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Abstract

Background: Phosphorus is an essential component of bone and energy metabolism; however, the mechanism involved in the regulation
of phosphorus under postmenopausal conditions remains insufficiently understood. Interestingly, the disruption of estrogen status can
alter mineral homeostasis. Meanwhile, phytoestrogens and probiotics may offer a non-pharmacological strategy to support mineral
homeostasis; nonetheless, evidence of their impact on phosphorus distribution remains limited. Thus, this study aimed to evaluate the
effect of daidzein, tempeh, and Lactobacillus acidophilus on phosphorus distribution in ovariectomized (OVX) rats. Methods: A total
of 64 female Wistar rats were allocated to sham-operated (n = 8) or OVX (n = 56) groups. Following a three-week calcium-deficient
diet, the OVX rats were randomized to seven dietary interventions for six weeks: control (O), alendronate (OB), daidzein (10 mg/kg
diet/day; OD), tempeh (250 g/kg diet/day; OT), probiotic L. acidophilus (1 x 10'° CFU/day; OL), daidzein + probiotic (ODL), or
tempeh + probiotic (OTL). Food intake, body mass, and phosphorus concentrations in feces, the femur, kidney, pancreas, spleen, heart,
and liver were analyzed. Results: OVX groups (O, 366 + 14 g; p = 0.01; OD, 361 + 18 g; p = 0.02; OL, 358 + 29 g; p = 0.04)
gained significantly more body mass than sham controls (311 % 30 g). Dietary interventions with daidzein, tempeh, and L. acidophilus
enhanced phosphorus deposition in the femur, kidney, and pancreas compared with the OVX controls. The OT group showed the highest
femoral phosphorus levels (178,111 £ 32,628 mg/kg d.w., p = 0.02), while the ODL group revealed elevated phosphorus levels in the
kidney (12,966 + 462 mg/kg d.w.; p =0.01). The OD (914 +£ 115 mg/kg d.w.; p < 0.001), ODL (913 £ 39 mg/kg d.w.; p < 0.001), and
OTL (926 + 70 mg/kg d.w.; p < 0.001) groups showed significantly increased levels of pancreatic phosphorus. A positive correlation
was noted between the pancreatic and femoral phosphorus levels (» = 0.33; p = 0.02). Alendronate treatment had no significant effect.
Conclusions: Dietary daidzein, tempeh, and probiotics modulate phosphorus distribution in postmenopausal rats. These results support
the translational potential of dietary bioactives to improve phosphorus metabolism in postmenopausal women.
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1. Introduction and vitamin D [5]. Despite its physiological importance,
phosphorus metabolism under postmenopausal conditions
remains poorly characterized, particularly in relation to di-
etary interventions targeting mineral homeostasis. Previ-
ous studies, including our work on probiotic and isoflavone
combinations, have demonstrated significant effects on cal-

cium status and bone metabolism biomarkers [6,7]; how-

Menopause is characterized by a marked decline
in circulating estrogen, profoundly affecting mineral
metabolism and skeletal health [1]. Estrogen deficiency
disrupts the balance between bone formation and resorp-
tion, leading to increased bone turnover, reduced bone min-

eral density, and heightened susceptibility to osteoporosis
and fractures [2]. While calcium homeostasis has been
extensively investigated [3], less is known about the reg-
ulation of phosphorus, a critical mineral for bone struc-
ture and systemic metabolic processes. Phosphorus con-
tributes to hydroxyapatite formation in bone and partici-
pates in adenosine triphosphate (ATP) synthesis, enzymatic
reactions, and intracellular signaling [4]. Its systemic lev-
els are tightly controlled through intestinal absorption, renal
excretion, and hormonal regulation, primarily via fibrob-
last growth factor 23 (FGF23), parathyroid hormone (PTH),

ever, tissue phosphorus deposition and its regulation under
estrogen-deficient conditions have received little attention.

Dietary interventions offer a promising strategy to
modulate mineral metabolism in postmenopausal popula-
tions. Isoflavones, particularly daidzein, are phytoestro-
gens abundant in soy and fermented soy products such
as tempeh [8]. Daidzein exists as both glycoside and
aglycone forms, with the latter exhibiting higher bioavail-
ability [9]. Preclinical and clinical studies indicate that
daidzein can modulate bone turnover and enhance calcium
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absorption, partially compensating for estrogen deficiency
[10,11]. However, its direct influence on phosphorus home-
ostasis has not been systematically investigated. Fermented
soy products, including tempeh, offer additional benefits:
fermentation enhances isoflavone bioavailability, generates
bioactive peptides, and improves mineral absorption by re-
ducing antinutritional factors such as phytates [8]. These
properties may facilitate phosphorus absorption and sys-
temic utilization, supporting skeletal and metabolic health
in estrogen-deficient states. Similarly, probiotics such
as Lactobacillus acidophilus can modulate gut microbiota
composition and activity, liberating minerals from dietary
complexes through enzymatic processes such as phytase-
mediated hydrolysis [12,13]. Despite these mechanistic in-
sights, empirical data on the effects of isoflavones and pro-
biotics on phosphorus distribution in postmenopausal mod-
els remain scarce.

Collectively, while calcium metabolism has been
extensively explored, phosphorus homeostasis in post-
menopausal conditions is understudied [14], and its mod-
ulation by dietary bioactives remains largely unknown. In
addition, direct comparisons of dietary strategies with phar-
macological interventions, such as alendronate, which in-
hibit osteoclast-mediated bone resorption, are lacking. Ad-
dressing these gaps is crucial for understanding how diet-
based interventions may influence systemic phosphorus
regulation in estrogen-deficient states.

The present study aimed to systematically evaluate
the effects of three dietary interventions—pure daidzein,
fermented soy product (tempeh), and probiotic L. aci-
dophilus—on phosphorus homeostasis in ovariectomized
rats as a model of postmenopausal bone loss. These in-
terventions were chosen to represent distinct but comple-
mentary dietary strategies: daidzein as a phytoestrogen in-
fluencing mineral metabolism, tempeh as a naturally fer-
mented isoflavone source, and L. acidophilus as a probi-
otic potentially enhancing nutrient bioavailability. It was
hypothesized that daidzein and tempeh enhance phospho-
rus deposition in bone and metabolically active organs, re-
flecting improved mineral bioavailability and systemic dis-
tribution, while probiotics link to phosphorus availability
through gut microbiota-mediated mechanisms. Further-
more, combinations of daidzein, tempeh, and probiotics
may produce synergistic effects, and these patterns of phos-
phorus modulation were anticipated to differ from those ob-
served with alendronate treatment. This investigation pro-
vided a rationale for exploring both single-component and
combined dietary strategies to address critical knowledge
gaps in postmenopausal phosphorus metabolism, with po-
tential translational relevance for nutritional approaches to
skeletal and metabolic health.

