 μm). Seeding density was maintained at roughly 1×10⁵ cells/cm ² . The transport chamber’s 

upper (apical) and lower (basolateral) sections received 0.5 mL and 2.5 mL of complete medium, 

respectively. The media exchange frequency was bidaily for the initial seven days before shifting to daily 

replacements for the remainder of the period. By days 20-22 of cultivation, the monolayers passed evaluation 

for subsequent assays. 

During the cultivation of Caco-2 cells, their growth status and morphology were observed regularly using 

an inverted phase-contrast microscope (Olympus CKX41, Japan). 

Before seeding cells onto the polycarbonate membrane of the Transwell insert, the membrane’s intrinsic 

resistance was measured using a Millicell-ERS volt-ohm meter. During cell model establishment, Caco-2 cell 

monolayers grown for 3, 5, 7, 10, 14, 18, and 21 days were selected. We removed the existing culture medium 

and replaced it with PBS pre-warmed to 37 ℃ in both the AP and BL compartments. The PBS was discarded 

and added again, followed by regular incubation for 20 min. It was discarded again, and pre-warmed PBS 

was added for another 20 min of regular incubation. To assess transepithelial electrical resistance (TEER), 

we used a Millicell-ERS meter whose electrodes had been submerged in PBS overnight. The TEER value 

of the Caco-2 cell monolayer is the total resistance (microporous membrane + cell monolayer) minus the 

intrinsic resistance (microporous membrane), corrected by the growth area, and expressed in Ωꞏcm². A TEER 



Y.X. Qiu et al. / Food Science and Human Wellness 16 (2027) 

 

result greater than 400 Ωꞏcm² served as the standard indicator for an intact, fully confluent cell layer. Higher 

TEER values indicate greater monolayer integrity, which typically plateaus below 1000 Ωꞏcm²[31]. 

A purchased ALP assay kit was used to quantify enzymatic activity. After a 21-day cultivation period 

in the inserts, we performed two gentle washes of the cell layers with D’Hanks buffer. The plates were then 

incubated for 20 minutes at 37 ℃. 

After aspirating the solutions from both inside and outside the wells, the ALP activity on the AP and BL 

sides of the cell monolayer was measured according to the kit instructions. 

2.5 Cellular intervention and mineral quantification assays 

After culturing for 20 days in Transwell 12-well plates, the cells were divided into 6 experimental 

groups: a blank control (NC) and 5 H. coagulans intervention groups, all performed in triplicate. For each 

group, 0.5 mL of D’Hanks buffer containing the corresponding concentration of calcium and H. coagulans 

was added to the AL chamber of the Transwell, and 1.5 mL of D’Hanks buffer was added to the BL chamber. 

After incubation at 37 ℃ for 2 h, the buffer on the BL side was collected. The calcium content in the sample 

solutions was detected using ICP-MS. At the end of the experiment, the transepithelial electrical resistance of 

the cells in each well was measured. 

2.6 Expression analysis of calcium-related transporter genes in Caco-2 cells 

Caco-2 cells taken from the exponential growth phase were selected for this study. The cells were 

seeded into 12-well plates (1×105 cells/well; 1 mL of culture medium per well) and cultured for 20 days. 

For subsequent assays, the cells were assigned to a negative control (NC) group or one of five H. coagulans 

intervention groups (VJSXZ1M1, VYNDL1M1, CCFM1539, CCFM1540, and CCFM1541), with each 

condition tested in triplicate. The experimental setup involved a 2 h intervention using D’Hanks buffer 

containing the specified concentrations of calcium and  H. coagulans. At the end of the treatment, the cells 

were harvested for RNA extraction to assess transcriptomic levels of genes encoding calcium-related 

transporters[32]. To determine target gene expression levels, normalisation was performed against the internal 

reference gene GAPDH, and calculations were performed using the 2-ΔΔCt comparative method. 

