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Menopause is characterized by a natural decline in 
ovarian function and a marked reduction in circulating 

estrogen levels, which are associated with widespread 
metabolic and physiological changes (Gatenby and 

EARLY EFFECTS OF OVARIECTOMY ON BONE HEALTH, CALCIUM 
HOMEOSTASIS, AND ANTIOXIDANT STATUS IN RATS

Natalia Wawrzyniak, Damla Selvan, Rafsan Syabani Cholik, Joanna Suliburska

Poznan University of Life Sciences 
Wojska Polskiego 31, 60-624 Poznań, Poland

ABSTRACT

Background. Estrogen deficiency during menopause leads to time-dependent alterations in calcium metabo-
lism, bone turnover, and antioxidant status. Rodent ovariectomy models replicate these processes; however, 
the onset of measurable changes varies with the duration of estrogen deprivation. Early post-ovariectomy 
stages may remain physiologically compensated, thereby masking metabolic disturbances. This study exam-
ined whether a three-week estrogen deficit is sufficient to induce detectable changes in calcium content, organ 
mass, bone markers, and antioxidant status in rats.
Material and Methods. Twenty-four female Wistar rats were assigned to control, sham-operated, or ova-
riectomized groups. Following bilateral ovariectomy or sham surgery, the animals were maintained for three 
weeks on a standard AIN-93M diet. Body weight and food intake were monitored throughout the study. At 
the end of the experiment, serum, tissues, and organs were collected for analysis. Calcium content in the diet 
and tissues was quantified using flame atomic absorption spectrometry. Serum concentrations of C-terminal 
telopeptide of type I collagen (CTX), procollagen type I N-terminal propeptide (PINP), tartrate-resistant acid 
phosphatase 5b (TRACP-5b), osteocalcin (OCN), parathyroid hormone (PTH), and total antioxidant status 
(TAS) were determined by ELISA. Data were analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test (p < 0.05).
Results. Ovariectomized rats exhibited a significant reduction in hair calcium content, whereas calcium con-
centrations in serum and other tissues remained unchanged. No significant differences were detected among 
experimental groups in bone turnover markers, total antioxidant status, or relative organ masses. Collectively, 
these findings suggest that systemic calcium balance and antioxidant capacity are maintained during the early 
post-ovariectomy phase.
Conclusion. Three weeks of estrogen deficiency did not result in marked alterations in calcium homeostasis, 
bone turnover, or antioxidant status, indicating that this period duration may be insufficient to elicit the char-
acteristic metabolic changes associated with postmenopausal conditions. Longer-term studies are warranted 
to fully capture the effects of chronic estrogen loss.

Keywords: estrogen deficiency, ovariectomy, calcium homeostasis, bone turnover markers, antioxidant sta-
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Simpson, 2024). Estrogen deficiency has been linked 
not only to reproductive aging but also to systemic 
effects on multiple organs, including the skeleton, 
cardiovascular system, and brain (Yang et al., 2024). 
One of the most significant consequences of estrogen 
deficiency is the disturbance of calcium homeostasis 
and bone metabolism, leading to progressive bone loss 
and an increased risk of osteoporosis (Yong and Lo-
gan, 2021). Estrogen plays a key role in maintaining 
bone remodeling balance by inhibiting osteoclast ac-
tivity and promoting osteoblast survival, thereby pre-
serving bone density (Hsu et al., 2024). Additionally, 
estrogen contributes to the maintenance of antioxidant 
defenses, and its deficiency can exacerbate oxidative 
stress, further promoting tissue damage, inflammation, 
and bone resorption (Mohamad et al., 2020).

Beyond skeletal health, estrogen deficiency has 
been associated with alterations in lipid metabolism, 
insulin sensitivity, and systemic inflammatory sta-
tus, underscoring the hormone’s multifaceted role in 
maintaining metabolic homeostasis (Hsu et al., 2024). 
Oxidative stress, arising from an imbalance between 
reactive oxygen species production and antioxidant 
defenses, has emerged as a central mechanism link-
ing estrogen loss to tissue dysfunction and age-related 
metabolic disorders (Li et al., 2023). Understanding 
these processes is crucial for the development of strat-
egies aimed at preventing or mitigating postmenopau-
sal complications (Xin et al., 2025).