2. Materials and Methods
2.1 Animals and Diet Composition

Three-month-old female Wistar rats were selected as
the animal model and obtained from the Nencki Institute
of Experimental Biology (Warsaw, Poland). Animals were
maintained on a purified diet based on the AIN-93M formu-
lation, supplied by Zoolab (Sedziszéw, Poland). Wistar rats
were selected due to their established sensitivity to estro-
gen deficiency and their reproducibility as a model for post-
menopausal metabolic alterations [15]. The primary dietary
ingredients consisted of soybeans of the Augusta cultivar,
sourced from the Poznan University of Life Sciences (Poz-
nan, Poland), while purified daidzein was provided by Gen-
taur Molecular Products BVBA (Kampenhout, Belgium).
Calcium citrate tetrahydrate, incorporated as the mineral
source in the basal diet, was purchased from Warchem Sp.
7 0.0. (Warsaw, Poland). Tempeh flour was prepared using
Rhizopus oligosporus NRRL 2710, a strain obtained from
the Agricultural Research Service Culture Collection (Peo-
ria, IL, USA) [16]. The probiotic strain Lactobacillus aci-
dophilus DSM 20079 was supplied by the Leibniz Institute
DSMZ (Braunschweig, Germany) and prepared according
to a method described in a previous study [17].

2.2 Housing Conditions

The rats were housed in pairs in stainless steel cages
with enamel-coated bases, equipped with wire-mesh tops to
allow adequate ventilation. Each cage contained a polycar-
bonate drinking bottle, regularly refilled with fresh water,
and stainless-steel feeders to provide consistent access to
experimental diets. The choice of stainless-steel cages min-
imized contamination risks and facilitated routine cleaning
and disinfection, ensuring a hygienic and controlled en-
vironment. Environmental parameters were strictly regu-
lated, with the animal room maintained at 21 + 2 °C, rel-
ative humidity of 55-65%, and a 12:12 h light/dark cy-
cle. These conditions were selected to provide a stable
and stress-reduced environment, as fluctuations in temper-
ature or humidity are known to influence metabolic and
hormonal responses in rodents. Pair housing was delib-
erately chosen to reduce the stress associated with social
isolation while preventing overcrowding, which can other-
wise increase aggression and competition. Animals were
provided with standard bedding material to absorb moisture
and reduce ammonia build-up, as well as nesting material
to promote natural behaviors and improve welfare. Cages
were inspected daily to monitor food and water availabil-
ity, hygiene, and overall animal health. Body weight was
recorded weekly using a calibrated scale (RADWAG PS
750.X2, Radom, Poland), and daily inspections were per-
formed to assess health status and behavior. Careful han-
dling protocols were followed to minimize stress during the
study.
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2.3 Ovariectomy and Recovery

A total of 64 female Wistar rats were included in this
study. After a one-week acclimatization period, the animals
were randomly assigned into two experimental groups: a
sham-operated control group (n = 8) and an ovariectomized
(OVX) group (n = 56). Bilateral ovariectomy was per-
formed in the OVX group under general anesthesia using
a ketamine/medetomidine combination (Cepetor KH, CP-
Pharma Handelsgesellschaft mbH, Burgdorf, Germany),
administered by an experienced veterinary surgeon under
aseptic conditions. The sham-operated animals underwent
identical surgical procedures, with the exception that the
ovaries were left intact. Immediately following surgery, all
rats were placed on heated recovery pads maintained at 30
°C and continuously observed until full consciousness was
regained. Postoperative monitoring was performed daily
for seven consecutive days, including assessments of gen-
eral behavior, surgical wound integrity, food and water in-
take, and body weight. Analgesic support was provided
when required, and no adverse events or losses occurred
during this period. Throughout the recovery phase, all ani-
mals received a semi-synthetic AIN-93M diet and had unre-
stricted access to fresh drinking water. This recovery proto-
col was designed to ensure animal welfare, minimize post-
operative stress, and provide stable baseline conditions be-
fore dietary interventions.

2.4 Randomization and Calcium Deficit (Stage 1)

After a one-week postoperative recovery period, the
rats were weighed, and the ovariectomized cohort was ran-
domly assigned to experimental subgroups to ensure com-
parable baseline body weights across groups. Randomiza-
tion was conducted to establish similar weight distributions
at the start of the dietary intervention. Animals were ran-
domly assigned to treatment groups by an independent re-
searcher not involved in outcome assessment. Due to the
laboratory setting and fixed biochemical procedures, blind-
ing during assay measurement was not feasible, but sample
handling followed a standardized protocol to minimize bias.
To standardize baseline mineral status and simulate condi-
tions that exacerbate post-menopausal bone loss, a calcium-
deficient diet was administered for three weeks before the
main dietary interventions. This short-term calcium restric-
tion has been used previously to induce a reproducible state
of reduced calcium availability and was selected based on
published evidence indicating that three weeks is sufficient
to produce measurable calcium depletion in rodents [18].
During this period, food intake was recorded at the cage
level and body weights were measured weekly to monitor
tolerance and ensure animal welfare. The basal diet con-
tained calcium at 5.06 g/kg [7] and phosphorus at 1.10 g/kg,
yielding a calcium-to-phosphorus ratio of approximately
4.6:1 on a mass basis (23.56:1 molar ratio). This dietary ra-
tio was considered in the interpretation of phosphorus end-
points, as the balance between calcium and phosphorus crit-
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ically influences intestinal absorption and systemic mineral
homeostasis.