2.7 Expression analysis of calcium-related transporters in Caco-2 cells 

Cells were maintained in 12-well plates for 20 days. We then divided the cells into a negative control 

(NC) group or five H. coagulans intervention groups (VJSXZ1M1, VYNDL1M1, CCFM1539, CCFM1540, 

and CCFM1541), with each condition tested in triplicate. The cells were treated for 2 h with D’Hanks buffer 

supplemented with the indicated concentrations of calcium and H. coagulans. Next, the samples were 

harvested and directly lysed with 0.1 mL of lysis buffer containing protease inhibitors for protein extraction. 

The manufacturer’s protocol guided the final quantification of the total protein concentration. 

2.8 Preparation of oral gavage suspensions 

The three H. coagulans strains selected from the preceding Caco-2 functional evaluation, CCFM1539, 

CCFM1540, and CCFM1541, were originally isolated from vegetables and stored at the Guangdong 
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Microbial Culture Collection Center (GDMCC). For strain activation, all H. coagulans were aerobically 

incubated in de Man, Rogosa, and Sharpe (MRS) broth (2% v/v) at 37 °C for 24 h and subcultured twice 

before use. The resulting activated cultures were then transferred into a sporulation medium (2% v/v). After 

a 24-h shaking incubation at 37 °C and 200 rpm, the incubation continued for a further 24 h at 50 °C. The 

culture mixture was then centrifuged at 12,000 × g for 20 min to discard the supernatant. The remaining pellet 

was washed once with phosphate-buffered saline (PBS), blended at a 1:1 ratio with a lyophilisation protectant 

(skim milk: sucrose: trehalose = 13:3:3), and lyophilised to yield the bacterial powder. This H. coagulans 

bacterial powder was ultimately resuspended in PBS to establish a fixed spore concentration of 1 × 107 

CFU/mL. 

2.9 Mice and treatments 

Male C57BL/6J mice at six weeks of age were sourced from Vital River Laboratory Animal Technology 

Company, located in Beijing, China. The specific grouping and treatments are described in the corresponding 

figure legends. We maintained the mice under standard laboratory conditions (22 ± 0.5 °C, 55 ± 5% humidity, 

and a 12 h light/dark cycle) with free access to water and chow. All animal procedures were approved by the 

Ethics Committee of Jiangnan University (JN.No20250615c0600905[360]). 

Following a 7-day acclimatization period, the mice were randomly divided into six groups (n = 6): the 

normal control group (NC), the calcium-deficient model group (MC),  the  calcium  supplementation  

group  (Ca) 、  the  H.  coagulans  CCFM1539 intervention group (CCFM1539+Ca) 、  the H. 

coagulans CCFM1540 intervention group (CCFM1540+Ca) 、 the H. coagulans CCFM1541 intervention 

group (CCFM1541+Ca). We maintained the NC group on a standard control diet (0.5% calcium) 

throughout the study. The remaining groups (MC, Ca, CCFM1539+Ca, CCFM1540+Ca, and 

CCFM1541+Ca) were fed a low-calcium diet containing 0.05% calcium. The two diets were completely 

matched in all other nutritional components. 

From the second week until the end of the trial, we administered 0.2 mL of PBS daily via oral gavage to 

the NC and MC mice. Meanwhile, animals in the CCFM1539+Ca, CCFM1540+Ca, and CCFM1541+Ca 

groups received an oral calcium supplement combined with 107 CFU of their respective H. coagulans spores. 

Based on a previous study employing a comparable low-calcium diet-induced C57BL/6 mouse model, CaCl₂ 

was administered by oral gavage at a dose equivalent to 133 mg elemental Ca/kg body weight/day for 4 

weeks[33]. 

At the end of the 12-hour fasting period, we anesthetized the mice using carbon dioxide inhalation. 

Blood was drawn through the retro-orbital sinus, and we immediately sacrificed the animals by cervical 

dislocation. Blood samples were centrifuged at 3000 rpm for 15 minutes to isolate the serum, which was 

stored at 

-80 °C for downstream analysis. The unilateral femur was harvested from each animal, cleared of 

surrounding soft tissue, and kept at -20 °C for storage. 
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2.10 Serum biochemical analysis 

Serum calcium levels and ALP activity were quantified utilising an automated biochemical analyser. 