Experimental ovariectomy (OVX) in rodents is 
a well-established animal model that mimics the post-
menopausal state in women, providing a valuable tool 
for studying the systemic effects of estrogen depriva-
tion (Sophocleous and Idris, 2019). This model ena-
bles the comprehensive assessment of biochemical, 
metabolic, and morphological alterations across multi-
ple tissues following estrogen loss (Medina-Contreras 
et al., 2020).

In women, the physiological consequences of 
estrogen deficiency develop progressively and per-
sist over many years, reflecting the chronic nature 
of postmenopausal metabolic alterations (Yang et 
al., 2024). These systemic changes, including dis-
ruptions in calcium homeostasis, oxidative status, 
and bone turnover, do not arise simultaneously but 
rather evolve over time as compensatory mechanisms 
gradually lose effectiveness (Veldurthy et al., 2016). 

In animal models of estrogen deprivation, particularly 
in ovariectomized rodents, varying post-ovariectomy 
intervals are used to model distinct stages of the post-
menopausal transition (Rodríguez-Landa, 2022). Ear-
ly phases after OVX often exhibit subtle or partially 
compensated alterations, whereas more pronounced 
metabolic and structural disturbances typically be-
come evident at later time points (Guo et al., 2022). 
Because the duration following OVX can substantial-
ly influence both the magnitude and characteristics of 
the observed outcomes, findings must be interpreted 
within the context of the specific post-surgical inter-
val examined. Accordingly, the present study focuses 
on the short-term effects of ovariectomy to charac-
terize the initial physiological responses that precede 
overt long-term changes in tissue structure and meta-
bolic regulation.

Most experimental studies focus on mid- or long-
term estrogen deficiency, when metabolic and skeletal 
alterations are already well established. In contrast, 
the very early post-ovariectomy period remains poorly 
characterized. Investigating this short-term phase al-
lows for the identification of initial adaptive and com-
pensatory mechanisms that precede overt metabolic 
deterioration.

The present study aimed to examine the effects 
of short-term ovariectomy on tissue calcium content, 
relative organ mass, selected markers of bone metabo-
lism, and total antioxidant status in rats. These findings 
contribute to a more comprehensive understanding of 
the temporal progression of postmenopausal metabol-
ic alterations.

MATERIALS AND METHODS

Materials and Animals
Twenty-four 12-week-old female Wistar rats were ob-
tained from the Nencki Institute of Experimental Bi-
ology, Polish Academy of Sciences (Warsaw, Poland) 
and housed individually under controlled conditions 
with a 12-hour light/dark cycle. The animals were fed 
an AIN-93M diet (Zoolab, Sędziszów, Poland) and 
allowed a one-week acclimation period before the 
start of the study. All experimental procedures were 
conducted in accordance with European Directive 
2010/63/EU for the protection of animals used for 
scientific purposes and were approved by the Local 
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Ethics Committee in Poznań (approval No. 26/2022). 
The study was reported in compliance with the AR-
RIVE guidelines to ensure transparent and accurate 
reporting of animal experiments.

Experimental Protocols
The rats were randomly assigned to three groups 
(n = 8 per group): control (C), ovariectomized (OVX), 
and sham-operated (S). The sample size (n = 8 per 
group) was determined based on previous studies us-
ing comparable ovariectomized rat models that dem-
onstrated statistically detectable differences in bone 
metabolism parameters with similar group sizes. To 
model postmenopausal osteoporosis, rats in the OVX 
group underwent bilateral ovariectomy, whereas rats 
in the S group underwent sham surgery. All surgical 
procedures were performed under general anesthesia 
induced by intraperitoneal administration of ketamine 
hydrochloride (75  mg/kg) and medetomidine hydro-
chloride (1 mg/kg). A dorsal incision was made to ex-
pose and ligate the oviducts, followed by the removal 
of both ovaries. The incision was then sutured, anes-
thesia was reversed with atipamezole hydrochloride 
(1 mg/kg), and postoperative analgesia was provided 
via subcutaneous buprenorphine (0.05 mg/kg) (Sopho-
cleous and Idris, 2019). Animals were monitored until 
full recovery and allowed a one-week postoperative 
rest period before the start of the experimental phase. 
During the 3-week study period, all rats were fed 
a standard AIN-93M diet (Reeves and Suppl, 1997) 
and had ad libitum access to food and water. Daily 
food intake and weekly body weight were recorded. 
The study focused on a three-week post-ovariectomy 
interval to characterize early adaptive responses pre-
ceding the onset of pronounced estrogen-deficiency–
related metabolic alterations.