2.5 Experimental Groups and Diet Allocation (Stage 2)

After the three-week calcium-deficient induction pe-
riod, all animals were reassigned to their respective ex-
perimental diets for a six-week intervention phase. The
sham-operated group (S; n = 8) was returned to the stan-
dard AIN-93M maintenance diet containing adequate cal-
cium, serving as the physiological reference. The ovariec-
tomized rats (n = 56) were then randomized into seven di-
etary intervention groups (n = 8 per group), with random-
ization stratified by baseline body weight to minimize al-
location bias. The experimental groups were as follows:
ovariectomized controls (O, n = 8) received the standard
AIN-93M diet; alendronate treatment (OB, n = 8) consisted
of AIN-93M supplemented with a therapeutic dose of al-
endronate; daidzein supplementation (OD, n = 8) received
AIN-93M enriched with daidzein at 10 mg/kg diet; tem-
peh supplementation (OT, n = 8) received AIN-93M con-
taining tempeh flour at 250 g/kg diet; probiotic treatment
(OL, n = 8) received AIN-93M with a daily administra-
tion of L. acidophilus at 1 x 10*° CFU/day; combined
daidzein and probiotic treatment (ODL, n = 8) received
AIN-93M with daidzein at 10 mg/kg diet together with L.
acidophilus (1 x 10'° CFU/day); and combined tempeh
and probiotic treatment (OTL, n = 8) received AIN-93M
supplemented with tempeh flour at 250 g/kg diet plus L.
acidophilus (1 x 10'° CFU/day). This six-week interven-
tion period was selected based on previous nutritional stud-
ies in rodent osteoporosis models, which demonstrated that
such a duration is sufficient to elicit measurable changes
in phosphorus metabolism and related biomarkers. Table 1
summarizes the allocation of animals into the respective ex-
perimental groups, including the group codes, number of
rats per group, and the specific dietary interventions ap-
plied during the six-week feeding period. The experimen-
tal diets were formulated based on the AIN-93M standard,
with modifications according to each intervention (alen-
dronate, daidzein, tempeh, and/or L. acidophilus). Each
diet was prepared in powdered form, stored at 4 °C, pro-
tected from light, and used within four weeks of prepara-
tion. The complete composition of all diets (g/kg diet), in-
cluding analyzed macronutrients and minerals (protein, fat,
fiber, ash, calcium, phosphorus, phytic acid, and metabo-
lizable energy), are available at the REPOd data repository
(https://doi.org/10.18150/QHIUSA).

2.6 Rationale for Dosage Selection

The dosages of all interventions were selected based
on established experimental practice and translational con-
siderations. Alendronate was included as a pharmacologi-
cal reference group at a dose of 3 mg/kg body weight, ad-
ministered once weekly. This dose was chosen because al-
endronate is a well-characterized anti-resorptive agent for
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Table 1. Dietary formulas used during stage 2.

Group  Number of rats  Description ~ Composition Dosage

S 8 Sham AIN-93M -

(¢} 8 ovX AIN-93M -

OB 8 OVX AIN-93M + alendronate 3 mg/kg body weight

OD 8 ovX AIN-93M + daidzein 10 mg/kg of diet

oT 8 OovVX AIN-93M + tempeh flour 250 g/kg of diet

OL 8 (0)%0:¢ AIN-93M + L. acidophilus 1 x 101 CFU/day

ODL 8 (0)%0:¢ AIN-93M + daidzein + L. acidophilus 10 mg/kg of diet + 1 x 101° CFU/day
OTL 8 ovX AIN-93M + tempeh flour + L. acidophilus 250 g/kg of diet + 1 x 1010 CFU/day

S, Sham group receiving AIN-93M; O, Ovariectomized (OVX) group receiving AIN-93M; OB, OVX group receiving AIN-93M
with alendronate; OD, OVX group receiving AIN-93M with daidzein; OT, OVX group receiving AIN-93M with tempeh; OL,
OVX group receiving AIN-93M with probiotics; ODL, OVX group receiving AIN-93M with daidzein and probiotics; OTL, OVX

group receiving AIN-93M with tempeh and probiotics.

postmenopausal osteoporosis, and its efficacy has been con-
sistently demonstrated in ovariectomized rat models, partic-
ularly with respect to bone remodeling and fracture healing
[19]. To ensure consistent exposure, dosing was recorded
for each animal in dosing logs maintained throughout the
study. Standard AIN-93M diet served as the vehicle for the
compound. Body weight was measured weekly to adjust the
dose accordingly. No pharmacodynamic markers were as-
sessed in this study; however, alendronate’s established ef-
fects on bone tissue serve as a reference for expected skele-
tal outcomes.

The doses of daidzein and tempeh were established ac-
cording to the isoflavone profile quantified in the tempeh
preparation applied in this experiment. Analytical assess-
ment showed that 250 g of tempeh provided approximately
10 mg of daidzein equivalents. Based on this composition,
the experimental diet was formulated to contain 250 g/kg
of tempeh powder, which corresponds to an estimated 10
mg/kg of daidzein. For consistency across treatments, the
diet supplemented with pure daidzein was adjusted to de-
liver the same concentration (10 mg/kg diet) in its agly-
cone form. This strategy allowed a controlled comparison
between isoflavones supplied as conjugated glycosides in
tempeh and as the isolated aglycone in pure form. Since
glycoside conjugates require microbial hydrolysis to re-
lease bioactive aglycones during digestion [20], the distinc-
tion between these forms was an important consideration in
evaluating bioavailability and biological effects. The cho-
sen dosages are consistent with previously reported dietary
intakes shown to benefit bone health in ovariectomized ro-
dent models [21,22].

For the probiotic group, L. acidophilus DSM 20079
was administered at 1 x 10'° CFU/day. This dose was
based on earlier findings where 1 x 10° CFU/day in-
fluenced osteoclastogenic activity in ovariectomized mice
[23], while human studies demonstrated greater efficacy
at 1 x 10'° CFU/day compared with lower intakes
[24]. Therefore, the selected level reflects both preclinical
and clinical evidence for effective modulation of mineral
metabolism and skeletal outcomes.

2.7 Study Termination

At the conclusion of the six-week dietary interven-
tion, the rats underwent a 4—6 hour fasting period to min-
imize the influence of recent food intake on body weight
and biochemical measurements. Animals were then hu-
manely euthanized by decapitation, a rapid and widely ac-
cepted method that minimizes pain and distress. Immedi-
ately following euthanasia, relevant tissues and organs, in-
cluding feces, spleen, femur, heart, liver, kidney, and pan-
creas, were collected for subsequent phosphorus analysis.
Throughout the study, no deaths, exclusions, or adverse
events occurred, and all experimental procedures were per-
formed in compliance with national and institutional guide-
lines for animal care.