2.11 easurement of femoral length, diameter, and weight 

After removing the soft tissues, the longitudinal length and mid-diaphyseal diameter of the femurs were 

measured using a vernier caliper, and the femoral weight was recorded using a precision electronic balance. 

2.12 Micro-computed tomography (micro-CT) analysis 

Micro-CT was used to scan the distal femurs of mice in each group to generate a three-dimensional 

model, and relevant parameters were calculated. 

2.13 Statistical analysis 

Statistical  analyses  were  performed  using  GraphPad  Prism  9.5.1  (GraphPad Software, San 

Diego, CA, USA). Quantitative data are presented as the mean ± standard error of the mean (SEM). 

Statistical analyses were performed according to the comparisons specified by the experimental design, with 

the relevant treatment groups compared with their corresponding control groups. Student ’ s t-tests or one-way 

analysis of variance (ANOVA) were used as appropriate for the original statistical comparisons. No 

additional multiplicity adjustment was applied in the original analyses. Data normality was further assessed 

using the Shapiro–Wilk test, and homogeneity of variances was evaluated using the Brown–Forsythe test. 

Given the relatively small sample sizes in some in vitro experiments, the results of formal normality testing 

were interpreted cautiously. No observations were excluded as outliers. A p value < 0.05 was considered 

statistically significant. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

3. Results 

To prioritize strains with favorable industrial applicability before functional evaluation, we initially 

assessed the sporulation capacity of 51 H. coagulans strains using   three   different   sporulation   

media.   Based   on   their   overall   sporulation performance across the three media (S2 – S4), five 

strains with potential industrial applicability were selected for subsequent functional evaluation: 

VJSXZ1M1, VYNDL1M1, CCFM1539, CCFM1540, and CCFM1541 (Table 1). 

Table 1. Five strains demonstrating potential industrial feasibility 

No. Strain designation Origin 

1 VJSXZ1M1 Xuzhou, Jiangsu, Vegetables 

2 VYNDL1M1 Dali, Yunnan, Vegetables 

3 CCFM1539 Wuxi, Jiangsu, Vegetables 

4 CCFM1540 Yichang, Hubei, Vegetables 

5 CCFM1541 Laixi, Shandong, Vegetables 

Following the successful screening of potential strains, we constructed an in vitro Caco-2 monolayer 

system to comprehensively assess their regulatory effects on intestinal calcium transport and absorption. The 
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viability of Caco-2 cells was analyzed after exposure to distinct doses of both mineral and bacterial 

components. After a 2-h treatment period using different calcium levels, Fig. 1a illustrates that moderate to 

high calcium treatments (1.25~10 mmol/L) enhanced Caco-2 cell viability. The 20 mmol/L group presented 

negligible changes, whereas the 40 mmol/L concentration exhibited mild cytotoxicity. Consequently, the 10 

mmol/L dosage was chosen as the standard for all subsequent assays. 

As depicted in Fig. 1b, following a 2-h exposure to varying concentrations of the bacterial suspension, the 

viability of cells in the 107-108 treatment groups was marginally elevated compared to the NC group, 

indicating an absence of cytotoxicity. Therefore, an inoculation level of 108 CFU/mL was adopted for 

downstream experimental procedures. 

After determining the optimal intervention concentrations, we assessed both the integrity and functional 

polarization characterizing the Caco-2 monolayer. Cellular growth dynamics in Caco-2 cultures were tracked 

using an inverted microscope at days 2, 5, 12, and 20 of the cultivation period. During the initial culture phase, 

notable intercellular gaps and localised vacuolisation were observed. As cultivation progressed, the cells 

formed tighter intercellular connections, establishing a rudimentary monolayer by day 7. Subsequent 

observations on days 12 and 20 revealed compact cell junctions, indicating the morphological formation of 

an intact cell monolayer. 

Transepithelial electrical resistance (TEER) is a crucial biophysical parameter indicative of cell 

monolayer integrity and exhibits a negative correlation with monolayer permeability within a specific range. 