At the end of the experimental period, animals 
were euthanized by decapitation. Blood samples were 
collected, and serum was separated by centrifugation 
at 1200 × g for 10 min at 4°C. Selected tissues were 
dissected and stored at −80°C for subsequent analyses.

Diet Analysis
The composition of the diet was evaluated using offi-
cial methods established by the Association of Official 
Analytical Chemists (AOAC) (Horwitz and Latimer, 
2006).

Calcium in Diet
Dietary calcium content was determined by incinerat-
ing 1g of each sample in a muffle furnace at 450°C 
until complete mineralization. The resulting ash was 
dissolved in 1 mol/L nitric acid (Merck, Kenilworth, 
NJ, USA) and subsequently diluted with deionized 
water containing 0.5% LaCl₃. Calcium concentration 
was quantified using flame atomic absorption spec-
trometry (ZA3000, Hitachi, Tokyo, Japan). Method 
validation was performed using a certified reference 
material (Brown Bread BCR191, Sigma-Aldrich, St. 
Louis, MO, USA), yielding a recovery rate of 92%. 
All measurements were conducted in triplicate.

Calcium in Tissues
Tissue calcium content was determined following 
mineralization using a microwave digestion system 
(Mars 2™ System; CEM Corporation, USA) with con-
centrated nitric acid (Merck, Kenilworth, NJ, USA). 
After digestion, samples were diluted with deionized 
water containing 0.5% LaCl₃. Calcium concentrations 
were measured by flame atomic absorption spectrom-
etry (ZA3000, Hitachi, Tokyo, Japan) at a wavelength 
of 422.7 nm. Method validation was performed using 
a certified reference material (Bovine Liver 1577 c, 
Sigma-Aldrich, St. Louis, MO, USA), yielding a re-
covery accuracy of 91%.

Bone Metabolism Markers
Serum concentrations of C-terminal telopeptide of 
type I collagen (CTX), procollagen type I N-terminal 
propeptide (PINP), tartrate-resistant acid phosphatase 
5b (TRACP-5b), osteocalcin (OCN), parathyroid hor-
mone (PTH), and total antioxidant status (TAS) were 
determined using commercial ELISA kits (Bionik, 
Poznań, Poland). Absorbance was measured with an 
Infinite F50 spectrophotometer (Tecan Group Ltd., 
Männedorf, Switzerland).

Statistical Analysis
Statistical analyses were performed using Statistica 
software (StatSoft, Tulsa, OK, USA). Data normality 
was assessed using the Shapiro-Wilk test. Differences 
among groups were analyzed by one-way analysis of 
variance (ANOVA), followed by Tukey’s post hoc test. 
A p-value < 0.05 was considered statistically significant. 
Data are presented as the mean ±standard deviation.
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differences were not statistically significant. Relative 
liver mass was significantly higher in the sham-operated 
group (3.85 ±0.21%) compared with the control group 
(3.51 ±0.24%; p < 0.05), whereas the ovariectomized 
group exhibited intermediate values (3.61 ±0.21%) 
and did not differ significantly from either group.

Calcium content was analyzed in selected tissues 
(Table 3). Hair calcium content was significantly lower 
in the OVX group (664.89 ±108.93 µg/g dry mass) than 
in both the control (1176.73 ±124.68 µg/g dry mass) 
and sham-operated groups (1146.89 ±134.37 µg/g dry 
mass; p < 0.05). In contrast, calcium concentrations 
in serum, femur, kidney, liver, heart, spleen, and pan-
creas did not differ significantly among the groups.

To further evaluate the early effects of ovariec-
tomy on bone remodeling, serum bone metabolism 
markers were assessed. Concentrations of CTX, PINP, 
TRACP-5b, OCN, PTH, and total antioxidant status 
(TAS) did not differ significantly among the control, 
sham-operated, and ovariectomized groups (Table 4).

RESULTS

Table 1 summarizes the composition of the standard 
diet. The diet contained 94.63% dry matter, with car-
bohydrates as the main component (70.97%), followed 
by protein (12.99%), fiber (4.63%), and fat (3.68%). 
The calcium content was 4.68 mg/g, indicating an ad-
equate level of this mineral.