2.8 Phosphorus Levels Measurement

Phosphorus concentrations in experimental diets and
feces samples were determined by dry ashing. Specifically,
2 g of diet and 1 g of feces were placed in porcelain cru-
cibles and incinerated in a muffle furnace at 450 °C until
complete mineralization was achieved. The resulting ash
was dissolved in 1 N ultrapure nitric acid (Merck, Kenil-
worth, NJ, USA) for subsequent analysis.

For tissue samples—including feces (mg/kg), spleen
(mg/kg), femur (mg/kg), heart (mg/kg), liver (mg/kg), kid-
ney (mg/kg), pancreas (mg/kg)—approximately 0.5-1 g of
each tissue was digested using 65% (w/w) ultrapure nitric
acid (Merck, Kenilworth, NJ, USA) in a microwave di-
gestion system (Speedwave Xpert, Berghof, Eningen, Ger-
many). After digestion, the samples were diluted appropri-
ately with deionized water to achieve phosphorus concen-
trations within the working range of the colorimetric assay.

Phosphorus quantification was performed using the
ammonium molybdate—vanadate colorimetric method, as
described previously by Zubek er al. (2015) [25],
with minor modifications. In brief, the molybdenum-
vanadate reagent was prepared by mixing an ammo-
nium heptamolybdate tetrahydrate (Sigma-Aldrich, St.
Louis, MO, USA) solution with ammonium metavanadate
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(Sigma-Aldrich, St. Louis, MO, USA) in nitric acid, and
then diluting the mixture to volume with deionized water.
Standard phosphorus solutions (25-300 pg/mL) were pre-
pared from a 1 mg/mL KH>PO4 (Merck, Darmstadt, Ger-
many) stock solution for calibration purposes. For each
sample, 2.5 mL of the prepared solution was mixed with
2.5 mL of the molybdenum-vanadate reagent and incubated
at room temperature (~20 °C) for at least 10 minutes. Ab-
sorbance was measured at 430 nm using a UV—Vis spec-
trophotometer (Nanocolor UV/VIS, Macherey-Nagel MN,
Germany), and phosphorus concentrations were calculated
by interpolation from the standard calibration curve. The
calibration curve demonstrated strong linearity, with a cor-
relation coefficient (R?) of 0.99. Each measurement was
duplicate, and assay precision was confirmed with relative
standard deviation (RSD) values below 5%. No matrix in-
terference or blank signal irregularities were observed. Out-
lier screening was conducted using a &= 2 SD threshold from
the group means and excluded data points were limited to
less than 5% of the dataset. The larger variance observed
in spleen samples likely reflects biological heterogeneity
rather than analytical variability.

2.9 Statistical Analysis

All continuous data were tested for normality using
the Shapiro—Wilk test and for homogeneity of variance us-
ing Levene’s test. Differences between groups were as-
sessed using one-way ANOVA with Tukey’s Honestly Sig-
nificant Difference (HSD) post hoc test for pairwise com-
parisons. When assumptions were not met, non-parametric
alternatives were applied. Potential outliers were identified
a priori as values exceeding 42 standard deviations from
the group mean and were excluded prior to analysis using
Microsoft Excel (Version 365, Microsoft Corporation, Red-
mond, WA, USA). Outlier removal affected no more than
one data point per group and did not alter the overall sta-
tistical trends. Statistical significance was defined as p <
0.05. Daily phosphorus intake and Ca:P ratios were similar
across groups, and therefore no additional covariate adjust-
ment was applied. Analyses were conducted on complete
datasets, with the full per-group sample sizes maintained
(sham, n = 8; each OVX group, n = 8). The selection of
eight animals per group was based on prior studies demon-
strating that this sample size provides sufficient statistical
power to detect meaningful physiological and metabolic
differences [26,27]. All confidence intervals (Cls) are ex-
pressed as intervention group minus control group. Positive
CI values indicate higher mean levels in the intervention
group compared to the control groups (S and O). All analy-
ses were performed using SPSS software, version 22 (IBM
Corp., Armonk, NY, USA) on a Windows platform.
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3. Results

3.1 Phosphorus Content in Diet, Daily Food Intake, and
Daily Dietary Phosphorus Intake

Table 2 illustrates the comparison of dietary phos-
phorus content and intake among the experimental groups.
No significant differences were observed between the S
and O control groups regarding phosphorus content, daily
food consumption, and daily phosphorus intake, confirming
comparable baseline conditions. Among the intervention
groups, the OL group showed a significantly higher dietary
phosphorus content compared with the O group (95% CI:
77.5 to 285; p < 0.001), corresponding to an approximate
17% higher phosphorus content. While overall food intake
remained consistent across all groups, this increase resulted
in a significantly higher daily phosphorus intake for the OL
group (95% CI: 0.50 to 5.32; p=0.01), approximately 15%
greater than the O group. Compared with the ODL group,
the OL group also exhibited significantly higher dietary
phosphorus content and intake (95% CI: 2.51 to 7.32; p <
0.001), with OL showing approximately 24% higher phos-
phorus in the diet and a corresponding 28% greater daily
phosphorus intake.

3.2 Effect on Body Mass After the Six-Week Intervention
With Various Modified Diets

Table 3 summarizes the effects of dietary interven-
tions on body mass after the six-week experimental period.
Among the control groups, the O group exhibited a signif-
icantly higher body mass compared with the S group (95%
CI: 8.05 to 103; p = 0.01). No significant differences were
observed among the treated OVX groups; however, when
compared with the S group, both the OD (95% CI: 4.12 to
95.9; p = 0.02) and OL (95% CI: 0.87 to 92.6; p = 0.04)
groups displayed significantly higher body mass values.

