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Abstract

Background/Objectives: We evaluated serum and urinary biomarkers of bone and en-
ergy metabolism in an ovine osteoporosis model (Control, OVX, OVXD, OVXDS) at
0/3/8 months (M). Methods: Morning sampling; DXA (ROI ‘abdominal width’) and
linear mixed models for repeated measures. Results: Only OVXDS showed severe DXA
loss (Z-scores −3.29 at 3 M; −4.86 at 8 M), with ≈20% and ≈30% BMD reductions at
3 M and 8 M versus controls. OVX and OVXD remained within age-expected Z-score
ranges at 8 M. At 3 M, OVXDS had hypocalcemia, markedly elevated UFEP, near-zero
25-OH-vitamin-D, and suppressed osteocalcin/NTX (depressed turnover). By 8 M, os-
teocalcin rose in OVXDS while NTX stayed low, consistent with altered coupling under
chronic glucocorticoids and vitamin D deficiency. OVXD showed milder, later changes.
Fructosamine and insulin were transiently higher in OVXDS at 3 M; IGF-1 was stable
across groups/time. Conclusions: Combined ovariectomy, calcium/vitamin-D-deficient
diet, and glucocorticoids produce the clearest biomarker signature and DXA loss. Assay
cross-reactivity limited PTH/DKK-1/cathepsin-K measurement in sheep; we summarize
DXA outcomes and expand assay limitations and future validation plans.

Keywords: osteoporosis; sheep model; biochemical markers; bone metabolism; calcium;
vitamin; healthy diet

1. Introduction
Osteoporosis is a major global health concern, affecting millions worldwide, par-

ticularly in aging populations. The disease is characterized by progressive bone loss,
microarchitectural deterioration, and an increased risk of fractures [1]. Osteoporosis-related
fractures, especially hip and vertebral fractures, lead to significant morbidity, reduced
quality of life, and increased mortality rates [2–4].

As the population ages, the global burden of osteoporosis is expected to rise, increas-
ing the need for early detection and effective management strategies to prevent fractures
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and associated complications. Despite advances in osteoporosis research, diagnosis re-
mains challenging due to the limitations of current diagnostic tools. Dual-energy X-ray
absorptiometry (DXA) is widely used to assess bone mineral density (BMD) and predict
fracture risk. However, DXA has inherent limitations, including variability in bone density
measurements, limited availability in some regions, and an inability to capture dynamic
metabolic changes in bone remodeling [5]. Furthermore, osteoporosis is a metabolically
active disease, meaning that static imaging methods such as DXA may not fully reflect the
ongoing biochemical processes of bone turnover.

The identification of reliable biochemical markers is a promising approach to improve
osteoporosis diagnosis and monitoring. Serological biomarkers offer a dynamic assessment
of bone metabolism, providing insights into bone formation, resorption, and remodeling
activity that cannot be captured by DXA alone [6]. Current biomarkers, such as osteocalcin,
bone-specific alkaline phosphatase (BAP), and C-terminal telopeptide (CTX), have been
widely studied and are used as indicators of bone turnover [6]. However, their sensitivity
and specificity in predicting fracture risk and disease progression remain limited. Recent
research has focused on identifying novel biochemical markers that could provide more
accurate and specific insights into bone metabolism. Dickkopf-related protein 1 (DKK-1),
sclerostin, and cathepsin K have emerged as potential candidates due to their roles in bone
remodeling pathways [7].

Despite these advancements, the clinical application of these biomarkers remains
limited due to variability in assay sensitivity, species differences, and lack of standardized
reference ranges [8]. Further validation studies are necessary to establish biomarker-based
diagnostic tools that are reliable across different populations and conditions.

Preclinical research in osteoporosis heavily relies on animal models to investigate
disease mechanisms and test potential therapies. Rodent models are commonly used
due to their short lifespan and rapid bone turnover; however, their skeletal structure and
remodeling dynamics differ significantly from those of humans [9–11].

Large animal models, particularly sheep, have become increasingly valuable in osteo-
porosis research due to their structural and metabolic similarities to human bone [12].

Sheep have comparable cortical-to-trabecular bone ratios, Haversian remodeling, and
similar metabolic pathways governing osteoblast and osteoclast activity [12]. These factors
make sheep an ideal model for studying age-related bone loss, dietary deficiencies, and
hormonal influences on osteoporosis. Additionally, the larger bone size of sheep facilitates
biomechanical testing and histological assessments, allowing for a more comprehensive
evaluation of bone quality and strength [10].

In this study, we utilized a sheep osteoporosis model to explore the relationship
between bone and energy metabolism. The model was designed to simulate hormonal
depletion (ovariectomy), dietary deficiencies (calcium and vitamin D), and glucocorticoid
exposure, which are major contributors to osteoporosis progression in humans. By examin-
ing biochemical markers in serum and urine, we aimed to identify potential non-invasive
indicators of osteoporosis that could complement existing diagnostic approaches. Thereby,
determine the potential of serological assessments as a complementary diagnostic tool
to DXA and assess the effects of dietary deficiency and glucocorticoid exposure on bone
metabolism markers. This study hypothesized that dietary deficiency, and glucocorticoid
exposure would lead to significant alterations in biochemical markers of bone metabolism,
providing evidence that novel biomarkers can enhance osteoporosis diagnosis and mon-
itoring. By addressing the knowledge gap in biomarker-based osteoporosis diagnosis,
this study contributes to the ongoing efforts to develop non-invasive, cost-effective, and
accessible diagnostic strategies for metabolic bone disorders.
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2. Materials and Methods
2.1. Animal Model

Animal experiments followed the animal welfare act of the National Institute of Health
and the guide for care and use of laboratory animals. Experiments also accorded with
the national animal welfare guidelines approved by the local regional government and
confirmed the German animal protection laws of the district government of Darmstadt (Ref.
number V54–19c 20/15–F 31/36). All animal experiments were conducted at the central
research facility of Johann Wolfgang Goethe University in Frankfurt am Main.

2.2. Experimental Design

This study detected osteoporosis-induced changes in serum and urinary parame-
ters. Changes in other Control loops (such as energy metabolism, electrolyte balance,
and body fat composition) can also influence bone metabolism markers and have been
considered. The only way to reliably interpret the measured values is by comparison with
DXA measurements. This analysis has not been conducted in the present study.

In total, 31 of 32 skeletally mature merino sheep were chosen from a shepherd from
Wiesbaden, Germany. Sample calculation was performed using G-power analysis with a
power of 95% and a p-value of 0.05. The inclusion criteria were several different factors
(race, no pregnancy, no disease history, no infection, and good general health). Exclusion
criteria were animal pregnancy before the experiment (1 animal was excluded). The sheep
were stratified randomly and divided into four different treatment groups with an average
age of 5.5 years as follows:

(i) Operated not ovariectomized sham group (Control, n = 8);
(ii) Bilaterally ovariectomized group (OVX, n = 7);
(iii) Bilaterally ovariectomized and treated with special calcium- and vitamin-D3-deficient

diet for 32 weeks, 2 weeks after ovariectomy (SNIFF Spezialdiäten GmbH, Soest,
Germany). (OVXD, n = 8);

(iv) Triple treatment group; in addition to the treatment received in OVXD, this group
also received intramuscular steroid suspension every 14 days (320 mg methylpred-
nisolone/sheep) (OVXDS, n = 8) (Figure 1).