Table 1. Composition of the diet (mean ±standard deviation)

Parameter AIN-93M diet

Dry matter, % 94.63 ±0.25

Protein, % 12.99 ±0.29

Fiber, % 4.63 ±0.13

Fat, % 3.68 ±0.23

Carbohydrates, % 70.97 ±0.81

Calcium, mg/g 4.68 ±0.04

Dietary intake, body weight, and relative organ 
weight were assessed to determine whether estrogen 
deficiency influenced basic metabolic parameters dur-
ing the short experimental period (Table 2). Body 
weight was slightly higher in the OVX group than in 
the control and sham-operated groups; however, these 

Table 2. Body weight, daily dietary intake, and relative or-
gan weight (mean ±standard deviation)

Group C S OVX

Dietary intake, g 22.02 ±0.73 23.18 ±0.54 22.25 ±1.01

Body weight, g 310.75 ±27.43 315.75 ±25.31 327.14 ±22.46

Liver, % 3.51 ±0.24a 3.85 ±0.21b 3.61 ±0.21ab

Heart, % 0.32 ±0.02 0.30 ±0.02 0.29 ±0.02

Kidneys, % 0.60 ±0.04 0.59 ±0.04 0.56 ±0.03

Spleen, % 0.28 ±0.06 0.24 ±0.02 0.26 ±0.02

Pancreas, % 0.31 ±0.07 0.29 ±0.05 0.34 ±0.08

C, control group; S, sham-operated group; OVX, ovariecto-
mized group.
a,b significant differences between groups (p < 0.05).

Table 3. Calcium content in tissue (mean ±standard de-
viation)

Group C S OVX

Serum, µg/ml 157.06
±12.57

151.18
±8.90

149.55
±8.23

Femur, mg/g dm 151.75
±8.47

164.38
±21.69

148.22
±11.47

Kidney, µg/g dm 447.89
±68.68

422.49
±75.69

470.21
±54.22

Liver, µg/g dm 171.90
±30.94

158.81
±8.82

185.27
±26.64

Heart, µg/g dm 469.87
±92.67

389.64
±59.46

406.29
±59.81

Spleen, µg/g dm 490.57
±94.34

490.67
±27.61

485.76
±59.51

Pancreas, µg/g dm 458.01
±24.65

426.06
±43.47

436.98
±27.15

Hair, µg/g dm 1 176.73
±124.68b

1 146.89
±134.37b

664.89
±108.93a

C, control group; S, sham-operated group; OVX, ovariecto-
mized group; dm, dry matter.
a,b significant differences between groups (p < 0.05).
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Table 4. Serum bone metabolism markers and total antioxi-
dant status (mean ±standard deviation)

Group C S OVX

CTX, ng/ml 13.94 ±3.95 17.57 ±3.29 14.93 ±5.05

PINP, ng/ml 15.43 ±3.78 17.79 ±4.13 15.23 ±4.14

TRACP-5b, U/L 6.18 ±3.25 5.44 ±1.72 5.61 ±2.05

OCN, ng/ml 8.93 ±2.40 8.35 ±1.39 9.01 ±2.17

PTH, Ng/dL 10.61 ±3.49 14.64 ±6.11 13.41 ±3.02

TAS, U/ml 9.26 ±3.42 11.43 ±4.07 8.08 ±3.01

C, control group; S, sham-operated group; OVX, ovariecto-
mized group; CTX, C-terminal telopeptide of type I collagen; 
PINP, procollagen type I N-terminal propeptide; TRACP-5b, 
tartrate-resistant acid phosphatase 5b; OCN, osteocalcin; PTH, 
parathyroid hormone; TAS, total antioxidant status.

DISCUSSION

The present study examined the effects of short-term 
ovariectomy on tissue calcium content, relative organ 
mass, bone metabolism markers, and total antioxidant 
status, with the aim of characterizing the early meta-
bolic consequences of estrogen deficiency.

A three-week post-ovariectomy interval was select-
ed based on evidence indicating that the 2–4 week peri-
od following ovariectomy represents an early, partially 
compensated phase of estrogen deprivation rather than 
a fully developed osteoporotic phenotype. Previous 
studies have shown that pronounced alterations in bone 
metabolism, including significant reductions in bone 
mineral density and marked increases in bone turnover 
markers, typically emerge after 6–8 weeks or longer 
following ovariectomy. In contrast, the early post-OVX 
period is characterized by adaptive mechanisms that 
may transiently preserve calcium homeostasis and lim-
it overt metabolic and skeletal manifestations (Gao et 
al., 2014; Guo et al., 2022; Zhang et al., 2007).