3.3 Effect on Phosphorus Levels in Feces and Tissues After
the Six-Week Intervention With Various Modified Diets

Fig. 1 summarizes phosphorus levels across feces and
tissue samples. No significant differences in phosphorus
levels were observed between the S and O control groups in
any of the analyzed tissues. Significant differences in phos-
phorus levels were observed among different organs in the
treated groups. In femoral tissue, the OT group exhibited a
significantly higher phosphorus level compared with the O
group (95% CI: 3.90 to 66.0; p =0.01), corresponding to an
increase of roughly 25%. In the kidney, phosphorus levels
of the ODL group were elevated compared to the S group
(95% CI: 157 to 1874; p = 0.01), though differences com-
pared to the O group did not reach statistical significance.
In the pancreas, phosphorus levels were significantly higher
in the OD (95% CI: 42.8 to 335; p < 0.001), ODL (95% CI:
36.4 to 338; p=0.01), and OTL (95% CI: 55.4 t0 347; p <
0.001) groups compared with the O group, reflecting an ap-
proximate 25-30% increase.
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Table 2. Phosphorus content in diet, daily food intake, and daily dietary phosphorus intake throughout the six-week

intervention with various modified diets.

Group Parameter/unit Mean =+ SD Ql Q3 IQR
S Phosphorus 1098 + 51.5% 7.7 9.0 1.4
(¢} (mg/kg diet d.w.) 1098 + 51.5% 8.0 9.3 1.4
OB 1185 =+ 46.6% 8.0 8.3 0.4
oD 1060 + 47.3? 8.0 9.0 1.1
oT 1198 4 10.6" 7.7 8.0 0.3
OL 1279 + 24.6¢ 7.8 8.1 0.3
ODL 1035 + 15.32 7.7 8.7 1.0
OTL 1121 £ 11.120 8.0 8.4 0.5
S Food Intake 16,754 = 1100 16,007 16,939 933
(¢} (mg/day) 17,782 + 1138 17,074 18,000 925
OB 17,265 £ 963 17,092 17,383 291
oD 17,982 + 1198 17,338 18,684 1346
oT 16,802 £ 903 16,120 17,164 1045
OL 17,538 + 1311 16,516 18,034 1518
ODL 16,931 +1098 16,208 17,038 830
OTL 16,668 + 1381 16,159 16,846 687
S Phosphorus Intake 18.4 4 1.2% 17.6 18.6 1.0
(¢} (mg/day) 19.5 £ 1.3% 18.8 19.8 1.0
OB 20.5 £ 1.1%¢ 20.3 20.6 0.4
oD 19.1 £1.3% 18.4 19.8 1.4
oT 20.1 £ 1.1%¢ 19.3 20.6 1.3
OL 224 +1.7¢ 21.1 23.1 1.9
ODL 175 £ 1.12 16.8 17.6 0.9
OTL 18.7 £ 1.6% 18.1 18.9 0.8

S, Sham group receiving AIN-93M; O, Ovariectomized (OVX) group receiving
AIN-93M; OB, OVX group receiving AIN-93M with alendronate; OD, OVX
group receiving AIN-93M with daidzein; OT, OVX group receiving AIN-93M
with tempeh; OL, OVX group receiving AIN-93M with probiotics; ODL, OVX
group receiving AIN-93M with daidzein and probiotics; OTL, OVX group re-
ceiving AIN-93M with tempeh and probiotics. Statistical analysis was con-
ducted using ANOVA, followed by Tukey’s post hoc test to determine signifi-
cant differences between groups. Data are expressed as mean + standard devia-
tion (SD), first quartile (Q1), third quartile (Q3), and interquartile range (IQR) to
illustrate both central tendency and variability in data distribution among exper-
imental groups. Values are reported based on dry weight (d.w.) of the phospho-
rus content in the diet. Distinct letters (a, b, ¢) indicate statistically significant

differences (p < 0.05) among dietary treatments.

3.4 Correlation of Phosphorus Levels Across Feces and
Tissues

Table 4 presents Pearson’s correlation coefficients be-
tween feces and tissue phosphorus concentrations after six
weeks of dietary intervention. No significant correlations
were detected among most evaluated tissues (feces, spleen,
femur, heart, liver, kidney, and pancreas). However, as il-
lustrated in Fig. 2, a positive correlation was observed be-
tween pancreatic and femoral phosphorus levels, with a cor-
relation coefficient of 0.33 and a significance level of 0.02.
This finding indicates that higher phosphorus accumulation
in the pancreas was associated with greater deposition in
bone.

4. Discussion

This study was designed to investigate the effects
of dietary interventions, specifically daidzein, tempeh,
and L. acidophilus, on phosphorus metabolism in a post-
menopausal rat model. Our findings indicate that the di-
etary interventions yielded differential effects on phospho-
rus levels among the examined tissues. Notably, the fe-
mur, kidney, and pancreas exhibited significant increases in
phosphorus deposition following treatment. Furthermore, a
significant positive correlation was observed between pan-
creatic and femoral phosphorus levels, suggesting a poten-
tial systemic link in mineral handling under dietary modu-
lation. This study provides novel insights into the ability of
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Fig. 1. Phosphorus levels in feces and tissues after the six-week intervention with various modified diets. Data are presented as bar
plots representing mean values £95% confidence intervals (n = 8 rats per group). S, Sham rats receiving AIN-93M; O, Ovariectomized
(OVX) rats receiving AIN-93M; OB, OVX rats receiving AIN-93M with alendronate; OD, OVX rats receiving AIN-93M with daidzein;
OT, OVX rats receiving AIN-93M with tempeh; OL, OVX rats receiving AIN-93M with probiotics; ODL, OVX rats receiving AIN-93M
with daidzein and probiotics; OTL, OVX rats receiving AIN-93M with tempeh and probiotics. Statistical analysis was conducted using
ANOVA, followed by Tukey’s post hoc test to determine significant differences between groups. Values are reported based on dry weight
(d.w.) of the phosphorus content in specimens. Distinct letters (a, b, ¢) indicate statistically significant differences (p < 0.05) among
dietary treatments.
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Fig. 2. Pearson’s correlation between phosphorus (P) concentrations in the femur and pancreas following a six-week dietary

intervention. Each data point represents an individual sample (blue circles). The x-axis shows P concentration in the pancreas (mg/kg

dry weight), and the y-axis shows P concentration in the femur (mg/kg dry weight). A linear regression line with 95% confidence intervals

is fitted to the data. The regression equation is y = 1.23 x 10% + 0.05x. Pearson’s correlation coefficient was r = 0.33, with statistical

significance p = 0.02.

phytoestrogen- and probiotic-based interventions to mod-
ulate systemic phosphorus metabolism in ovariectomized
animals.