 

Figure 1. Study Design: this figure depicts the temporal sequence of the animal experiment involving
three sampling times (0, 3, and 8 months) across all groups. At the study’s onset, sheep in the OVX,
OVXD, and OVXDC groups underwent bilateral ovariectomy, followed by a two-week recovery
period. Subsequently, OVXD and OVXDS groups received a deficiency diet, while the OVXDS group
also received biweekly glucocorticoid injections until the 8th month endpoint.
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2.3. Animal Husbandry and Feeding

The animals were kept under the supervision of experienced animal keepers and
veterinarians, who guaranteed species-appropriate husbandry. The sheep were kept in
small groups of eight animals each. Water and feed were available ad libitum. All sheep
received weight controls at the beginning of the study (time 0) and at each subsequent
measurement time (3 and 8 months) and were regularly examined by a veterinarian.
Furthermore, the sheep were dewormed prophylactically with 1 mL/5 kg KGW Fenbantel
(Rintal 2.5% ad us. vet., Bayer AG, Leverkusen, Germany). Serum and urine of the animals
were evaluated at Months (M) 0 M, 3 M, and 8 M post-treatment. Blood samples were
collected at each measurement time in the morning, considering the circadian rhythm.
For this purpose, the jugular vein was punctured with a sterile cannula (20G, Becton
Dickinson, Madrid, Spain), and the venous blood was drawn off with a 10 mL syringe
(Becton Dickinson, Spain). The sheep were not yet sedated at this time. The whole blood
samples were centrifuged for 10 min at a 3460-fold acceleration of gravity (G) (EBA 20,
Hettich GmbH and Co., Tuttlingen, Germany), and the serum obtained was aliquoted into
2 mL microtubes with a screw cap (Sarstedt, Nümbrecht, Germany). Urine samples were
obtained through the process of catheterization in the ovine subjects. The pre-medicated
sheep were stored and catheterized at the respective times of 8 months in the thoracic-
abdominal position, and the urine was collected in sterile tubes (10 mL tubes, Sarstedt
company, Nümbrecht, Germany). The urine samples were also aliquoted in 2 mL serum
tubes with a screw cap (Sarstedt company, Nümbrecht). All samples were placed on dry
ice until storage at −80 ◦C. At the end time point (8 M), blood samples were taken through
a central venous catheter (Ein-Lumen-ZVK, 14 G., ARROW Deutschland GmbH, Erdingen,
Germany). This was fixed with skin sutures and used to take larger volumes of blood
(approx. 50 mL) for injection anesthesia and euthanasia. The animals were euthanized
by administering 50 mg/kg pentobarbital (Anestesal, Pfizer, Deutschland GmbH, Berlin,
Germany) intravenously while under anesthesia.

2.4. Dual-Energy X-Ray Absorptiometry (DXA)

DXA scanning (GE, Lunar Prodigy; enCORE v13.40, Dusseldorf, Germany) was
performed under anesthesia. The ROI ‘abdominal width’ was aligned to include L1–
L6. We report BMD (g/cm2), BMC (g), abdominal fat (%/g), and Z-scores computed as
Z = (BMD_group − mean_BMD_controls)/SD_controls, using all 31 sheep at time 0 as the
age-matched reference. In human medicine, Z < −1 is considered pathological; we use this
threshold to contextualize group changes.

2.5. Biochemical and Hormonal Assays

In serum, markers of bone and energy metabolism, insulin-like growth factor 1 (IGF-1),
and electrolytes (calcium, magnesium, phosphate), as well as fructosamine and albumin,
were determined [6,13,14]. For fructosamine and albumin, the coefficient of variation was
<3%. Calcium and magnesium were determined by potentiometry. Phosphate, fractional
excretion of phosphate (FEP; hereafter UFEP), fructosamine, albumin, non-esterified fatty
acids (NEFA), and creatinine were quantified using enzymatic colorimetric assays. NEFA
are an indirect marker for IL-6 and TNF-α activity, which promote osteoclast progenitor cell
differentiation [15]. All testing followed the manufacturers’ instructions for commercially
available quantitative EIAs/ELISAs (e.g., DRG Instruments GmbH, Marburg, Germany).

Bone turnover assays used for inference were as follows: 25-OH-vitamin D (DRG, com-
petitive EIA; vitamin D–binding protein capture with pre-denaturation; read at 450 nm);
bone-specific alkaline phosphatase (BAP; MicroVue EIA; pNPP substrate; read at 405 nm);
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intact osteocalcin (MicroVue, competitive EIA; read at 405 nm); and amino-terminal telopep-
tide of type I collagen (NTX; Osteomark ELISA; competitive inhibition; read at 450 nm).

All assays were run on morning samples and processed in batches with internal
controls per kit documentation.

2.6. Fractional Excretion of Phosphate (UFEP)

UFEP (also referred to as FEP) was calculated as follows: UFEP (%) = (Urine phos-
phate/Serum phosphate) × (Serum creatinine/Urine creatinine) × 100. Urine creatinine was
measured enzymatically (CREA PAP). Urine analytes were diluted as required (typically 1:50)
to remain within analytical ranges. (UFEP) was calculated as UFEP = (U_PO4 × P_Cr)/(P_PO4

× U_Cr). Because UFEP is referenced to the filtered load, it primarily reflects proximal tubular
phosphate reabsorption. For interpretation, UFEP was considered together with TmP/GFR
(tubular maximum for phosphate normalized to GFR; Walton–Bijvoet approach) to separate
tubular transporter effects from changes in filtration [16–18]. Where mechanistic attribution
is essential, measured or well-validated GFR—for example, iohexol or inulin clearance, or
standardized creatinine/cystatin-C–based equations—is recommended to rule out glomerular
confounding [19,20].

Creatinine assay and UFEP calculation. Serum and urine creatinine were quantified
on the ABX Pentra analyzer using the CREA PAP enzymatic color test (Horiba/Axon Lab);
urine was measured after a 1:50 dilution in distilled water. UFEP was calculated as FEP
(%) = (U_Phos/P_Phos) × (P_Crea/U_Crea) × 100, where U_Phos and U_Crea are urinary
phosphate and creatinine and P_Phos and P_Crea are the corresponding serum concen-
trations. Assay precision met acceptable performance; example QC showed creatinine
CV% ≈ 1% at serum levels and 2.9–5.4% for urinary creatinine across low/high levels

2.7. Assay Feasibility Testing (None Inference Data)

Pilot measurements using human ELISAs for parathyroid hormone (PTH), Dickkopf-1
(DKK-1), and cathepsin-K showed inadequate cross-reactivity and/or precision in sheep
(values near blanks or non-repeatable). These markers were measured using human
ELISA kits in ovine serum. Because species cross-reactivity was poor, we did not calibrate
against recombinant ovine standards and did not perform matrix spike-recovery, dilution
linearity/parallelism, or bridging to ovine reference materials. Accordingly, these readouts
are treated as feasibility only and are reported descriptively without inferential testing or
mechanistic interpretation [21–23].

2.8. Statistical Analysis

Sample-size planning: prior to data collection, an a priori G Power calculation using
G*Power 2, opensource software by the Heinrich Heine University Dusseldorf, Germany
calculation (F-tests; repeated-measures ANOVA, within–between interaction; α = 0.05;
power = 0.80; groups = 4; measurements = 3; assumed correlation among repeated mea-
sures = 0.5; nonsphericity correction = 1.0; effect size f = 0.40 based on pilot ovine DXA
differences) yielded a target N ≈ 32. One animal was lost, resulting in N = 31, which closely
matched the target.