It is widely accepted that transport assays are viable only when the TEER value exceeds 200 Ωꞏcm2[34, 35]. As 

illustrated in Fig. 1c, the proliferation, confluence, and tight junction formation of Caco-2 cells were 

predominantly completed by the end of the second week. The TEER value increased marginally, plateauing 

after three weeks. Following a 21-day differentiation period, the TEER value surpassed 2500 Ωꞏcm2. 

By day 21 of cultivation, measurements showed that ALP levels in the AP chamber were approximately 

7 times higher than in the BL region (Figure 1d). This highly asymmetrical distribution of ALP indicates 

pronounced cellular polarisation, thereby confirming successful and robust cellular differentiation. 

Following rigorous validation of the cell model, we used it to compare the five selected strains’ abilities 

to facilitate calcium transport. The five selected H. coagulans strains were evaluated utilising the Caco-2 cell 

monolayer model. Figure 1e demonstrates that while H. coagulans VYNDL1M1 and CCFM1541 improved 

calcium absorption; however, these increases lacked statistical significance compared to the NC baseline. In 

contrast, H. coagulans CCFM1539 significantly enhanced calcium cellular absorption and transport 

compared with the blank group (P <  0.05). Consequently, CCFM1539 shows promising potential to 

facilitate intestinal calcium absorption. 

To understand the targeted modulatory mechanisms responsible for this facilitated cellular absorption, 

we quantified the expression of calcium-related transporters, including TRPV6, VDR, PMCA1B, and NCX1. 

After penetrating intestinal cells via epithelial channels such as TRPV6, incoming calcium binds to 

calcium-binding proteins. Subsequent cytoplasmic transit brings the complex to the basolateral boundary. 
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Eventually, these ions shift from CABP to PMCA1B or NCX1. Such high-affinity carriers transport the 

mineral from enterocytes into the systemic circulation. Because VDR initiates CABP transcription and 

promotes PMCA1B and NCX1 expression, supplemental calcium theoretically drives a corresponding 

increase in these transcriptional activities[36-38]. Transcript abundances for VDR, TRPV6, NCX1, and 

PMCA1B were then measured within the Caco-2 cellular model. As shown in Fig.1(f)-(i), H. coagulans 

strains 1539, 1540, and 1541 significantly enhance cellular calcium absorption. 

Protein-level analyses were further conducted for all five candidate strains to complement the calcium 

transport and gene-expression assessments. As illustrated in Fig.1(j) and (k), all evaluated strains, except H. 

coagulans VYNDL1M1, significantly upregulated TRPV6 protein expression (P < 0.05). However, the 

protein expression of PMCA1B showed an opposite trend to its mRNA expression, suggesting potential 

post-transcriptional regulation. 

Based on an integrated evaluation of transepithelial calcium transport and the regulation of 

calcium-transport-related genes and proteins, CCFM1539, CCFM1540, and CCFM1541 showed more 

consistent overall functional responses among the five candidate strains. These three strains were therefore 

selected for subsequent in vivo evaluation. 

 
Figure 1. H. coagulans promotes calcium transport in the Caco-2 cell model and its underlying mechanisms 

(a) Effects of different concentrations of calcium on the survival rate of Caco-2 cells. (b) Effects of different concentrations of 
bacterial components on Caco-2 cell survival. (c) Changes in TEER values during different periods of model construction. (d) 

Ratio of ALP on both sides of the chamber. (e) Changes in the total calcium transport amount in the Caco-2 cell monolayer 
model among different groups. (f)-(i) mRNA expression levels of calcium ion transport-related genes (TRPV6, VDR, 

PMCA1B, NCX1); (j)-(k) Protein expression levels of TRPV6 and PMCA1B.*P < 0.05, P < 0.01, ***P < 0.001. 
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To evaluate the in vivo efficacy of H. coagulans, we established a low-calcium diet-induced murine 

model and evaluated the efficacy of specific H. coagulans strains supplementation in alleviating calcium 

deficiency and bone loss in C57BL/6J mice (Fig. 2a). Subsequently, we assessed key serum biochemical 

indicators of bone metabolism. Serum calcium levels and ALP activity were quantified utilising an automated 

biochemical analyser. 