The primary finding of this study (Fig. 1) is that the
femur, kidney, and pancreas were the most responsive tis-
sues to dietary treatments with daidzein, tempeh, and L.
acidophilus. These outcomes are consistent with previ-
ous research on calcium metabolism, where modified di-
ets were shown to alter mineral distribution in serum and
bone tissues. Specifically, previous studies demonstrated
that dietary interventions such as tempeh and probiotics re-
duced serum calcium levels while enhancing femoral cal-
cium deposition [6], suggesting a shift in mineral allocation
from circulation to bone tissue. The current findings extend
this concept to phosphorus, indicating that bioactive dietary
components not only modulate calcium handling but also
promote phosphorus deposition in skeletal and metaboli-
cally active organs.

The parallel responses of calcium and phosphorus
may be partly explained by shared transport and regulatory
mechanisms. Earlier investigations showed that dietary
treatments altered the expression of calcium transporters,

including TRPVS (transient receptor potential vanilloid 5)
and TRPV6 (transient receptor potential vanilloid 6), in the
small intestine, with reduced expression in some groups
and compensatory upregulation in others [7]. Although
these transporters are specific to calcium, their modulation
could indirectly influence phosphorus availability, given
the interdependence of calcium—phosphorus absorption and
homeostasis. Furthermore, the observed increase in feces
calcium excretion in some treatment groups corresponds
with the present lack of significant feces—tissue phospho-
rus correlations, underscoring that mineral redistribution
in response to bioactive compounds may be tissue-specific
rather than systemic.

Building on these observations, these results demon-
strate that daidzein, tempeh, and L. acidophilus act in
concert to influence calcium and phosphorus metabolism,
thereby contributing to mineral equilibrium in the post-
menopausal state. The marked increases in phosphorus de-
position within the femur, kidney, and pancreas point to
tissue-specific responsiveness, suggesting that both skele-
tal and metabolic compartments participate in dietary regu-
lation of mineral balance. This coordinated response high-
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Table 3. Body mass after the six-week intervention with
various modified diets.

Body mass (g)

Group

Mean + SD Ql Q3 IQR
S 311 £30.32 298 331 33.0

366 + 14.0 351 374 23.0
OB 356 £ 31.0% 329 376 46.5
oD 361 4 18.4% 350 372 22.5
oT 354 4 32.4% 335 366 30.8
OL 358 4 29.3b 338 377 39.5

ODL 345 4+ 36.1% 321 367 453
OTL 350 & 32.7% 327 364 36.3
S, Sham rats receiving AIN-93M; O, Ovariec-
tomized (OVX) rats receiving AIN-93M; OB, OVX
rats receiving AIN-93M with alendronate; OD,
OVX rats receiving AIN-93M with daidzein; OT,
OVX rats receiving AIN-93M with tempeh; OL,
OVXrats receiving AIN-93M with probiotics; ODL,
OVX rats receiving AIN-93M with daidzein and
probiotics; OTL, OVX rats receiving AIN-93M with
tempeh and probiotics. Statistical analysis was con-
ducted using ANOVA, followed by Tukey’s post
hoc test to determine significant differences between

groups. Data are expressed as mean =+ standard de-
viation (SD), first quartile (Q1), third quartile (Q3),
and interquartile range (IQR) to illustrate both cen-
tral tendency and variability in data distribution
among experimental groups. Distinct letters (a,
b) indicate statistically significant differences (p <

0.05) among dietary treatments.

lights a broader systemic interplay, in which dietary bioac-
tives modulate not only bone mineralization but also extra-
skeletal phosphorus handling. These findings extend the
understanding of postmenopausal mineral metabolism and
underscore the translational potential of dietary strategies
for improving mineral regulation and skeletal health.

In the femoral bone, adequate phosphorus availability,
in combination with calcium, is critical for hydroxyapatite
formation and bone mineralization [28], and the observed
improvements may reflect enhanced bone matrix synthesis
under conditions of estrogen deficiency [29]. In the kid-
ney, estrogen deficiency can impair phosphate excretion
and renal handling, mediated via changes in FGF23 and
PTH signaling [30]. In the pancreas, phosphate is essen-
tial for ATP synthesis, enzyme activation, and insulin secre-
tion, suggesting that these dietary interventions could im-
pact metabolic regulation in estrogen-deficient states [31].

These findings demonstrate that dietary interventions
with daidzein, tempeh, and L. acidophilus distinctly in-
fluenced phosphorus metabolism in a postmenopausal rat
model. Administration of pure daidzein increased pancre-
atic phosphorus content, which may be attributed to phy-
toestrogenic modulation of mineral transporters [32] and
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Table 4. Pearson correlation coefficients between feces and
tissue phosphorus concentrations following a six-week

dietary intervention.

Pair Correlation coefficient  Significance
Feces—Spleen -0.36 0.07
Feces—Femur —-0.05 0.80
Feces—Heart 0.09 0.65
Feces—Liver -0.05 0.80
Feces—Kidney 0.26 0.17
Feces—Pancreas -0.26 0.18
Spleen—Femur 0.19 0.18
Spleen—Heart -0.12 0.40
Spleen—Liver —0.17 0.21
Spleen—Kidney 0.12 0.39
Spleen—Pancreas 0.20 0.14
Femur—Heart —0.26 0.06
Femur—Liver -0.21 0.12
Femur—Kidney 0.10 0.48
Heart-Liver 0.10 0.45
Heart-Kidney -0.03 0.85
Heart—Pancreas -0.20 0.14
Liver—Kidney -0.15 0.25
Liver—Pancreas 0.09 0.49
Kidney—Pancreas 0.18 0.16

enhanced intestinal absorption [33]. Importantly, daidzein
was provided in its aglycone form, which is more bioavail-
able than the glycoside-conjugated isoflavones naturally
present in tempeh [34]. Variations in chemical form may
contribute to differences in how phosphorus is metabolized
and distributed across organs.

Diets containing tempeh significantly associated with
femoral phosphorus content compared to OVX controls.
This effect may result from the combined action of bioac-
tive isoflavones, fermentation-derived peptides, and im-
proved mineral bioaccessibility [35]. Fermentation pro-
cesses are known to enhance the solubility and absorption
of calcium and phosphorus [35], which may explain the ob-
served increases in bone mineral deposition.