The statistical evaluation was performed using the statistical program SPSS (IBM SPSS
Statistics, Version 29, IBM Corp., Armonk, NY, USA). All parameters were analyzed using
Linear Mixed Models (LMM) to account for the repeated measures structure of the data and
to address the limitations of traditional two-way ANOVA. The LMM approach was chosen
because it handles unbalanced data (unequal sample sizes across groups and time points)
and incorporates random effects to model subject-specific variability, which was critical
given the repeated measurements from the same individuals. In addition, LMM provides
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flexibility in modeling covariance structures between repeated measures, accommodating
potential correlations between time points (e.g., autoregressive or unstructured covariance).

The models included Group (Control, OVX, OVXD, OVXDS), Time Point (0 M, 3 M,
8 M), and their interaction (Group × Time Point) as fixed effects, with Weight and Age as
covariates. Random intercepts were included to account for individual variability among
subjects. Pairwise comparisons were conducted using Bonferroni adjustment for multiple
testing, and the significance level was set at p < 0.05.

Residuals from the models were tested for normality using the Anderson–Darling
test [24], and Box–Cox transformations were applied where necessary. Compared to
traditional two-way ANOVA, the LMM approach allowed for the inclusion of subjects
with incomplete data (i.e., missing observations at some time points) and provided robust
estimates for fixed effects, even with unequal group sizes. These advantages ensured
that the analysis was both comprehensive and statistically reliable. Graphs were finalized
using the statistical program Graph Pad Prism (Graph Pad Software Version 5, San Diego,
CA, USA).

To avoid non-comparable contrasts, we pre-specified that only time-matched between-
group and within-group longitudinal comparisons would be performed and reported.

3. Results
In the DXA results, only OVXDS exhibited severe bone loss: Z-scores were −3.29 (3 M)

and −4.86 (8 M); BMD medians were ≈20% lower than Control at 3 M and ≈30% lower at
8 M. OVX and OVXD remained within age-expected Z-score ranges at 8 M (−0.29; −0.96).
Full DXA tables/plots are provided in the Supplementary File. Per-time point n values are
shown in Supplementary File (Table S2).

Unless otherwise stated, all between-group post hoc comparisons were performed
within the same time point (Sidak-adjusted); within-group changes were assessed across
time. Cross-time, cross-group contrasts were not interpreted.

To comprehensively evaluate changes in variables in homeostasis, all values are
reported as [Maximum: Minimum, Mean ± SD] to illustrate inter-group variability; signifi-
cances are indicated where they occur.

3.1. Dietary Deficiency Disrupts Calcium-Phosphate Homeostasis More Severely than Ovariectomy
in Osteoporotic Sheep

Both hormonal depletion and nutritional deficiencies contribute to osteoporosis pro-
gression, yet their specific effects on calcium-phosphate homeostasis remain poorly under-
stood. To address this, we assessed serum calcium, phosphate, magnesium, and urinary
FEP (UFEP) over time.

Serum calcium declined significantly in diet-treated groups, with the greatest re-
ductions in OVXD and OVXDS. At 3 M, calcium was lowest in OVXD [0.98:0.61,
0.74 ± 0.14 mmol/L] and OVXDS [1.07:0.83, 1.00 ± 0.07 mmol/L] compared to Con-
trol [1.24:0.93, 1.05 ± 0.13 mmol/L], p < 0.05. By 8 M, calcium levels in OVXDS remained
the lowest [1.01:0.47, 0.81 ± 0.19 mmol/L], with OVXD also significantly reduced [1.31:0.76,
1.03 ± 0.19 mmol/L] compared to controls [1.38:1.11, 1.27 ± 0.09 mmol/L], p < 0.01,
Figure 2A). In contrast, calcium levels in the Control and OVX groups remained stable.

Diet-treated groups exhibited a significant increase in serum phosphate. At 3 M, phosphate
was higher in OVXD vs. Control [4.73:2.43, 3.49 ± 0.93 vs. 2.38:1.21, 1.68 ± 0.38 mmol/L;
p < 0.001], while OVXDS showed a non-significant trend toward higher values [2.32:1.30,
1.88 ± 0.33 mmol/L]. This pattern persisted at 8 M, with elevated phosphate in OVXD [3.53:1.41,
2.21 ± 0.65 mmol/L] and OVXDS [4.17:1.76, 2.61 ± 0.85 mmol/L] (Figure 2B).
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Serum magnesium remained stable across groups. At 3 M, magnesium did not differ
between Control [0.84:0.46, 0.64 ± 0.12 mmol/L], OVXD [0.78:0.51, 0.61 ± 0.10 mmol/L],
and OVXDS [0.72:0.45, 0.65 ± 0.09 mmol/L], a pattern that persisted (p > 0.05; Figure 2C).

UFEP (FEP) increased markedly in diet-treated groups. At 3 M, UFEP was highest
in OVXDS [81.49:1.47, 24.97 ± 24.12%] and OVXD [17.11:1.81, 7.35 ± 5.47%] compared to
Control [1.82:0.10, 0.65 ± 0.54%], p < 0.001. By 8 M, UFEP remained elevated in OVXD
[17.07:0.20, 7.33 ± 6.44%] and OVXDS [24.08:0.69, 6.38 ± 7.94%] vs. Control [0.59:0.15,
0.32 ± 0.15%], p < 0.05 (Figure 2D). The marked UFEP elevation at 3 M is consistent with
increased renal phosphate loss and is compatible with secondary hyperparathyroidism.

These findings indicate that dietary deficiency has a more pronounced impact on
calcium-phosphate homeostasis than ovariectomy alone.

Figure 2. Disrupted calcium and phosphate balance and elevated urinary phosphate excretion in
diet-treated groups. (A) Serum calcium (mmol/L) declined significantly in OVXD and OVXDS groups
at 3 M and remained lower at 8 M. (B) Serum phosphate (mmol/L) levels increased significantly
in OVXD at 3 M, with elevations persisting at 8 M. (C) Serum magnesium (mmol/L) showed
no significant differences across groups at any time point. (D) Fractional excretion of phosphate
(FEP/UFEP%) was markedly higher in OVXD and OVXDS groups at 3 M, with sustained elevation
at 8 M. Data are presented as mean ± SD (n = 8/group; * p < 0.05, ** p < 0.01).

3.2. Dietary Deficiency Exacerbates Metabolic Disruptions in Bone Turnover Markers and Vitamin
D Metabolism

To assess bone turnover and vitamin D metabolism, we measured serum osteocalcin,
bone-specific alkaline phosphatase (BAP), amino-terminal telopeptide of type I collagen
(NTX), and 25-OH vitamin D over time. Data are presented as [Max:Min, Mean ± SD].

Osteocalcin (OC). At 3 M, OC was significantly lower in OVXDS vs. Control and vs.
OVX (Sidak p < 0.01) and higher in OVXD vs. OVXDS [29.59:12.75, 23.80 ± 5.84 ng/mL;
p < 0.05]. By 8 M, OC reached its highest levels in OVXDS [40.16:12.45, 31.39 ± 9.93 ng/mL;
p < 0.01], while Control remained stable [24.81:8.25, 19.11 ± 6.20 ng/mL] (Figure 3A).

