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ABSTRACT

The gut microbiota plays a crucial role in regulating host metabolism and homeostasis through immune, endocrine,
and metabolic pathways. This study investigated the impact of antibiotic-induced microbial disruption during the
critical post-weaning period on bone biomechanical properties and mineral composition and evaluated whether fecal
microbiota transplantation (FMT) could reverse these alterations in rats. Following weaning, Sprague Dawley rats
were allocated to control (CON), dysbiosis (DYS), and FMT groups. To induce experimental intestinal dysbiosis, rats in
the DYS and FMT groups were administered a broad-spectrum antibiotic mixture for 14 days following an established
protocol. Subsequently, the FMT group received daily fecal suspensions from healthy donor rats for 10 days. At 8
weeks of age, tibial biomechanical integrity was assessed via three-point bending tests, and bone mineral composition
was determined through crude ash, calcium (Ca), and phosphorus (P) analyses. The results demonstrated that
antibiotic-induced DYS significantly reduced tibial ultimate force and stiffness while increasing displacement,
indicating impaired bone mechanical integrity. In addition, DYS significantly decreased crude bone ash content as well
as Ca and P levels. While histopathological examination did not reveal marked structural alterations among the
groups, the FMT intervention partially restored bone mechanical strength and mineral composition toward control
levels. These findings suggest that antibiotic-induced perturbations during early development negatively affect bone
mineralization and biomechanics, while the partial recovery following FMT supports the concept of a functional gut—
bone axis.
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Introduction

Bone is a dynamic tissue that undergoes continuous
remodeling through the coordinated actions of osteoblasts,
osteoclasts, and osteocytes. This tightly regulated process
ensures the maintenance of skeletal integrity and mineral
homeostasis throughout life. In recent years, increasing
attention has been directed toward systemic factors that
influence bone metabolism beyond traditional endocrine
regulators such as parathyroid hormone, vitamin D, and
sex steroids. Among these emerging regulators, the
intestinal microbiota has been recognized as an important

modulator of bone physiology through what is now
referred to as the gut-bone axis (4, 11).

The gut microbiota consists of trillions of
microorganisms that contribute to host metabolism,
immune regulation, and nutrient absorption. A balanced
microbial community is essential for maintaining
physiological homeostasis, whereas disturbances in
microbial composition—referred to as dysbiosis (DYS)—
have been implicated in numerous metabolic and
inflammatory disorders (9, 20). Increasing evidence
indicates that the gut microbiota also plays a significant
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role in skeletal health by influencing mineral absorption,
modulating systemic inflammation, and regulating
immune pathways that control osteoclastogenesis (14, 17).
Experimental studies have demonstrated that germ-free
mice exhibit altered bone mass and immune cell
populations, highlighting the importance of microbial
colonization in normal skeletal development (21, 22, 24).

Several mechanisms have been proposed to explain
how intestinal microbiota influence bone metabolism.
Microbial fermentation products such as short-chain fatty
acids (SCFAs) can regulate osteoclast differentiation and
bone resorption by modulating immune cell activity (11).
Additionally, gut bacteria affect calcium (Ca) and
phosphorus (P) bioavailability, which are critical minerals
for bone mineralization as also demonstrated in animal
nutrition models (14). DYS has also been associated with
increased intestinal permeability and systemic low-grade
inflammation, both of which can stimulate osteoclast
activity and ultimately compromise bone strength (13).
Consequently, alterations in gut microbial composition
may lead not only to changes in bone mineral density but
also to deterioration of bone mechanical properties.

Early life represents a particularly critical window
for the development of both the gut microbiota and the
skeletal system. The post-weaning period is characterized
by rapid microbial colonization and significant skeletal
growth, making this stage highly sensitive to
environmental perturbations such as antibiotic exposure
(19). Antibiotic-induced DYS during early development
has been shown to disrupt microbial diversity and
metabolic signaling pathways, potentially leading to long-
term physiological consequences (15, 28). Despite
growing interest in the gut-bone axis, relatively few
studies have investigated how DYS during the post-
weaning period affects bone biomechanical properties and
mineral composition.