Differences between daidzein alone and tempeh high-
light the importance of the food matrix. Glycoside hy-
drolysis by intestinal microbiota in tempeh diets releases
aglycone forms [8], while fermentation-derived peptides
may further facilitate mineral uptake [36]. Although both
interventions increase phosphorus availability, the matrix
of tempeh appears to favor skeletal deposition, whereas
pure daidzein preferentially affects pancreatic phosphorus.
The divergent tissue patterns—greater femoral phosphorus
accumulation following tempeh intake versus preferential
pancreatic phosphorus increases with isolated daidzein—
are plausibly explained by differences in food matrix,
isoflavone speciation, and host-microbial interactions. Fer-
mentation transforms soy into a complex matrix that con-
tains bioactive peptides, converted aglycones, and reduced
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phytate levels [8]; these changes enhance overall mineral
bioaccessibility and may promote intestinal uptake of phos-
phate in a form that is preferentially deposited in bone. In
addition, tempeh supplies macronutrients and peptide fac-
tors that may favor skeletal anabolism and mineral incor-
poration, thereby biasing newly absorbed phosphate toward
the femur. By contrast, the pure daidzein provided here in
aglycone form is rapidly absorbed and exerts direct phy-
toestrogenic and metabolic signaling effects that may mod-
ulate pancreatic cellular processes [37]—potentially alter-
ing local phosphate transport or retention. Finally, probi-
otic co-administration may further modify these trajecto-
ries through microbial phytase activity and altered metabo-
lite profiles [38], thereby shifting both the amount and the
kinetics of phosphate available for organ uptake. Taken
together, these mechanisms provide a coherent explana-
tion for why a whole-food, fermented matrix tends to favor
skeletal phosphate deposition, whereas an isolated, rapidly
absorbed isoflavone may preferentially influence metabol-
ically active organs such as the pancreas; targeted mecha-
nistic studies are warranted to test these hypotheses.

Rats receiving L. acidophilus exhibited significantly
higher dietary phosphorus content and intake. This ef-
fect may be attributed to microbial activity facilitating the
release of phosphorus from phytates and other mineral-
bound complexes within the diet, thereby enhancing intesti-
nal absorption. Recent advances in probiotic research em-
phasize the importance of targeted delivery and encapsu-
lation techniques in enhancing probiotic survival and in-
testinal efficacy, thereby improving host nutrient absorp-
tion and metabolic regulation [39]. Mechanistically, pro-
biotics can modulate gut microbiota, release enzymes such
as phytases, and enhance intestinal absorption of phospho-
rus and calcium [40,41]. When combined with isoflavone-
containing diets, probiotics may also influence bile acid
metabolism [42], improve mineral solubility, and support
mineral deposition [43]. These interactions underscore the
potential of dietary bioactives and microbial modulation
to influence systemic phosphorus homeostasis in estrogen-
deficient models.

Although these interventions yielded promising out-
comes individually, no evident synergistic effects were ob-
served when daidzein, tempeh, and probiotics were com-
bined. This lack of synergy may be attributed to over-
lapping mechanisms of action, saturation of phosphorus
transport and storage pathways, or limited bioavailability of
isoflavones and microbial metabolites under the combined
treatment conditions.

Second, OVX rats exhibited a significant association
with body mass compared to sham-operated controls (Ta-
ble 3), consistent with the well-established effects of es-
trogen deficiency on adiposity and metabolic regulation
[44]. Mechanistically, estrogen loss promotes hyperphagia-
independent weight gain through reduced energy expen-
diture [45], altered lipid metabolism [46], and enhanced
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adipocyte differentiation, particularly in visceral depots
[47]. Additionally, estrogen deficiency shifts the balance
of anabolic and catabolic signaling in skeletal muscle and
liver, favoring lipid accumulation and altered glucose uti-
lization, which collectively contribute to increased body
mass [48].

Despite this weight gain, no significant differences
were observed in daily dietary phosphorus intake between
the OVX and sham groups (Table 2). This suggests that the
observed increase in body mass was not driven by differ-
ences in phosphorus consumption. Mechanistically, phos-
phate homeostasis is tightly regulated by endocrine and re-
nal mechanisms, including FGF23, PTH, and vitamin D-
mediated intestinal absorption and renal reabsorption [49].
These regulatory pathways maintain stable systemic and tis-
sue phosphorus concentrations even under conditions of in-
creased bone resorption associated with estrogen deficiency
[50].

Alendronate treatment was included as a pharmaco-
logical reference to provide context for evaluating the ef-
ficacy of diet-based strategies on phosphorus metabolism,
given its well-established role in inhibiting osteoclast-
mediated bone resorption and clinical relevance in post-
menopausal osteoporosis management [51]. In the present
study, however, no significant differences in phosphorus
concentrations across tissues, body mass, or other measured
parameters were observed between alendronate-treated,
ovariectomized, and sham-operated groups. This finding
contrasts with reports describing alendronate-induced im-
provements in bone mineral content [52]. Several fac-
tors may account for the observed outcome. One impor-
tant consideration is the applied dose of alendronate (3
mg/kg/week), which may not have been sufficient to elicit
measurable alterations in phosphorus distribution. A pre-
vious report has demonstrated variability in treatment re-
sponses depending on both dosage and frequency of admin-
istration [52]. For example, the report has described dosing
regimens ranging from 0.1 mg/kg administered repeatedly
over an extended period to 7 mg/kg given less frequently,
both of which were shown to enhance systemic alendronate
delivery and improve osseointegration. However, despite
these findings, the optimal dose and frequency required to
achieve favorable systemic and tissue-specific effects re-
main unresolved [52]. In addition, the postmenopausal rat
model may exhibit different responsiveness compared to
human physiology [53]. Moreover, phosphorus homeosta-
sis alone may not fully capture the pharmacological effects
of alendronate treatment, since these compounds primarily
act by suppressing osteoclast-mediated bone resorption and
indirectly supporting bone formation, rather than exerting
direct regulatory control over systemic phosphorus levels
[54]. In contrast, dietary interventions with daidzein, tem-
peh, and probiotics resulted in measurable effects on phos-
phorus distribution, suggesting that bioactive compounds
can modulate mineral metabolism through gut-associated
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mechanisms distinct from the antiresorptive pathway tar-
geted by alendronate.