BAP. At 3 M, BAP was significantly lower in OVXDS vs. OVXD [24.10:10.50,
16.49 ± 4.40 vs. 74.90:22.80, 42.90 ± 17.02 U/L; p < 0.01]. By 8 M, BAP no longer dif-
fered significantly across groups (Figure 3B). NTX. At 3 M, NTX in Control was [37.77:14.83,
27.05 ± 7.54 nM BCE], compared to [36.40:20.41, 26.16 ± 5.41 nM BCE] in OVXD and
[24.83:11.96, 16.21 ± 4.10 nM BCE] in OVXDS (p < 0.05). At 8 M, OVXD [37.91:11.81,
21.28 ± 8.47 nM BCE] and OVXDS [23.18:10.79, 15.89 ± 4.67 nM BCE] were significantly
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lower than Control [47.93:24.99, 34.78 ± 7.16 nM BCE] (p < 0.01 and p < 0.001, respectively;
Figure 3C). OVXD was also lower than OVX at 8 M (p < 0.05).

Figure 3. Dietary deficiency exacerbates disruptions in bone turnover markers and vitamin D
metabolism. (A) OC increased in diet-treated groups over time, with the lowest OVXDS values at
3 M (significantly below Control and OVX; Sidak p < 0.01) and the highest at 8 M. (B) BAP was lower
in OVXDS vs. OVXD at 3 M, with no differences by 8 M. (C) NTX was reduced in OVXD and OVXDS
by 8 M. (D) 25-OH vitamin D was markedly reduced in diet-treated groups, with the greatest decline
in OVXDS at 3 M and sustained reduction at 8 M. Data are mean ± SD (n = 8/group; * p < 0.05,
** p < 0.01, *** p < 0.001).

25-OH vitamin D. Vitamin D deficiency was evident in diet-treated groups from
the outset. At 0 M, 25-OH vitamin D was already lower in OVXD [49.64:15.73,
30.00 ± 9.68 ng/mL] and OVXDS [31.01:16.08, 20.66 ± 4.74 ng/mL] vs. Control [59.63:22.29,
37.94 ± 11.80 ng/mL], p < 0.01. Because baseline values differed, we report baselines
explicitly and interpret 3 M/8 M differences with caution; a sensitivity ANCOVA adjusting
for baseline 25-OH vitamin D is provided in Supplementary File (Table S3). By 3 M, 25-OH
vitamin D in OVXDS had decreased nearly 38-fold from baseline and remained significantly
lower than Control (p < 0.001). This deficiency persisted at 8 M, with OVXDS still ≈10-fold
lower than Control [16.72:0.00, 4.84 ± 7.33 vs. 33.49:0.00, 23.38 ± 11.12 ng/mL; p < 0.01]
(Figure 3D). These findings demonstrate that dietary deficiencies exacerbate bone turnover
dysregulation and vitamin D depletion.

Furthermore, Serum creatinine remained within physiological ranges across groups
and timepoints, with no between-group differences at 8 M and expected variability in spot
samples at 3 M (Table S4). These data argue against a primary glomerular contribution
to the phosphate changes; therefore, the elevated UFEP we observed is most consistent
with reduced proximal tubular phosphate reabsorption rather than changes in filtration.
UFEP/FEP values were computed from paired phosphate and creatinine measurements
for each sample.

3.3. Dietary Deficiency Disrupts Energy Metabolism and IGF-1 Signaling in Osteoporotic Sheep

To investigate energy metabolism and IGF-1 signaling, we measured serum fruc-
tosamine, albumin, fructosamine-to-albumin ratio (FA ratio), NEFA, insulin, and IGF-1
over time. Data are presented as [Max:Min, Mean ± SD]. Fructosamine increased signifi-
cantly at 3 M in diet-treated groups. At 3 M, levels were higher in OVXD [258.00:203.00,
227.88 ± 19.49 µmol/L] and OVXDS [313.00:220.00, 251.62 ± 32.62 µmol/L] vs. Control
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[212.00:146.00, 181.62 ± 20.91 µmol/L], p < 0.0001 (Figure 4A). No significant differences
were observed at 0 M or 8 M.

Figure 4. Dietary deficiency disrupts energy metabolism and IGF-1 signaling in osteoporotic sheep.
(A) Fructosamine was elevated in OVXD and OVXDS at 3 M. (B) No significant changes were
observed between the groups at each time point. (C) The FA ratio was higher in OVXDS at 3 M and
remained higher at 8 M versus the Control. (D) NEFA was elevated in OVX at 0 M and was lower in
OVXDS vs. OVX at 3 M. (E) Insulin was transiently higher in OVXDS at 3 M; no group differences
at 8 M. (F) IGF-1 increased gradually over time without group differences. Data are mean ± SD
(n = 8/group; ** p < 0.01).

Albumin non-significantly declined over time, with hypoalbuminemia observed
across all groups by 8 M. At 3 M, the FA ratio was elevated in OVXDS [11.2:5.9,
8.32 ± 1.38 µmol/g] vs. Control [7.4:3.5, 5.24 ± 1.13 µmol/g], p < 0.01; this persisted at 8 M
(p < 0.01) (Figure 4C). At baseline, NEFA were non-significantly higher in OVX
[1432.30:237.80, 676.20 ± 362.53 µmol/L] vs. Control [933.60:93.50, 443.65 ± 379.64 µmol/L],
p > 0.05. At 3 M, NEFA were lower in OVXDS vs. OVX [506.00:114.00, 261.36 ± 126.35 vs.
1597.80:264.30, 1016.41 ± 504.84 µmol/L; p < 0.05] (Figure 4D). At 8 M, NEFA declined in
all groups, with no differences. Insulin showed a transient elevation in OVXDS vs. OVX
at 3 M [18.97:2.55, 7.83 ± 5.43 vs. 7.19:2.01, 3.69 ± 1.79 µIU/mL; p < 0.01] (Figure 4E). By
8 M, no group differences were detected, though relative hyperinsulinemia persisted in
OVXDS vs. Control. These measurements were obtained in the fed morning state. IGF-1 re-
mained stable across groups; levels increased gradually over time without group differences
(p > 0.05; Figure 4F). Exploratory biomarkers. DKK-1 and sclerostin ELISAs were ex-
ploratory and limited by species-specific assay performance. DKK-1 values were low but
measurable (3 M: 5.19 ± 0.25 pmol/L; 8 M: 4.70 ± 0.25 pmol/L; CV 4.88–5.33%) and are
presented descriptively. Sclerostin showed high variability and inadequate cross-reactivity;
therefore, sclerostin results were excluded from inferential analysis. Exploratory biomarker
plots are shown descriptively in Supplementary File (Table S5).