Once dietary calcium is ingested, it is taken up by enterocytes via specific calcium-binding proteins 

before entering the systemic circulation. This circulating pool of calcium then accumulates within bone 

tissues. Any generalized calcium deficiency will inevitably lower serum calcium concentrations[39]. As 

illustrated in Fig. 2b, a distinct drop in serum calcium occurred in the MC group relative to the NC controls 

(P < 0.0001), confirming that chronic exposure to a low-calcium regimen induced severe deficiency in mice. 

Combined treatment with calcium and individual coagulans strains resulted in substantial recovery from 

hypocalcemia in the MC animals (P < 0.0001), a result superior to that achieved with calcium alone. Such 

outcomes point to the role of H. coagulans in enhancing calcium uptake within the murine model. 

ALP, an essential biomarker of osteogenesis secreted by osteoblasts, serves as an indicator of osteoblastic 

function and activity. Pathological bone conditions trigger excessive ALP secretion by osteoblasts into the 

bloodstream, resulting in elevated serum ALP levels[40, 41]. Fig. 3c shows that the MC group reached a serum 

ALP concentration of 225.97 U/L,  which is significantly higher than that of all other groups (P < 0.0001). 

This outcome indicates that lower calcium intake is associated with higher ALP levels. The administration 

of calcium supplemented with H. coagulans   strains   CCFM1539   (116.09   U/L), CCFM1540 

(112.36   U/L), or CCFM1541 (95.00 U/L) significantly attenuated the serum ALP levels (P < 0.0001), 

achieving a more pronounced reduction than calcium supplementation alone (165.63 U/L). 

Collectively, these results demonstrate that H. coagulans effectively promotes serum calcium absorption 

and restores the corresponding enzymatic activities in mice. Notably, H. coagulans CCFM1541 demonstrated 

the greatest efficacy in enhancing murine calcium absorption. 

We further evaluated the physical parameters of the murine femurs. We analyzed the physical dimensions 

of the mouse femurs, including weight, diameter, and length, to test the ability of H. coagulans to boost bone 

calcium deposition. Fig. 2d~f show that the MC group had much lower values for femoral weight, diameter, 

and length than the NC controls (P < 0.001). Conversely, co-supplementation with calcium and H. coagulans 

significantly reversed the reductions in femoral weight, diameter, and length induced by calcium deficiency 

(P < 0.01). The extent of this recovery surpassed that observed in the Ca group, demonstrating that H. 

coagulans effectively facilitates skeletal calcium deposition in mice. 
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Figure 2. H. coagulans alleviates calcium deficiency and bone loss in C57BL/6J mice. 
(a) Experiment design. (b) Serum calcium content. (c) Serum ALP content. (d) Femur weight. (e) Femur length. (f) Femur 

midshaft diameter.*P < 0.05, P < 0.01, ***P < 0.001, ****P < 0.0001. 

We also examined the internal bone architecture using micro-CT imaging. As illustrated in Fig. 3a, the 

trabeculae in the distal femurs of the MC group were sparse, thinned, heterogeneously arranged, and exhibited 

increased separation, indicating severe deterioration of the trabecular bone architecture. Trabecular 

degradation in the Ca group was mitigated compared with the MC group, accompanied by a concurrent 

increase in bone network density; however, complete restoration to normative levels was not achieved. By 

contrast, the trabecular morphology in the H. coagulans + Ca groups exhibited a substantially more 

pronounced improvement relative to the Ca group. Mice in the H. coagulans + Ca groups displayed 

attenuated microstructural deterioration, characterised by increased trabecular area, thickness, and density, 

resulting in greater structural integrity. These findings demonstrate that, compared with calcium 

supplementation alone, the combined intervention with H. coagulans and calcium more effectively prevented 

bone loss and facilitated the preservation and restoration of skeletal microarchitecture. 

The amount of bone tissue contained in a space is represented by the bone volume fraction (BV/TV). 