Fecal microbiota transplantation (FMT) has emerged
as a promising strategy for restoring microbial balance
following DYS. By transferring fecal microbial
communities from healthy donors to recipients, FMT can
reestablish a functional microbial ecosystem and improve
host metabolic and immune functions (9). Although FMT
has been extensively studied in gastrointestinal and
metabolic disorders, its potential effects on skeletal health
remain incompletely understood. Experimental evidence
suggests that restoration of a healthy microbiota may
reverse some of the metabolic and inflammatory
consequences of DY'S, thereby potentially improving bone
quality (1).

Therefore, the present study aimed to investigate the
effects of antibiotic-induced DYS during the post-
weaning period on bone strength, mineral composition,
and histological characteristics of rats, and to determine
whether FMT can mitigate DYS-induced skeletal
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alterations. By integrating biomechanical testing, mineral
analysis, and histological evaluation, this study aims to
provide further insight into the role of the gut microbiota
in regulating bone integrity during early development.

Materials and Methods

Animals and Experimental Protocol: Twenty-eight
newly weaned 4-week-old (70-76 @), male Sprague
Dawley rats, obtained from the Bursa Uludag University
Experimental Animal Production Center, were used in this
study. The sample size was determined based on a power
analysis conducted using G*Power software (v3.1.9.7).
Based on previous studies evaluating bone biomechanical
properties in rat models, an effect size (f) of 0.65 was
anticipated. With an o level of 0.05 and a desired
statistical power (1-B) of 0.80 for one-way ANOVA, the
minimum required total sample size was calculated as 24—
27 animals. To account for potential experimental attrition
and to ensure robust histopathological and mineral
analyses, a total of 28 rats (n = 8-10 per group) were
included in the study.

Rats were housed under pathogen-free conditions at
20-24°C with a 12-h light/12-h dark cycle throughout the
experiment. Animals were allocated to three groups
according to body weight: control (CON, n = 8), DYS (n
= 10), and FMT (n = 10). To induce intestinal DYS, rats
in the DYS and FMT groups received a broad-spectrum
antibiotic mixture consisting of vancomycin (8 mg/kg)
and amoxicillin (60 mg/kg) administered via drinking
water for 14 consecutive days starting at 4 weeks of age to
6 weeks of age, as previously described (19). Antibiotics
(Bostonchem Co., MA, USA) were freshly prepared daily
based on the average water intake (10-12 mL/100 g body
weight/day) to ensure accurate dosing, resulting in final
concentrations of vancomycin and amoxicillin of 0.08
mg/mL and 0.6 mg/mL, respectively. After DYS was
induced in the FMT group, FMT was performed using
freshly collected feces from healthy CON male donors.
Donor fecal pellets were pooled and suspended in sterile
saline (100 mg/mL). Twenty-four hours after the final
antibiotic exposure, rats in the FMT group received 1 mL
of the fecal suspension intragastrically once daily for 10
consecutive days. (2). Rats in the CON group received
antibiotic-free water throughout the study. All animals
were allowed ad libitum access to standard pelleted chow
throughout the study.

At 8 weeks of age, rats were anesthetized with
sevoflurane (2-4% in 100% O:) and euthanized by
cervical dislocation. Both tibiae were then excised,
carefully dissected free of surrounding soft tissues,
wrapped in gauze moistened with phosphate-buffered
saline (PBS), and stored at —20°C until further analyses.
Prior to mechanical testing and other measurements, all
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specimens were thawed at room temperature. The tibia
was selected as a representative weight-bearing long bone
and a well-established model for assessing bone
morphology and mechanical strength in rats.

Biomechanical Testing of Tibial Bones: The structural
properties and mechanical integrity of the harvested tibiae
were evaluated in specimens from the CON (n=8), DYS
(n=10), and FMT (n=10) groups using a standardized
three-point bending test. All mechanical assessments were
conducted using a universal testing machine (MNR-010,
UVE Measurement Equipment, Bursa, Tirkiye)
specifically calibrated for low-strength biological
materials. The system was equipped with an integrated 1
kN load cell to ensure high precision during data
acquisition. Prior to testing, specimens were thawed at
room temperature and kept moistened with phosphate-
buffered saline (PBS) to maintain their viscoelastic
properties. Each tibia was positioned horizontally on two
polished metal supports with a defined support span length
of 20 mm. The bone was oriented so that the load was
applied to the mid-diaphysis (the midpoint of the tibial
shaft) to simulate physiological loading conditions in a
weight-bearing long bone. Mechanical loading was
performed at a constant crosshead speed of 10 mm/min
until catastrophic failure (complete fracture) occurred.
The system’s software continuously recorded the
relationship between the applied force and the resulting
deformation. From the generated load-displacement
curves, the following primary biomechanical parameters
were derived. Ultimate Force (N) was measured as the
maximum load-bearing capacity of the bone before
fracture. Stiffness (N/mm) was calculated from the slope
of the linear (elastic) portion of the load-displacement
curve, representing the bone's resistance to elastic
deformation. Displacement (mm) is the total deformation
or travel distance of the crosshead at the point of fracture.
All tests were performed by a single investigator to ensure
procedural consistency across the groups.