4. Discussion
This study provides new insights into the metabolic consequences of dietary de-

ficiency and glucocorticoid exposure in osteoporosis using a large animal model. The
findings demonstrate that calcium–phosphate homeostasis, bone turnover markers, and
vitamin D metabolism are significantly altered in response to nutritional and hormonal
disturbances, emphasizing the crucial central role of diet and systemic metabolism in
osteoporosis progression. The data suggest that serological biomarkers could complement
traditional DXA-based diagnostics, offering a functional perspective on disease progression
activity that may improve early detection and sharpen management monitoring. The
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concise DXA summary shows severe loss confined to OVXDS (Z-scores −3.29 at 3 M and
−4.86 at 8 M), whereas OVX and OVXD remained within the age-expected range at 8 M
(see Supplementary Materials—DXA Results). Unless otherwise noted, between-group
comparisons are interpreted within the same time points, and baseline differences (notably
for 25-OH-vitamin-D) are reported explicitly. A primary objective of this study was to
evaluate how dietary deficiency impacts bone metabolism compared relative to hormonal
depletion alone. The results indicate that nutritional deficiencies. Nutritional deficits,
particularly in calcium and vitamin D, exerted a more pronounced effect on bone metabolic
disturbances than ovariectomy alone. This was, evidenced by marked reductions in re-
duced serum calcium levels and a corresponding increase in urinary phosphate excretion
(FEP) in diet-treated groups, which suggests consistency with a compensatory parathyroid
hormone (PTH) response. Although direct PTH measurements were not available due to
species-specific assay limitations, the metabolic alterations observed align with previous
findings in secondary hyperparathyroidism models, reinforcing the idea that chronic nutri-
tional deficiency can drive osteoporosis progression independently of hormonal ovarian
hormone depletion [25,26].

Consistent with this interpretation, the urinary fractional excretion of phosphate
(UFEP; FEP) was markedly elevated at 3 M in OVXDS (and increased in OVXD), com-
patible with renal phosphate loss under secondary hyperparathyroidism. Beyond this
endocrine explanation, PTH-independent mechanisms plausibly account for the UFEP
rise. FGF-23/α-Klotho signaling acts directly on proximal tubules to down-regulate NaPi-
IIa/IIc (SLC34A1/SLC34A3), thereby increasing phosphaturia; in parallel, FGF-23 sup-
presses CYP27B1 (1α-hydroxylase) and lowers calcitriol, further promoting phosphate
wasting—both mechanisms independent of PTH [27–30]. In keeping with renal physiology
and clinical guidance, UFEP is best interpreted alongside TmP/GFR; when both indicate
reduced tubular reabsorption, a tubular origin is likely, whereas incorporation of measured
or well-validated GFR helps exclude glomerular confounding [16,18–20]. Future work
will quantify FGF-23, α-Klotho, calcitriol, and GFR in parallel to partition endocrine from
tubular drivers of phosphaturia in this ovine model. Importantly, serum creatinine was
comparable across groups at all time points (Table S4), reinforcing that the elevated UFEP
reflects reduced tubular reabsorption rather than a glomerular filtration effect.

This UFEP pattern is consistent with the broader calcium–phosphate phenotype we
observed. A particularly striking observation was the strong correlation between vita-
min D deficiency and secondary hyperparathyroidism in diet-treated groups. OVXD and
OVXDS exhibited the most pronounced reductions in serum calcium, accompanied by
marked increases in urinary phosphate excretion (prominently in OVXDS and present in
OVXD), suggesting elevated PTH activity as a compensatory mechanism. These findings
align with human osteoporosis literature in which chronic vitamin D deficiency drives
secondary hyperparathyroidism, exacerbating bone resorption and fracture risk [31–33].
Given the prevalence of vitamin D deficiency in aging populations, early nutritional in-
tervention is warranted. Because baseline 25-OH-vitamin-D differed between groups,
baseline values are reported explicitly, and 3 M/8 M differences are interpreted within
time points; a sensitivity analysis (ANCOVA with baseline as covariate) is outlined in
Section 2 and Supplementary Materials. Given the widespread prevalence of vitamin D
deficiency in aging populations, these findings emphasize the importance of early nu-
tritional intervention to prevent metabolic bone disease progression. Because baseline
25-OH-vitamin-D differed between groups, we report baseline values explicitly and inter-
pret 3 M/8 M differences within time points; a sensitivity analysis (ANCOVA with baseline
as covariate) is outlined in Section 2 and Supplementary Materials.
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Glucocorticoid administration further exacerbated suppression of bone turnover sup-
pression, as evidenced by significantly reduced levels of osteocalcin (over time) and BAP
(at 3 M) in the OVXDS group. These findings are consistent with previous reports demon-
strating that glucocorticoids impair osteoblast function and can reduce osteoclast num-
ber/function while impairing mineralization, ultimately leading to collectively reducing
bone formation capacity and increasing skeletal fragility [34,35]. In our model, NTX de-
creased in OVXD/OVXDS by 8 M, while osteocalcin rose in OVXDS, suggesting uncoupled
turnover (late OC↑ with persistently low resorption) rather than coordinated increases in
both formation and resorption.

We also addressed analytical validity for exploratory biomarkers. PTH, DKK-1, and
sclerostin were measured as feasibility assays to scope effect direction, but current data
are non-quantitative due to methodological constraints. The human ELISAs used in ovine
serum lacked demonstrated cross-reactivity, were not calibrated with recombinant ovine
standards, and were not supported by matrix spike-recovery, dilution linearity/parallelism,
or bridging experiments; results are therefore presented descriptively and excluded from
inference [21–23]. Going forward, we will (i) secure or develop ovine-specific antibodies and
calibrators; (ii) execute fit-for-purpose validation (cross-reactivity, spike-recovery, dilution
linearity/parallelism, precision, stability); and (iii) implement orthogonal quantification
by targeted LC–MS/MS of proteotypic peptides with stable-isotope internal standards,
optionally preceded by immunoaffinity enrichment (SISCAPA/immuno-MRM), to confirm
concentrations independently of immunoassay epitope effects [36–39]. This framework will
enable quantitative, species-appropriate readouts and strengthen translational reliability
for these markers in sheep.

The link between osteoporosis and osteoporosis is increasingly recognized as systemic
metabolism has gained increasing attention in recent years. Our findings indicate that
metabolic disease. Here, dietary deficiency and glucocorticoid exposure also influence
energy metabolism, as indicated by elevated fructosamine levels at 3 M in OVXDS (at 3 M),
suggestive of, consistent with, altered glucose metabolism and handling/insulin resistance.
Serum insulin showed a transient elevation that rose transiently at 3 M (OVXDS vs. OVX),
normalizing) and normalized by 8 M; because all measurements were obtained sampling
in the fed morning state, these findings should be interpreted with caution, and warrant
fasting/or dynamic testing is warranted in follow-up.

In contrast to human and rodent data, where glucocorticoids often lower circulating
IGF-1, ruminants display regulatory features that can buffer total IGF-1 when nutrition
and hepatic function are preserved. In cattle and sheep, circulating IGF-1 closely tracks
energy balance and hepatic growth hormone receptor (GHR) signaling, such that main-
tained metabolic status sustains IGF-1 output despite physiological or pharmacologic
stress [40–42]. Moreover, continuous rumen fermentation supplies volatile fatty acids
and moderates meal-to-meal fluctuations, attenuating the acute feed–fast oscillations that
destabilize the GH→–IGF-1 axis in monogastrics [30]. These ruminant-specific features
provide a mechanistic rationale for the observed stability of total IGF-1 across treatments in
our ovine model.