Increases in BV/TV are primarily driven by elevations in trabecular number (Tb.N). As depicted in Fig. 3b, 

the low-calcium diet significantly reduced murine BV/TV (P < 0.001). Relative to the MC group (9.83%), 

co-intervention with H. coagulans strains CCFM1539 (18.83%), CCFM1540 (17.04%), and CCFM1541 

(19.50%) significantly restored femoral BV/TV (P < 0.001), exceeding the recovery observed in the Ca group 

(16.35%). As illustrated in Fig. 3c, the calcium-deficient diet markedly decreased femoral Tb. N to 1.03 (P 

< 0.001). While isolated calcium supplementation restored Tb. N to 1.56 (P < 0.01), H. coagulans 

CCFM1539, CCFM1540, and CCFM1541 further restored Tb. N values to 1.84, 1.52, and 1.94, respectively. 

These results indicate that the combined intervention, particularly with CCFM1539 and CCFM1541, was 

associated with greater improvements in bone mass-related parameters than calcium supplementation alone. 



Y.X. Qiu et al. / Food Science and Human Wellness 16 (2027) 

 

These findings align with recent micro-CT evaluations in murine models by Lim et al.[42]. Their work showed 

that oral administration of specific probiotics can significantly increase BV/TV and Tb. N levels, thereby 

increasing bone weight and preventing bone thinning. As shown in Fig. 3d, relative to the MC group (4.15), 

strains H. coagulans CCFM1539, CCFM1540, and CCFM1541 significantly elevated femoral BS/TV to 7.18, 

6.16, and 7.33, respectively (P < 0.01); the efficacies of CCFM1539 and CCFM1541 surpassed that of the 

Ca group (6.25). These results indicate that the combined intervention, particularly with CCFM1539 and 

CCFM1541, improved BS/TV to a greater extent than calcium supplementation alone. The ratio of bone 

surface area to its total volume is represented by the specific bone surface (BS/BV). Fig. 3e shows that 

the MC group had a much higher BS/BV value than the NC group (P < 0.01). This result shows that the 

trabeculae of the thigh bone became thinner and had more holes under calcium deficiency. Both isolated 

calcium supplementation and co-supplementation with H. coagulans significantly reversed the calcium 

deficiency-induced elevation in BS/BV (P < 0.05), suggesting that both calcium supplementation alone and 

the combined intervention were associated with thicker trabeculae and a more compact structural architecture 

in murine femurs. 

Higher connectivity density (Conn. D) and a drop in trabecular separation (Tb.Sp) are key 

microstructural signs that the trabecular network has become tight again. Correspondingly, research by Qin 

et al.[43]  demonstrated that probiotic interventions significantly ameliorate these two key micro-CT 

parameters. Fig. 3f and Fig. 3g show that the low-calcium diet caused a clear rise in Tb.Sp values (P < 0.05). 

Compared with the MC group, the Ca and CCFM1540+Ca groups showed a downward trend in femoral 

Tb.Sp, though this change was not statistically significant. On the other hand, the CCFM1539+Ca and 

CCFM1541+Ca groups brought about a clear drop in femoral Tb.Sp (P < 0.05). The CCFM1541+Ca group 

worked the best, showing much lower numbers than the plain Ca group (P < 0.01). Meanwhile, we observed 

that femoral Conn.D  was  heavily  reduced  by  the  low-calcium  diet  (P < 0.001).  Calcium 

supplementation alone increased femoral Conn.D (P < 0.01). Better protection was observed with the 

calcium-H. coagulans strain mixtures CCFM1539 or CCFM1541, which reached numbers distinctly higher 

than those in the MC group (P < 0.001). For the CCFM1540+Ca group, though, the numbers showed no 

meaningful difference when compared to the MC group. These results further indicate that the combined 

intervention with H. coagulans and calcium produced greater beneficial effects on osteogenesis and 

trabecular microarchitecture than calcium supplementation alone. 