Tibia Length, Weight, and Cortical Area Measurements:
Following thawing at room temperature, tibial specimens
from the CON (n=8), DYS (n=10), and FMT (n=10)
groups were gently blotted dry to remove excess surface
moisture. Tibia length was measured as the distance from
the proximal tibial plateau to the distal medial malleolus
using a digital caliper with 0.01 mm precision. Each
measurement was performed in triplicate, and the mean
value was recorded for analysis. Tibia weight was
determined using an analytical balance with 0.001 g
sensitivity after removal of all remaining soft tissues and
drying of the bone surface. For cortical area
determination, standardized transverse sections were
obtained at the mid-diaphysis (50% of tibial length).
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Cross-sections were analyzed using image analysis
software (ImageJ, NIH, USA) to calculate the cortical area
(Ct.Ar), which was expressed in mm?. All analyses were
conducted by the same investigator to minimize inter-
observer variability.

Crude Ash Content Determination in Bone Samples:
Crude ash content in bone samples was determined using
a gravimetric dry ashing method adapted from a
previously described protocol (28) in specimens from the
CON (n = 8), DYS (n = 10), and FMT (n = 10) groups.
Briefly, porcelain crucibles were pre-ashed in a muffle
furnace at 550 £+ 50 °C for 1 h, cooled in a desiccator, and
weighed to a constant mass (Wo). The entire cleaned and
finely ground tibia from each animal was placed into a pre-
weighed crucible, dried at 105°C for 7 days, and then
weighed (W1). To minimize sample loss due to spattering,
the samples were first gently pre-charred at low
temperature and then transferred to a muffle furnace,
where they were ashed at 550 + 50 °C for 46 h until a
light gray/white ash residue was obtained. After ashing,
crucibles were removed from the furnace, cooled to room
temperature in a desiccator, and weighed (W2:). When
necessary, the ashing and weighing steps were repeated
until a constant weight was achieved. Crude ash
percentage was calculated using the following equation:
% Crude Ash =[(W2z - Wo) / (W1 - Wo)] x 100, where Wo
is the weight of the empty crucible, W1 is the weight of the
crucible containing the sample, and W2 is the weight of the
crucible containing the ash.

Bone Ca concentration was  determined
spectrophotometrically — using a  well-established
colorimetric method based on the formation of a calcium-—
o-cresolphthalein complex, with absorbance measured at
575 nm. Bone P concentration was determined
spectrophotometrically using a standard
phosphomolybdate colorimetric method based on the
formation of a phosphomolybdenum blue complex, with
absorbance measured at 720 nm. Standard calibration
curves were prepared using known concentrations of Ca
and P standards. Results were expressed as total content
mg per dry bone, and the Ca/P ratio was calculated from
the measured calcium and phosphorus values.

Histopathological Examination of Tibia Bone: For
histopathological evaluation, tibial specimens from the
CON (n=8), DYS (n=10), and FMT (n=10) groups were
fixed in 10% neutral-buffered formalin for 48 h. Samples
were then decalcified in 10% (w/v) EDTA (pH 7.2-7.4) at
room temperature for approximately 15 days, with the
decalcifying solution renewed every 5 days. Following
decalcification, tissues were dehydrated through graded
ethanol series, cleared in xylene, and embedded in
paraffin. Serial sections were cut at 4 um thickness using
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a rotary microtome, mounted on glass slides,
deparaffinized, rehydrated, and stained with hematoxylin
and eosin (H&E) according to standard protocols (12).
Histological assessment was performed under a light
microscope, and representative images were captured for
documentation.