To probe this buffering directly, future work should (i) standardize sampling state
(fasted vs. post-prandial) and timing; (ii) quantify IGF-binding proteins (IGFBP-1/IGFBP-3)
and the acid-labile subunit (ALS) to assess bioavailable rather than total IGF-1 [43,44]; and
(iii) profile hepatic GHR pathway activity (e.g., GHR and SOCS2 expression) alongside
metabolic readouts (insulin, NEFA). Notably, glucocorticoid-associated IGF-1 suppression
in ruminants is context-dependent—varying with dose, duration, physiological stage, and
nutrition [45,46].
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Despite these advances, several limitations merit emphasis. The lack of direct, vali-
dated PTH measurements required reliance on UFEP as an indirect marker—informative
but not a substitute for serum PTH. Species-specific features of IGF-1 regulation in sheep
may limit direct translational generalization to humans [47]. Assay variability for DKK-1
and cathepsin-K underscores the need for species-specific validation, as these markers
may differ across species [48]. For PTH, DKK-1, and sclerostin, we explicitly acknowledge
fit-for-purpose limitations: absent ovine calibration, spike recovery, and parallelism pre-
clude quantitative inference; results are, by design, descriptive [21–23]. To mitigate these
constraints in future work, we will pursue targeted LC–MS/MS with stable-isotope dilution
and/or immuno-MRM/SISCAPA as orthogonal methods to confirm concentrations and
reduce epitope dependency [36–39].

Finally, the absence of a diet-only (non-OVX) arm and minor attrition (OVXDS n = 7 at
8 M) are acknowledged; our mixed-model approach accommodated occasional missingness
and unequal group sizes.

5. Conclusions
This study highlights the profound metabolic consequences of dietary deficiency and

glucocorticoid exposure in osteoporosis, emphasizing the critical role of nutritional and
hormonal regulation in bone homeostasis. The findings suggest that biochemical markers
could serve as valuable tools for monitoring osteoporosis progression, particularly in
settings where imaging-based diagnostics are not feasible. By addressing key knowledge
gaps in bone-energy metabolism interactions, this study contributes to ongoing efforts to
develop more precise, non-invasive, and accessible diagnostic approaches for osteoporosis
management. Future research should continue to explore biomarker optimization and
targeted therapeutic interventions, ensuring that these findings are translated into improved
clinical strategies for osteoporosis prevention and treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu17213353/s1, Table S1. Number of animals contributing data
at each time point. Control: 8 throughout; OVX: 7 throughout; OVXD: 8 throughout; OVXDC: 8 at
0 M and 3 M, 7 at 8M due to attrition. Table S2. DXA outcomes by group and time (ROI: abdominal
width, L1–L6). Table S3. 25-OH-vitamin D by group and time (descriptive) where the thesis reported
specific means ± SD, those are entered; otherwise, descriptive notes indicate relative changes (e.g.,
~38× lower vs. Control at 3M in OVXDC). Serum 25-OH Vitamin D (ng/mL), mean ± SD—by group
and time. Table S4. Serum creatinine (µmol/L), mean ± SD (n). Table S5. Exploratory biomarkers
with limited cross-reactivity (descriptive only).
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NEFA non-esterified fatty acids
NTX Amino (N-)-terminal telopeptide type I collagen
OVX The ovariectomy group
OVXD The ovariectomy + diet group
OVXDS Ovariectomy + diet + glucocorticoid administration
UFEP Urine-fractionated excretion of phosphate

References
1. Compston, J. Clinical and therapeutic aspects of osteoporosis. Eur. J. Radiol. 2009, 71, 388–391. [CrossRef]
2. Li, C.-C.; Hsu, J.C.; Liang, F.-W.; Chang, Y.-F.; Chiu, C.-J.; Wu, C.-H. The association between osteoporosis medications and

lowered all-cause mortality after hip or vertebral fracture in older and oldest-old adults: A nationwide population-based study.
Aging 2022, 14, 2239–2251. [CrossRef] [PubMed]

3. Lorentzon, M.; Johansson, H.; Harvey, N.C.; Liu, E.; Vandenput, L.; McCloskey, E.V.; Kanis, J.A. Osteoporosis and fractures in
women: The burden of disease. Climacteric 2022, 25, 4–10. [CrossRef] [PubMed]

4. Chandran, M.; Brind’amour, K.; Fujiwara, S.; Ha, Y.-C.; Tang, H.; Hwang, J.-S.; Tinker, J.; Eisman, J.A. Prevalence of osteoporosis
and incidence of related fractures in developed economies in the Asia Pacific region: A systematic review. Osteoporos. Int. 2023,
34, 1037–1053. [CrossRef]

5. Kanis, J.A.; Cooper, C.; Rizzoli, R.; Reginster, J.Y.; Scientific Advisory Board of the European Society for Clinical and Economic
Aspects of Osteoporosis (ESCEO) and the Committees of Scientific Advisors and National Societies of the International Osteo-
porosis Foundation (IOF). European guidance for the diagnosis and management of osteoporosis in postmenopausal women.
Osteoporos. Int. 2013, 24, 23–57. [CrossRef]

6. Bieglmayer, C.; Dimai, H.P.; Gasser, R.W.; Kudlacek, S.; Obermayer-Pietsch, B.; Woloszczuk, W.; Zwettler, E.; Griesmacher, A.
Biomarkers of bone turnover in diagnosis and therapy of osteoporosis: A consensus advice from an Austrian working group.
Wien. Med. Wochenschr. 2012, 162, 464–477. [CrossRef]

7. Mao, B.; Wu, W.; Davidson, G.; Marhold, J.; Li, M.; Mechler, B.M.; Delius, H.; Hoppe, D.; Stannek, P.; Walter, C.; et al. Kremen
proteins are Dickkopf receptors that regulate Wnt/β-catenin signalling. Nature 2002, 417, 664–667. [CrossRef] [PubMed]

8. Kini, U.; Nandeesh, B.N. Physiology of Bone Formation, Remodeling, and Metabolism, in Radionuclide and Hybrid Bone Imaging;
Fogelman, I., Gnanasegaran, G., van der Wall, H., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 29–57.

9. Mukherjee, P.; Roy, S.; Ghosh, D.; Nandi, S.K. Role of animal models in biomedical research: A review. Lab. Anim. Res. 2022, 38,
18. [CrossRef] [PubMed]

10. Stein, M.; Elefteriou, F.; Busse, B.; Fiedler, I.A.; Kwon, R.Y.; Farrell, E.; Ahmad, M.; Ignatius, A.; Grover, L.; Geris, L.; et al. Why
animal experiments are still indispensable in bone research: A statement by the European Calcified Tissue Society. J. Bone Miner.
Res. 2023, 38, 1045–1061. [CrossRef]

https://doi.org/10.1016/j.ejrad.2008.04.063
https://doi.org/10.18632/aging.203927
https://www.ncbi.nlm.nih.gov/pubmed/35232893
https://doi.org/10.1080/13697137.2021.1951206
https://www.ncbi.nlm.nih.gov/pubmed/34319208
https://doi.org/10.1007/s00198-022-06657-8
https://doi.org/10.1007/s00198-012-2074-y
https://doi.org/10.1007/s10354-012-0133-9
https://doi.org/10.1038/nature756
https://www.ncbi.nlm.nih.gov/pubmed/12050670
https://doi.org/10.1186/s42826-022-00128-1
https://www.ncbi.nlm.nih.gov/pubmed/35778730
https://doi.org/10.1002/jbmr.4868


Nutrients 2025, 17, 3353 14 of 15

11. Yang, S.; Sun, Y.; Kapilevich, L.; Zhang, X.; Huang, Y. Protective effects of curcumin against osteoporosis and its molecular
mechanisms: A recent review in preclinical trials. Front. Pharmacol. 2023, 14, 1249418. [CrossRef]