Another noteworthy finding in this study was the pos-
itive correlation observed between pancreatic and femoral
phosphorus concentrations, suggesting a potential systemic
coordination between bone mineralization and pancreatic
phosphorus metabolism. This association is particularly in-
triguing, as links between skeletal mineral dynamics and
pancreatic function have rarely been reported in the litera-
ture. This relationship may be mediated by endocrine fac-
tors such as FGF23, which regulates phosphate homeosta-
sis through its actions on renal excretion and vitamin D
metabolism [55]. Given that insulin and IGF-1 are known to
suppress FGF23 production via the PI3K/Akt/FOXO1 path-
way, pancreatic function could indirectly influence skeletal
phosphate regulation. The interplay among insulin, IGF-1,
and FGF23 therefore provides a plausible mechanistic link
connecting pancreatic phosphorus metabolism with bone
mineral dynamics [55]. While the underlying mechanisms
remain to be determined, this association generates hy-
potheses regarding possible regulatory interactions between
bone mineralization and pancreatic function. Endocrine
factors such as FGF23, which regulate phosphate home-
ostasis through renal excretion and vitamin D metabolism,
as well as insulin and IGF-1, may be involved in this axis.
However, these mechanisms were not directly evaluated in
the present study, and further investigations are warranted.
This observation highlights a novel, underexplored rela-
tionship that could inform future studies aimed at under-
standing systemic mineral regulation and the impact of di-
etary bioactive on bone and metabolic health.

Recent evidence has highlighted the complex en-
docrine network regulating phosphate balance, primar-
ily mediated through the FGF23-PTH-vitamin D axis.
FGF23, secreted mainly by osteocytes, acts on the kidneys
to promote phosphate excretion and suppress 1,25(OH)sD
synthesis, thereby maintaining systemic phosphate home-
ostasis [56]. Crosstalk between phosphate sensing, iron
metabolism, and FGF23 regulation has also been described,
revealing novel pathways that link mineral metabolism to
systemic energy status [57]. Moreover, the dynamic inter-
action between FGF23, PTH, and vitamin D forms a tightly
regulated bone—kidney—parathyroid feedback loop essential
for mineral balance and skeletal integrity [58]. These in-
sights provide a mechanistic foundation for interpreting the
phosphorus-related changes observed in our study and un-
derscore the importance of endocrine regulators in bone—
phosphate metabolism.

Moreover, the translational relevance of these find-
ings lies in their potential implications for postmenopausal
women, in whom disturbances in mineral metabolism con-
tribute to the risk of osteoporosis and related comorbidi-
ties. Dietary sources rich in isoflavones, such as tem-
peh, together with probiotics, may offer a sustainable nutri-
tional strategy to support phosphorus homeostasis and bone
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integrity through gut-mediated and endocrine-modulating
pathways. At the same time, it is essential to recognize
the importance of maintaining an appropriate calcium-to-
phosphorus ratio in dietary interventions aimed at support-
ing bone health. Together, these findings highlight the
promise of food-based approaches as complementary to
conventional therapies, while also emphasizing the neces-
sity of carefully balancing benefits with potential systemic
risks.

A major strength of the present study lies in its inte-
grative design, which compared the effects of an isolated
phytoestrogen, a fermented soy-based food, and a probiotic
strain, thereby enabling the distinction between compound-
specific, matrix-dependent, and microbiota-mediated ef-
fects on phosphorus metabolism. The inclusion of multiple
tissues, rather than limiting the analysis to bone, provided a
broader perspective on systemic phosphorus handling, and
the correlation analysis offered novel insights into inter-
organ relationships, such as the pancreas—bone axis.

Nevertheless, several limitations should be acknowl-
edged. The dose-response relationships for daidzein, tem-
peh, and L. acidophilus were not systematically evaluated;
therefore, the optimal concentrations required to maxi-
mize phosphorus modulation without affecting overall min-
eral balance remain undetermined. The alendronate group
served as a pharmacological reference rather than con-
firmatory control, as exposure verification was not per-
formed. Therefore, its outcomes should be interpreted de-
scriptively, recognizing potential biological variability and
differences in pharmacodynamic response. Furthermore,
the present study focused on phosphorus distribution at the
tissue level and did not include systemic markers such as
FGF23, PTH, or vitamin D metabolites, which could clar-
ify endocrine mechanisms underlying phosphorus regula-
tion. Future studies should integrate these biomarkers to
establish causal relationships between dietary interventions
and systemic phosphate homeostasis. As dietary intake
was measured per cage rather than per individual, statistical
analyses were based on individual animal outcomes. This
introduces a potential risk of pseudo-replication, which may
slightly inflate Type I error rates. Consequently, all corre-
lation analyses should be interpreted as exploratory. More-
over, although dietary phosphorus and Ca:P ratios were an-
alyzed and found to be comparable among groups, minor
differences cannot be fully excluded and may have con-
tributed to observed tissue phosphorus variability. This fac-
tor should be considered when interpreting between-group
effects. Addressing these aspects in future work, ideally
through longer-term interventions and the inclusion of hu-
man trials, will be crucial to fully establish the translational
relevance of these findings.

5. Conclusions

Dietary interventions with daidzein, tempeh, and L.
acidophilus significantly increased phosphorus concen-
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trations in the femur, kidney, and pancreas of a post-
menopausal rat model. These outcomes extend previ-
ous evidence of calcium redistribution under similar in-
terventions, underscoring the interdependence of calcium
and phosphorus metabolism in the regulation of mineral
balance. The parallel increases in tissue phosphorus and
femoral calcium suggest that dietary bioactives promote
coordinated deposition across skeletal and metabolic or-
gans. Although no consistent synergistic effects among
daidzein, tempeh, and probiotics were identified, the pos-
itive correlation between pancreatic and femoral phospho-
rus points to systemic mechanisms that link bone miner-
alization with extra-skeletal phosphorus handling. Collec-
tively, these findings provide novel evidence that targeted
dietary bioactives may support phosphorus homeostasis and
bone mineralization, offering translational potential for nu-
tritional strategies aimed at improving mineral metabolism
in postmenopausal women.
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