Statistical Analyses: All data are presented as mean +
standard error of the mean (SEM). Prior to statistical
comparisons, the normality of data distribution was
assessed using the Shapiro-Wilk test, and the homogeneity
of variance was evaluated using Levene’s test. All data
met the assumptions for parametric analysis. Statistical
analyses were performed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test for
multiple comparisons. Differences were considered
statistically significant at P<0.05.

Results

Effects of DYS and FMT on Tibial Biomechanical
Parameters: Mechanical testing revealed that DYS
adversely affected tibial strength. In terms of ultimate
force, the CON group exhibited a mean value of
approximately 37.5 N, whereas this parameter was
significantly reduced in the DYS group to approximately
34.3 N (P<0.05). Notably, the FMT group showed an
ultimate force of approximately 36.5 N, which was close
to CON levels (Figure 1).
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Figure 1. Effects of DYS and FMT on tibial ultimate force.
Ultimate force of tibiae was measured by a three-point bending test in
CON (n=8), DYS (n=10), and FMT (n=10) groups. Data are presented
as mean + SEM. Statistical analysis was performed using one-way
ANOVA followed by Tukey’s post hoc test. Symbols indicate statistical
significance (P<0.05): (*) vs. CON and (#) vs. FMT. CON: Control,
FMT: Fecal microbiota transplantation; DYS: Dysbiosis.

CON FMT

Consistent with these findings, stiffness values also
indicated that dysbiotic rats had compromised bone
mechanical integrity The mean stiffness was 195 N/mm in
the CON group, and significantly lower in the DYS group
(160 N/mm, P<0.05). FMT partially ameliorated this
reduction, with the stiffness in the FMT group reaching
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approximately 180 N/mm, showing no significant
difference compared with CON (Figure 2).
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Figure 2. Effects of DYS and FMT on tibial stiffness.

The stiffness was measured by a three-point bending test in CON (n=8),
DYS (n=10), and FMT (n=10) groups. Data are presented as mean +
SEM. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test. Symbols indicate statistical
significance (P<0.05): (*) vs. CON and (#) vs. FMT. CON: Control;
FMT: Fecal microbiota transplantation; DYS: Dysbiosis.

FMT

Regarding displacement, the DYS group exhibited a
significantly higher displacement than the CON group
(2.12 mm vs. 1.95 mm, P<0.05), suggesting increased
deformation and reduced mechanical resistance. In the
FMT group, displacement was measured at approximately
2.05 mm, which was comparable to the CON group
(Figure 3).
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Figure 3. Effects of DYS and FMT on tibial displacement.

Maximum displacement (mm) of tibial bones was measured by a three-
point bending test in CON (n=8), DYS (n=10), and FMT (n=10) groups.
Data are presented as mean + SEM. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s post hoc test. Symbols
indicate statistical significance (P<0.05): (*) vs. CON and (#) vs. FMT.
CON: Control; FMT: Fecal microbiota transplantation; DYS: Dysbiosis

Effects of DYS and FMT on Tibial Length, Weight,
Cortical Area, and Bone Crude Ash Content: Tibial
morphometric and compositional parameters are
presented in Table 1. No significant differences were
observed in cortical area among the CON, DYS, and FMT
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Table 1. Effects of DYS and FMT on tibial morphometric parameters and crude ash content.

CON DYS FMT P P
(DYS vs CON) (DYS vs FMT)
Cortical Area (mm?) 3.05+0.12 3.23£0.19 2.94 +0.25 0.462 0.318
Length (mm) 353+0.3 34.9 £ 0.4%* 35.1+0.6 0.044 0.048
Weight (g) 0.64 +£0.02 0.60 £0.03* 0.63 +£0.04 0.036 0.049
Crude Ash (%) 433+1.7 41.1 +£0.5* 429+13 0.014 0.022
Bone Ca (mg/bone) 443+1.2 39.4 +£0.4% 432+1.5 0.013 0.017
Bone P (mg/bone) 20.8+0.7 18.5+£0.2* 203+0.9 0.011 0.015
Ca/P ratio 2.13+£0.04 2.12+0.03 2.13+0.05 0.874 0.912

Values are presented as mean + SEM. Differences among groups were analyzed by one-way ANOVA followed by Tukey’s post hoc
test. *, P<0.05 vs. CON and FMT; CON: Control; FMT: Fecal microbiota transplantation; DYS: Dysbiosis.

groups (Table 1). In contrast, tibial length was slightly but
significantly reduced in the DYS group compared with
CON (P<0.05), whereas the FMT group showed values
comparable to the CON group (Table 1). Similarly, tibial
weight was significantly lower in the DYS group than in
the CON group (P<0.05), while the FMT group exhibited
values close to those of CON (Table 1).