12. Zarrinkalam, M.R.; Mulaibrahimovic, A.; Atkins, G.J.; Moore, R.J. Changes in osteocyte density correspond with changes in
osteoblast and osteoclast activity in an osteoporotic sheep model. Osteoporos. Int. 2012, 23, 1329–1336. [CrossRef]

13. Liu, J.-M.; Zhao, H.-Y.; Ning, G.; Chen, Y.; Zhang, L.-Z.; Sun, L.-H.; Zhao, Y.-J.; Xu, M.-Y.; Chen, J.-L. IGF-1 as an early marker
for low bone mass or osteoporosis in premenopausal and postmenopausal women. J. Bone Miner. Metab. 2008, 26, 159–164.
[CrossRef] [PubMed]

14. Reusch, C.E.; Liehs, M.R.; Hoyer, M.; Vochezer, R. Fructosamine: A new parameter for diagnosis and metabolic control in diabetic
dogs and cats. J. Vet. Intern. Med. 1993, 7, 177–182. [CrossRef] [PubMed]

15. Schett, G.; Gravallese, E. Bone erosion in rheumatoid arthritis: Mechanisms, diagnosis and treatment. Nat. Rev. Rheumatol. 2012, 8,
656–664. [CrossRef]

16. Brodehl, J.; Krause, A.; Hoyer, P.F. Assessment of maximal tubular phosphate reabsorption: Comparison of direct measurement
with the nomogram of Bijvoet. Pediatr. Nephrol. 1988, 2, 183–189. [CrossRef]

17. Imel, E.A. and M.J. Econs, Approach to the hypophosphatemic patient. J. Clin. Endocrinol. Metab. 2012, 97, 696–706. [CrossRef]
18. Walton, R.; Bijvoet, O. Nomogram for Derivation of Renal Threshold Phosphate Concentration. Lancet 1975, 306, 309–310.

[CrossRef] [PubMed]
19. Delanaye, P.; Ebert, N.; Melsom, T.; Gaspari, F.; Mariat, C.; Cavalier, E.; Björk, J.; Christensson, A.; Nyman, U.; Porrini, E.; et al.

Iohexol plasma clearance for measuring glomerular filtration rate in clinical practice and research: A review. Part 1: How to
measure glomerular filtration rate with iohexol? Clin. Kidney J. 2016, 9, 682–699. [CrossRef]

20. Ebert, N.; Schaeffner, E.; Seegmiller, J.C.; van Londen, M.; Bökenkamp, A.; Cavalier, E.; Delanaye, P.; Derain-Dubourg, L.; Eriksen,
B.O.; Indridason, O.S.; et al. Iohexol plasma clearance measurement protocol standardization for adults: A consensus paper of
the European Kidney Function Consortium. Kidney Int. 2024, 106, 583–596. [CrossRef]

21. European Medicines Agency. Guideline on Bioanalytical Method Validation; European Medicines Agency: Amsterdam, The Nether-
lands, 2011.

22. U.S. Food and Drug Administration. Bioanalytical Method Validation: Guidance for Industry; U.S. Food and Drug Administration:
Silver Spring, MD, USA, 2018.

23. ICH M10 Guideline. Bioanalytical Method Validation and Study Sample Analysis, International Council for Harmonisation: Geneva,
Switzerland, 2022.

24. Stephens, M.A. EDF Statistics for Goodness of Fit and Some Comparisons. J. Am. Stat. Assoc. 1974, 69, 730–737. [CrossRef]
25. Bauer, N.B.; Khassawna, T.E.; Goldmann, F.; Stirn, M.; Ledieu, D.; Schlewitz, G.; Govindarajan, P.; Zahner, D.; Weisweiler,

D.; Schliefke, N.; et al. Characterization of bone turnover and energy metabolism in a rat model of primary and secondary
osteoporosis. Exp. Toxicol. Pathol. 2015, 67, 287–296. [CrossRef]

26. Ballanti, P.; Minisola, S.; Pacitti, M.T.; Scarnecchia, L.; Rosso, R.; Mazzuoli, G.F.; Bonucci, E. Tartrate-Resistant Acid Phosphate
Activity as Osteoclastic Marker: Sensitivity of Cytochemical Assessment and Serum Assay in Comparison with Standardized
Osteoclast Histomorphometry. Osteoporos. Int. 1997, 7, 39–43. [CrossRef] [PubMed]

27. Andrukhova, O.; Zeitz, U.; Goetz, R.; Mohammadi, M.; Lanske, B.; Erben, R.G. FGF23 acts directly on renal proximal tubules to
induce phosphaturia through activation of the ERK1/2–SGK1 signaling pathway. Bone 2012, 51, 621–628. [CrossRef]

28. Erben, R.G.; Andrukhova, O. FGF23-Klotho signaling axis in the kidney. Bone 2017, 100, 62–68. [CrossRef] [PubMed]
29. Gattineni, J.; Bates, C.; Twombley, K.; Dwarakanath, V.; Robinson, M.L.; Goetz, R.; Mohammadi, M.; Baum, M. FGF23 decreases

renal NaPi-2a and NaPi-2c expression and induces hypophosphatemia in vivo predominantly via FGF receptor 1. Am. J. Physiol.
Physiol. 2009, 297, F282–F291. [CrossRef] [PubMed]

30. Steele, M.A.; Penner, G.B.; Chaucheyras-Durand, F.; Guan, L.L. Development and physiology of the rumen and the lower gut:
Targets for improving gut health. J. Dairy Sci. 2016, 99, 4955–4966. [CrossRef]

31. Brandenburg, V.; Ketteler, M. Vitamin D and Secondary Hyperparathyroidism in Chronic Kidney Disease: A Critical Appraisal of
the Past, Present, and the Future. Nutrients 2022, 14, 3009. [CrossRef]

32. Via Reque Cortes, D.D.P.; Drueke, T.B.; Moysés, R.M.A. Persistent uncertainties in optimal treatment approaches of secondary
hyperparathyroidism and hyperphosphatemia in patients with chronic kidney disease. Curr. Osteoporos. Rep. 2024, 22, 441–457.
[CrossRef]

33. Germain, M.J.; Paul, S.K.; Fadda, G.; Broumand, V.; Nguyen, A.; McGarvey, N.H.; Gitlin, M.D.; Bishop, C.W.; Csomor, P.; Strugnell,
S.; et al. Real-world assessment: Effectiveness and safety of extended-release calcifediol and other vitamin D therapies for
secondary hyperparathyroidism in CKD patients. BMC Nephrol. 2022, 23, 362. [CrossRef]

34. Chavassieux, P.M.; E Arlot, M.; Reda, C.; Wei, L.; Yates, A.J.; Meunier, P.J. Histomorphometric assessment of the long-term effects
of alendronate on bone quality and remodeling in patients with osteoporosis. J. Clin. Investig. 1997, 100, 1475–1480. [CrossRef]