Within this framework, the present findings indi-
cate that a three-week period of estrogen deficiency 
is insufficient to induce measurable systemic distur-
bances in calcium balance, bone-related biochemical 
markers, or antioxidant status. Although estrogen defi-
ciency is known to profoundly affect calcium homeo-
stasis and oxidative balance, only hair calcium content 
was significantly reduced in ovariectomized rats, 

whereas calcium concentrations in serum and other 
tissues remained unchanged. Similarly, serum bone 
turnover markers (CTX, PINP, TRACP-5b, OCN, and 
PTH) and total antioxidant status did not differ signifi-
cantly among the experimental groups.

The reduction in hair calcium content observed in the 
OVX group may reflect an early systemic alteration in 
mineral metabolism, as hair mineral composition is con-
sidered a long-term indicator of mineral status (Skalny 
et al., 2024). Estrogen deficiency has been shown to in-
crease urinary calcium excretion (Bansal et al., 2013) 
and impair intestinal calcium absorption (Wu et al., 
2025), which may ultimately reduce calcium deposition 
in non-skeletal tissues (Lieben et al., 2012). However, 
the absence of significant changes in serum and tissue 
calcium concentrations in this short-term model sug-
gests that other, unmeasured physiological processes 
may have helped maintain calcium balance within the 
normal range (Matikainen et al., 2021). Importantly, the 
specific regulatory mechanisms underlying these effects 
were not assessed in the present study. These findings 
further suggest that, during the early post-ovariectomy 
period, calcium may be conserved through processes 
that help preserve calcium homeostasis, enabling the or-
ganism to maintain stable serum and tissue calcium lev-
els despite the absence of estrogen (Yousefzadeh et al., 
2020). This pattern is consistent with reports indicat-
ing that significant disturbances in calcium homeostasis 
typically emerge only after longer periods of estrogen 
deficiency (Johnston and Ward, 2015).

Contrary to expectations, bone metabolism markers 
did not differ significantly among the groups. Similar 
findings have been reported in studies employing short 
post-ovariectomy intervals, suggesting that pronounced 
alterations in bone turnover typically develop after 
longer periods (4, 12, 18 months) of estrogen deficiency 
(Gao et al., 2014; Zhang et al., 2007). The relatively 
stable concentrations of CTX, PINP, and TRACP-5b 
suggest that a three-week period may be insufficient to 
induce detectable biochemical changes in bone remode-
ling. Furthermore, the lack of differences in osteocalcin 
and PTH concentrations may indicate that calcium-reg-
ulating endocrine responses were not yet fully activated.

Although estrogen deprivation is closely associ-
ated with increased oxidative stress (Iantomasi et al., 
2023), total antioxidant status exhibited only a nonsig-
nificant decline in ovariectomized rats. This finding is 
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consistent with studies suggesting that oxidative im-
balance occurs in estrogen-deficient states (Albrahim 
et al., 2023; Tang et al., 2012). The modest reduction 
in antioxidant capacity may reflect an early adaptive 
phase, during which endogenous antioxidant systems 
partially compensate for increased production of reac-
tive oxygen species. In contrast, long-term studies (nine 
months) have reported that chronic oxidative stress 
contributes to bone loss and metabolic dysfunction in 
ovariectomized models (Yousefzadeh et al., 2022).

With respect to organ mass, no significant differ-
ences were observed among groups, except for a high-
er relative liver mass in the sham-operated group 
compared with controls. This finding is more likely 
attributable to surgical stress or individual variability 
than to hormonal effects (Marxfeld et al., 2019; Muri-
llo et al., 2019; Werner et al., 2014). In contrast, body 
weight tended to increase in the OVX group, con-
sistent with previous reports indicating that estrogen 
deficiency promotes weight gain and adipose tissue 
accumulation through alterations in energy expendi-
ture and lipid metabolism (Kuryłowicz, 2023; Marko-
vá et al., 2024; Wawrzyniak et al., 2021, 2022, 2023).

The duration of estrogen deficiency is a critical 
determinant of the metabolic and skeletal changes ob-
served following ovariectomy. The short experimental 
interval employed in the present study likely accounts 
for the absence of pronounced biochemical or struc-
tural disturbances. Several studies have reported that 
during the early post-OVX period (up to 3–4 weeks), 
compensatory mechanisms – including increased PTH 
secretion, enhanced bone resorption, balanced by tran-
sient increases in bone formation, and preserved in-
testinal calcium absorption – delay overt alterations in 
serum calcium, antioxidant capacity, and bone turnover 
markers (Cai et al., 2018; Guo et al., 2022; Hibler et al., 
2016; Vatrasresth et al., 2021). This pattern is consist-
ent with the present findings, as well as with previous 
short-term OVX models showing minimal alterations in 
CTX, PINP, or TRACP-5b at comparable time points. 
In contrast, mid-term and long-term studies demonstrate 
that the consequences of estrogen deficiency become 
progressively more pronounced after 8–12 weeks, when 
compensatory pathways begin to fail. During this later 
period, deterioration of trabecular microarchitecture, in-
creases in bone resorption markers, and shifts in mineral 
distribution are consistently observed (Kim et al., 2019).