In terms of mineral composition, bone crude ash
content was significantly decreased in the DYS group
compared with CON (P<0.05), whereas the FMT group
demonstrated crude ash values similar to the CON group
(Table 1). Consistent with these findings, both bone Ca
and P levels were significantly reduced in the DYS group
(P<0.05), while values in the FMT group were comparable
to those in the CON group (Table 1). The Ca/P ratio
remained similar among all groups (Table 1).

Effects of DYS and FMT on Tibia Histopathology: For
quantitative assessment, transverse sections were imaged
across four independent fields per slide using an Olympus
CX43 light microscope. Histological examination of the
experimental groups revealed no structural abnormalities
within the bone tissue. Both the growth plate and the
compact bone architecture maintained a normal
morphological appearance (Figure 4).

Although minor variations in bone thickness were
noted across different regions, these fluctuations did not
result in observable differences between the groups.
Comparisons between the CON, DYS, and FMT groups
confirmed that bone thickness and tissue integrity
remained consistent across all experimental cohorts. This
uniformity in bone structure is further demonstrated in the
representative microscopic images provided (Figure 4).
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Figure 4. Representative histological sections of the tibia across
experimental groups.

Hematoxylin and eosin (H&E)-stained transverse tibial sections from the
CON (n=8), DYS (n=10), and FMT (n=10) groups showed preserved
histological architecture, with apparent qualitative structural deviations.
Cortical bone thickness and overall tissue integrity appeared comparable
among the groups, consistent with the absence of statistically significant
differences in quantitative measurements. M, medullary area; B, bony
structures. Images were acquired using an Olympus CX43 light
microscope with a 10x objective lens. Scale bar =50 pm. CON: Control;
FMT: Fecal microbiota transplantation; DYS: Dysbiosis
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Discussion and Conclusion

The present study investigated the effects of antibiotic-
induced DYS during the post-weaning period on bone
biomechanical properties and mineral composition and
evaluated whether FMT could reverse these alterations.
The findings demonstrated that DYS significantly
impaired bone mechanical strength and reduced mineral
content, whereas FMT partially restored these parameters
toward CON levels. These results provide further
evidence supporting the existence of a functional gut-
bone axis and highlight the importance of gut microbiota
during early developmental periods for normal skeletal
physiology.

In the present study, the antibiotic-induced model of
DYS significantly reduced tibial ultimate force and
stiffness while increasing displacement, indicating a
deterioration in bone mechanical integrity. While gut
microbiota composition was not directly assessed, these
findings are consistent with accumulating evidence
suggesting that alterations in intestinal homeostasis can
influence bone metabolism and skeletal health (5, 31). The
observed skeletal impairment may reflect the systemic
consequences of the experimental DYS model, which has
been reported to disrupt the gut—bone axis in post-weaning
rats. The gut microbiota contributes to bone homeostasis
through several mechanisms, including regulation of
immune responses, production of microbial metabolites,
and modulation of nutrient absorption (3, 13). Disruption
of microbial communities has been reported to promote
systemic inflammation and osteoclast activation, which
can result in increased bone resorption and reduced bone
strength  (17). Experimental studies have also
demonstrated that animals with altered or depleted gut
microbiota display significant changes in bone mass and
microarchitecture, further supporting the importance of
microbial colonization for normal skeletal development
(16, 22).

A potentially important mechanism underlying
microbiota-mediated regulation of bone metabolism
involves microbial fermentation products including
SCFAs such as acetate, propionate, and butyrate. These
metabolites are thought to play essential roles in bone
homeostasis by regulating immune responses and
suppressing osteoclast differentiation (11). In various
experimental models, SCFAs have been shown to inhibit
osteoclastogenesis through metabolic reprogramming of
osteoclast precursors and suppression of key transcription
factors involved in osteoclast differentiation (11, 33). In
addition, previous studies suggest that SCFAs may
modulate immune cell differentiation, including
regulatory T cells, and influence signaling pathways such
as Whnt signaling, thereby promoting osteoblast activity
and bone formation (23, 30). Although SCFAs were not
measured in this study, antibiotic-induced DYS may
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reduce their production, which could contribute to the
impaired bone remodeling and decreased bone strength
observed in the DYS group.