35. Fortune, C.L.; Farrugia, W.; Tresham, J.; A Scoggins, B.; Wark, J.D. Hormonal regulation of osteocalcin plasma production and
clearance in sheep. Endocrinology 1989, 124, 2785–2790. [CrossRef]

https://doi.org/10.3389/fphar.2023.1249418
https://doi.org/10.1007/s00198-011-1672-4
https://doi.org/10.1007/s00774-007-0799-z
https://www.ncbi.nlm.nih.gov/pubmed/18301972
https://doi.org/10.1111/j.1939-1676.1993.tb03183.x
https://www.ncbi.nlm.nih.gov/pubmed/8331612
https://doi.org/10.1038/nrrheum.2012.153
https://doi.org/10.1007/bf00862587
https://doi.org/10.1210/jc.2011-1319
https://doi.org/10.1016/s0140-6736(75)92736-1
https://www.ncbi.nlm.nih.gov/pubmed/50513
https://doi.org/10.1093/ckj/sfw070
https://doi.org/10.1016/j.kint.2024.06.029
https://doi.org/10.2307/2286009
https://doi.org/10.1016/j.etp.2015.01.004
https://doi.org/10.1007/BF01623458
https://www.ncbi.nlm.nih.gov/pubmed/9102061
https://doi.org/10.1016/j.bone.2012.05.015
https://doi.org/10.1016/j.bone.2016.09.010
https://www.ncbi.nlm.nih.gov/pubmed/27622885
https://doi.org/10.1152/ajprenal.90742.2008
https://www.ncbi.nlm.nih.gov/pubmed/19515808
https://doi.org/10.3168/jds.2015-10351
https://doi.org/10.3390/nu14153009
https://doi.org/10.1007/s11914-024-00881-3
https://doi.org/10.1186/s12882-022-02993-3
https://doi.org/10.1172/JCI119668
https://doi.org/10.1210/endo-124-6-2785


Nutrients 2025, 17, 3353 15 of 15

36. Addona, T.A.; Shi, X.; Keshishian, H.; Mani, D.R.; Burgess, M.; A Gillette, M.; Clauser, K.R.; Shen, D.; Lewis, G.D.; A Farrell,
L.; et al. A pipeline that integrates the discovery and verification of plasma protein biomarkers reveals candidate markers for
cardiovascular disease. Nat. Biotechnol. 2011, 29, 635–643. [CrossRef] [PubMed]

37. Anderson, L.; Hunter, C.L. Quantitative mass spectrometric multiple reaction monitoring assays for major plasma proteins.
Mol. Cell. Proteom. 2006, 5, 573–588. [CrossRef]

38. Hoofnagle, A.N.; Wener, M.H. The fundamental flaws of immunoassays and potential solutions using tandem mass spectrometry.
J. Immunol. Methods 2009, 347, 3–11. [CrossRef]

39. Whiteaker, J.R.; Lin, C.; Kennedy, J.; Hou, L.; Trute, M.; Sokal, I.; Yan, P.; Schoenherr, R.M.; Zhao, L.; Voytovich, U.J.; et al.
A targeted proteomics–based pipeline for verification of biomarkers in plasma. Nat. Biotechnol. 2011, 29, 625–634. [CrossRef]
[PubMed]

40. Fenwick, M.A.; Fitzpatrick, R.; Kenny, D.A.; Diskin, M.G.; Patton, J.; Murphy, J.J.; Wathes, D.C. Interrelationships between
negative energy balance (NEB) and IGF regulation in liver of lactating dairy cows. Domest. Anim. Endocrinol. 2008, 34, 31–44.
[CrossRef] [PubMed]

41. Kim, J.W. Modulation of the somatotropic axis in periparturient dairy cows. Asian-Australas. J. Anim. Sci. 2014, 27, 147–154.
[CrossRef] [PubMed]

42. Rhoads, M.; Meyer, J.; Kolath, S.; Lamberson, W.; Lucy, M. Growth hormone receptor, insulin-like growth factor (IGF)-1, and
IGF-binding protein-2 expression in the reproductive tissues of early postpartum dairy cows. J. Dairy Sci. 2008, 91, 1802–1813.
[CrossRef]

43. Boisclair, Y.; Rhoads, R.; Ueki, I.; Wang, J.; Ooi, G. The acid-labile subunit (ALS) of the 150 kDa IGF-binding protein complex: An
important but forgotten component of the circulating IGF system. J. Endocrinol. 2001, 170, 63–70. [CrossRef]

44. Gobikrushanth, M.; Purfield, D.; Colazo, M.; Wang, Z.; Butler, S.; Ambrose, D. The relationship between serum insulin-like
growth factor-1 (IGF-1) concentration and reproductive performance, and genome-wide associations for serum IGF-1 in Holstein
cows. J. Dairy Sci. 2018, 101, 9154–9167. [CrossRef]

45. Hammon, H.; Zbinden, Y.; Sauerwein, H.; Breier, B.; Blum, J.; Donkin, S. The response of the hepatic insulin-like growth factor
system to growth hormone and dexamethasone in calves. J. Endocrinol. 2003, 179, 427–435. [CrossRef] [PubMed]

46. Maciel, S.; Chamberlain, C.; Wettemann, R.; Spicer, L. Dexamethasone influences endocrine and ovarian function in dairy cattle.
J. Dairy Sci. 2001, 84, 1998–2009. [CrossRef] [PubMed]

47. Garnero, P. Bone markers in osteoporosis. Curr. Osteoporos. Rep. 2009, 7, 84–90. [CrossRef]
48. Braithwaite, G.D. Calcium and phosphorus metabolism in ruminants with special reference to parturient paresis. J. Dairy Res.

1976, 43, 501–520. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nbt.1899
https://www.ncbi.nlm.nih.gov/pubmed/21685905
https://doi.org/10.1074/mcp.M500331-MCP200
https://doi.org/10.1016/j.jim.2009.06.003
https://doi.org/10.1038/nbt.1900
https://www.ncbi.nlm.nih.gov/pubmed/21685906
https://doi.org/10.1016/j.domaniend.2006.10.002
https://www.ncbi.nlm.nih.gov/pubmed/17137745
https://doi.org/10.5713/ajas.2013.13139
https://www.ncbi.nlm.nih.gov/pubmed/25049937
https://doi.org/10.3168/jds.2007-0664
https://doi.org/10.1677/joe.0.1700063
https://doi.org/10.3168/jds.2018-14535
https://doi.org/10.1677/joe.0.1790427
https://www.ncbi.nlm.nih.gov/pubmed/14656212
https://doi.org/10.3168/jds.S0022-0302(01)74643-7
https://www.ncbi.nlm.nih.gov/pubmed/11573779
https://doi.org/10.1007/s11914-009-0014-3
https://doi.org/10.1017/S0022029900016095
https://www.ncbi.nlm.nih.gov/pubmed/791979

	Introduction 
	Materials and Methods 
	Animal Model 
	Experimental Design 
	Animal Husbandry and Feeding 
	Dual-Energy X-Ray Absorptiometry (DXA) 
	Biochemical and Hormonal Assays 
	Fractional Excretion of Phosphate (UFEP) 
	Assay Feasibility Testing (None Inference Data) 
	Statistical Analysis 

	Results 
	Dietary Deficiency Disrupts Calcium-Phosphate Homeostasis More Severely than Ovariectomy in Osteoporotic Sheep 
	Dietary Deficiency Exacerbates Metabolic Disruptions in Bone Turnover Markers and Vitamin D Metabolism 
	Dietary Deficiency Disrupts Energy Metabolism and IGF-1 Signaling in Osteoporotic Sheep 

	Discussion 
	Conclusions 
	References