Y.X. Qiu et al. / Food Science and Human Wellness 16 (2027) 

 

 
Figure 3. Micro-CT analysis of bone tissue microstructure in mice among different groups. 

(a) Micro-CT scanning images of femurs from each experimental group. (b) BV/TV. (c) BS/TV. (d) Tb. N. (e) BS/BV. (f) 
Tb.Sp. (g) Conn.D. ns P > 0.05, *P < 0.05, P < 0.01, ***P < 0.001, ****P < 0.0001. 

4. Discussion 

The study tested whether H. coagulans can help the intestines better absorb calcium. Given that robust 

sporulation capacity is a prerequisite for the industrial application of probiotics in food processing (e.g., 

conferring resistance to high temperatures and gastric acid)[29, 44], we initially screened five H. coagulans 

strains exhibiting high sporulation efficacy and industrial potential from a pool of 51 candidates. Importantly, 

sporulation capacity was used here as a criterion for industrial applicability rather than as a predictor of 

calcium absorption-promoting activity. The latter was subsequently evaluated independently using the Caco-2 

monolayer model. 

In vitro, we successfully built a Caco-2 cell monolayer model. Within this transport model, H. coagulans 

CCFM1539 significantly enhanced cellular calcium absorption and total transepithelial transport (P < 0.05). 

Intestinal epithelial calcium absorption is contingent upon a cascade of key transporters: calcium ions 

initially enter enterocytes via apical channels such as TRPV6, bind to cytosolic calcium-binding proteins, and 

are ultimately effluxed into the bloodstream by the higher-affinity transporters PMCA1B or NCX1 at the 

basolateral membrane. The transcription of these genes is activated by the vitamin D receptor (VDR)[32, 37]. 
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Our results show that H. coagulans strains 1539, 1540, and 1541 clearly increased mRNA levels of TRPV6, 

VDR, PMCA1B, and NCX1 in Caco-2 cells (P < 0.05). Notably, while these strains significantly 

upregulated TRPV6 protein expression (P < 0.05), PMCA1B protein levels showed a trend discordant with 

its mRNA levels.  This discrepancy suggests the potential involvement of complex post-transcriptional 

regulatory or protein-degradation mechanisms within the probiotic-mediated intestinal calcium transport 

network, a phenomenon corroborated by prior integrated transcriptomic and proteomic analyses[45]. 

Collectively, specific H. coagulans strains directly facilitate cellular calcium absorption by activating the 

expression of epithelial calcium channels and associated transport factors. 

To further elucidate the physiological efficacies of these strains, a low-calcium diet-induced murine 

model was employed. Chronic consumption of a low-calcium diet leads to a marked decline in serum 

calcium levels; concurrently, as a compensatory response to calcium-deficiency-induced skeletal pathologies, 

bone-building osteoblasts release large amounts of ALP into the bloodstream. As a result, blood ALP, a 

biochemical marker of high bone turnover, sharply increases[46]. Our experimental observations are highly 

consistent with this pathological progression. Mice in the MC group exhibited significantly diminished serum 

calcium levels (P < 0.0001) and abnormally elevated ALP concentrations (reaching 225.97 U/L, P < 0.0001), 

indicative of profound systemic calcium deficiency and disrupted bone metabolism. Compared to isolated 

calcium supplementation, co-administration of calcium with H. coagulans strains 1539, 1540, or 1541 more 

effectively ameliorated low serum calcium levels (P < 0.0001). Significantly attenuated serum ALP levels to 

116.09 U/L, 112.36 U/L, and 95.00 U/L, respectively (P < 0.0001), outperforming the calcium-only group 

(165.63 U/L), with CCFM1541 exhibiting the most pronounced restorative effect. These results indicate that 

the combined intervention with H. coagulans and calcium was associated with improved systemic calcium 

status and normalization of ALP activity, consistent with an improvement in calcium-deficiency-induced 

alterations in bone metabolism. 