In addition to metabolite-mediated mechanisms,
DYS may impair intestinal barrier integrity and increase
systemic inflammatory responses. Increased intestinal
permeability allows microbial products and inflammatory
mediators to enter the circulation, which can stimulate
osteoclast activity and disrupt the balance between bone
formation and resorption (13). Recent research has also
suggested that gut microbiota-associated inflammatory
pathways may interact with oxidative stress-related
cellular mechanisms, including ferroptosis in osteoblasts,
which has been implicated in bone metabolic disorders
such as osteoporosis (8, 25, 32). These emerging
mechanisms may further contribute to the complex
interactions between gut microbiota and skeletal
metabolism.

Consistent with the biomechanical findings, the
present study also demonstrated that DYS significantly
decreased crude bone ash content and Ca and P levels.
Since bone ash primarily reflects the mineralized
component of bone tissue, reductions in mineral content
indicate impaired bone mineralization. Previous studies
have shown that gut microbiota plays a critical role in
regulating mineral absorption and metabolism,
particularly Ca and P, which are essential for skeletal
development (4, 6). Microbiota-derived metabolites can
enhance intestinal mineral absorption and influence
endocrine pathways that regulate bone formation and
mineral deposition.

Interestingly, despite the observed changes in bone
mechanical properties and mineral composition,
histopathological examination did not reveal pronounced
structural abnormalities in bone architecture. This
observation suggests that functional deterioration in bone
strength may occur before detectable morphological
changes. Similar findings have been reported in
experimental studies where early metabolic disturbances
in bone were reflected in biomechanical parameters prior
to visible histological alterations (17, 26), indicating that
mechanical testing may represent a sensitive indicator of
early skeletal impairment.

Another important finding of the present study is that
FMT partially reversed DY S-induced alterations in bone
parameters.  Animals receiving FMT exhibited
improvements in bone strength, stiffness, mineral
composition, and morphometric parameters compared
with DY'S animals. FMT is increasingly recognized as an
effective strategy for restoring microbial diversity and
functional metabolic activity within the intestinal
ecosystem.  Restoration of beneficial microbial
populations may enhance SCFA production, reduce
intestinal inflammation, and improve nutrient absorption,
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thereby positively influencing host metabolic pathways
involved in bone metabolism (9, 23, 27).

The post-weaning period represents a critical
developmental window during which both microbiota
maturation and skeletal growth occur simultaneously.
Antibiotic exposure during this stage may disrupt
microbial colonization and metabolic signaling pathways,
potentially  leading to long-term  physiological
consequences (7, 18). Recent evidence also suggests that
early-life disturbances in gut microbiota can significantly
influence host metabolic and immune development,
thereby affecting bone growth and skeletal integrity later
in life (10, 31). The partial recovery observed following
FMT in the present study further supports the concept that
microbiota restoration strategies may mitigate some of the
adverse skeletal effects of early-life DYS.

The present study has several limitations. First, gut
microbiota composition was not directly characterized,;
therefore, the presence of antibiotic-induced DYS was
inferred from the established experimental model and
previous studies using the same protocol. Second,
microbial metabolites, including SCFAs, were not
measured, and the proposed mechanisms underlying the
observed skeletal alterations are based on previous
experimental evidence. Finally, the relatively short
duration of the study precludes conclusions regarding the
long-term effects of antibiotic-induced DYS and FMT on
skeletal development.

In conclusion, the present study demonstrates that
antibiotic-induced DYS during the post-weaning period
adversely affects bone mechanical strength and mineral
composition. Importantly, FMT partially reversed these
alterations, suggesting that restoration of a balanced gut
microbiota may contribute to improved skeletal health.
These findings further support the concept of the gut-bone
axis and highlight microbiota-targeted interventions as
potential strategies for preventing DY S-associated bone
impairment. Further studies are warranted to clarify the
underlying microbial and molecular mechanisms linking
gut DYSS to skeletal development.
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