Supporting this time-dependent pattern, our previ-
ous studies using longer OVX durations (6–12 weeks) 
identified significant disruptions in calcium status, in-
cluding reduced calcium deposition in bone, altered 
serum leptin concentrations, and impaired mineral me-
tabolism in animals receiving calcium-fortified pump-
kin-based diets (Suliburska et al., 2023; Wawrzyniak 
et al., 2021, 2023). These changes were not evident 
during the early post-ovariectomy period, reinforcing 
the concept that several weeks of estrogen deficiency 
are required for the skeletal system to exhibit detecta-
ble disturbances. Similarly, interventions applied over 
longer durations, such as tempeh, daidzein, or diets 
with modified calcium content, revealed measurable 
effects on calcium transporters, bone biomarkers, and 
oxidative status only after prolonged estrogen depriva-
tion (Harahap et al., 2024).

Collectively, these findings indicate that short-term 
OVX models predominantly capture the organism’s 
initial adaptive phase, during which mineral homeo-
stasis and antioxidant defenses remain largely pre-
served. Accordingly, longer experimental durations (≥ 
6 weeks) are required to characterize the full spectrum 
of post-ovariectomy alterations in bone metabolism, 
calcium handling, and redox balance. This temporal 
distinction is essential for interpreting the present re-
sults and underscores the importance of extended ob-
servation when investigating the progressive nature of 
estrogen-deficiency-induced metabolic dysfunction.

Strengths of the study
The present study is characterized by a rigorously con-
trolled experimental design, the use of a standardized 
AIN-93M diet, and analytically robust methods vali-
dated with certified reference materials. A systematic 
evaluation of calcium distribution across multiple tis-
sues, together with selected bone metabolism markers 
and total antioxidant status, provides an integrated view 
of early metabolic adaptations to estrogen deficiency. 
Moreover, compliance with the ARRIVE guidelines 
strengthens methodological transparency and enhances 
the reproducibility of the experimental procedures.

Study limitations
Several limitations of the present study should be ac-
knowledged. First, the relatively short duration of estro-
gen deprivation may have been insufficient to induce the 
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full spectrum of metabolic, skeletal, and oxidative alter-
ations typically associated with chronic estrogen defi-
ciency. Second, calcium absorption and excretion were 
not assessed directly; consequently, potential changes in 
intestinal calcium uptake or urinary calcium loss could 
not be evaluated. Third, total antioxidant status was 
employed as a global indicator of oxidative balance, 
and the inclusion of additional, specific oxidative stress 
markers could provide a more detailed characterization 
of redox alterations. Finally, the relatively small sample 
size, although comparable to other experimental OVX 
studies, may limit the generalizability of the findings.

Clinical implications
Although serum calcium concentrations remained 
unchanged, the observed reduction in hair calcium 
content may be clinically relevant. Hair mineral com-
position is considered a long-term, non-invasive in-
dicator of mineral status, and early alterations may 
precede detectable changes in circulating calcium. 
If confirmed in human studies, hair calcium analysis 
could contribute to the early identification of subtle 
disturbances in calcium metabolism during the meno-
pausal transition.

Future scientific perspective
Future studies should investigate whether early chang-
es in hair calcium observed in animal models translate 
to the human menopausal transition using longitudinal 
study designs and non-invasive biomarkers of calcium 
status. Moreover, extended observation periods and 
more detailed assessments of bone microarchitecture, 
oxidative stress pathways, and molecular regulators of 
calcium metabolism are warranted to more accurately 
model the progressive nature of postmenopausal phys-
iological changes.

CONCLUSION

A three-week period of estrogen deficiency was insuf-
ficient to induce measurable disturbances in systemic 
calcium homeostasis, bone-related biochemical mark-
ers, or antioxidant status in ovariectomized rats. In con-
trast, the observed reduction in hair calcium suggests 
an early adaptive response to estrogen loss, while other 
metabolic parameters remain effectively compensated 
during the initial post-ovariectomy phase.
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