Regarding skeletal microarchitecture and calcium deposition, chronic low-calcium diet consumption 

induces a comprehensive reduction in femoral weight, length, and mid-diaphyseal diameter, accompanied by 

severely deteriorated, sparse, and porous trabeculae as visualised via micro-CT. Recent studies and reviews 

show that probiotics  for the gut bacteria work  through the “gut-bone axis”. They can balance bone 

breakdown and bone growth. This means these probiotics have a real chance of repairing damaged bone 

structures under microscopic imaging[47, 48]. Established guidelines delineate BV/TV and Tb. N as core 

parameters for assessing bone loss and structural degradation[49]. Our findings demonstrated that 

co-supplementation of H. coagulans with calcium profoundly outperformed isolated calcium 

supplementation in preventing bone loss and promoting microarchitectural recovery.  Specifically,  H.  

coagulans  strains  1539,  1540,  and  1541  significantly elevated  BV/TV  from  9.83%  to  

18.83%,  17.04%,  and  19.50%  (P < 0.001)  and 

increased Tb. N from 1.03 to 1.84, 1.52, and 1.94 (1/mm) (P < 0.001) —indicative of augmented bone 

mass — and increased BS/TV from 4.15 to 7.18, 6.16, and 7.33 (1/mm) (P < 0.01). Furthermore, the 
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co-intervention significantly reversed the calcium-deficiency-induced elevation in BS/BV (P < 0.05), 

resulting in thicker, more compact femoral trabeculae. Notably, H. coagulans CCFM1539 and CCFM1541 

also significantly reduced Tb. Sp (P < 0.05, with CCFM1541 reaching P < 0.01 against the Ca group) and 

substantially increased Conn.D (P < 0.001). The comprehensive improvements in these micro-CT 

parameters indicate that, compared with calcium supplementation alone, the combined intervention with 

H. coagulans and calcium produced greater beneficial effects on bone mass and three-dimensional 

trabecular microarchitecture. Nevertheless, because an H. coagulans-only group was not included, the 

independent contribution of H. coagulans to bone metabolism remains to be further clarified. 

In conclusion, this study corroborates that H. coagulans strains CCFM1539, CCFM1540, and 

CCFM1541 enhance calcium transport efficiency in vitro by regulating epithelial calcium channel expression 

and associated protein levels. In vivo, the combined administration of these strains and calcium produced 

greater improvements in low-calcium-induced serum biochemical abnormalities and trabecular 

microarchitecture than calcium supplementation alone. The present study was primarily designed to screen 

H. coagulans strains with calcium absorption-promoting potential and to validate their functional efficacy, 

while the Caco-2 experiments provided preliminary mechanistic clues regarding the regulation of intestinal 

calcium transport. Although these findings support a link between enhanced intestinal calcium handling and 

improved bone phenotypes, the detailed molecular pathways underlying these effects in vivo remain to be 

further elucidated through additional biochemical and molecular analyses. Notably, H. coagulans strains 1539 

and 1541 exhibited superior efficacy. Future investigations should elucidate how core metabolites (e.g., 

short-chain fatty acids) produced following intestinal colonisation by these specific strains regulate osteoblast 

and osteoclast homeostasis via the “gut-bone axis”[50]. Our work gives a strong scientific basis and highlights 

useful bacterial targets. This helps use H. coagulans as a new dietary supplement or probiotic to improve 

mineral intake and prevent bone loss or osteoporosis. Future studies will build on the calcium 

absorption-promoting phenotype identified in the present study and further elucidate the underlying molecular 

mechanisms in vivo, with particular emphasis on the regulation of intestinal calcium transport and the 

potential involvement of the gut–bone axis. 

5. Conclusion 

In the present study, H. coagulans strains with favorable sporulation capacity and industrial potential 

were initially selected from a pool of 51 candidates and subsequently subjected to independent functional 

evaluation for their calcium absorption-promoting properties. Utilising both in vitro and in vivo models, we 

comprehensively validated their profound efficacy in facilitating intestinal calcium absorption and 

ameliorating skeletal microarchitecture. These findings establish a robust scientific foundation for the 

application of specific H. coagulans strains as novel dietary supplements or probiotic formulations to 

optimise mineral absorption and preserve skeletal health. 
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