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Abstract: Background/Objectives: Hypertension is a major contributor to cardiovascular diseases 
and is often intensified by psychological stress, which can also affect bone metabolism. Although 
both conditions independently compromise bone health, their combined impact—particularly under 
acute and chronic stress—remains unclear. This study aimed to assess the effects of such stressors on 
bone structure in spontaneously hypertensive rats (SHR). Methods: Forty male rats, both 
normotensive and SHR, were randomly assigned to control, acute stress, or chronic stress groups. 
Acute stress involves a single 2-hour physical restraint. Chronic stress was induced over 10 days 
using alternating stressors: agitation, forced swimming, physical restraint, cold exposure, and water 
deprivation. Tibial bones were analyzed by microcomputed tomography (micro-CT), and histology 
was performed using Hematoxylin & Eosin and Masson’s Trichrome stains. Results: Micro-CT 
showed an increased trabecular bone volume in normotensive rats under chronic stress, whereas 
SHR displayed impaired remodeling under both stress types. Histological analysis revealed 
preserved connective tissue overall but evident changes in growth plate structure among stressed 
rats. SHR exhibited exacerbated trabecular formation and cartilage abnormalities, including necrotic 
zones. Conclusions: Both acute and chronic stress, especially in the context of hypertension, 
negatively affect bone remodeling and maturation. Despite the absence of overt inflammation, 
structural bone changes were evident, indicating potential long-term risks. These findings highlight 
the importance of further studies on stress-hypertension interactions in bone health and the 
exploration of therapeutic approaches to mitigate skeletal damage under such conditions. 
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1. Introduction 

Hypertension is one of the most prevalent cardiovascular diseases and a leading cause of 
mortality worldwide, commonly contributing to conditions such as stroke and acute myocardial 
infarction [1]. Numerous risk factors are associated with the development of hypertension, including 
obesity, smoking, alcohol consumption, family history, personality traits, and psychological factors 
such as stress. Both genetic predisposition and environmental elements—such as sedentary behavior 
and excessive sodium intake—are also frequently cited [2–5]. 

Despite the extensive literature on hypertension, relatively little attention has been devoted to 
the influence of emotional and psychological factors—such as stress, anxiety, hostility, and 
impulsivity—on blood pressure regulation [6–8]. It is hypothesized that stress triggers sympathetic 
nervous system activation, resulting in increased blood pressure [9–11]. Stressful experiences—
ranging from interpersonal conflict to financial strain and social isolation—are known to provoke 
physiological and behavioral responses that can disrupt neuroendocrine and immune function, 
leading to diverse individual outcomes [12–18]. 

Bone tissue, similarly dynamic, undergoes continuous remodeling throughout life to maintain 
structural integrity and mineral homeostasis. Activities involving mechanical loading promote 
osteogenesis and help counteract bone loss [19,20]. Notably, hypertension has been linked to 
alterations in calcium metabolism and increased bone resorption, which may contribute to bone 
mineral density reduction in hypertensive individuals [21–23]. 

With the global rise in aging populations and lifestyle-related conditions—including physical 
inactivity, stress, and dietary imbalances—the prevalence of both hypertension and osteoporosis has 
escalated [24–26]. These disorders often coexist, influenced by a complex interplay of genetic and 
environmental factors [27,28]. 

Given the increasing prevalence of chronic diseases and emotional stress in the general 
population, there is a growing need for integrated research that examines physiological, 
morphological, and biochemical alterations in these conditions [29,30]. 

Therefore, this study aimed to investigate the effects of acute and chronic stress, in combination 
with hypertension, on the skeletal system through histological assessment and microcomputed 
tomography (Micro-CT) analysis. Our findings may provide further insight into the interactions 
between cardiovascular and skeletal health under stress-related conditions. 

2. Materials and Methods 

2.1. Ethical Aspects and Experimental Design 

This study was approved by the Local Ethics Committee for the Use of Animals at the University 
of São Paulo/Brazil, at the School of Dentistry of Ribeirão Preto, registered under number 
0027/2021R2. Male Hannover strain rats (n = 20) and SHR (spontaneous hypertensive rats) (n = 20), 
weighing approximately 250 grams at the start of the experiments, were used. The animals were 
obtained from the Central Animal Facility of the University of São Paulo, Ribeirão Preto campus, 
Brazil. The animals were kept in individual cages, in a room with controlled temperature (24 ± 1 °C), 
with a 12-hour light/dark cycle (light cycle starting at 7:00 AM) and had ad libitum access to water 
and food. The experimental protocols were conducted in a quiet room during the morning and in the 
same location (same laboratory) to minimize variations. Animal care, including manual recording of 
body weight, food intake, water consumption, and cage alterations, occurred daily at 8:00 AM during 
the light cycle. The rats were left undisturbed throughout the entire dark cycle. 

The animals were randomly divided into three main groups: control group without stress (S); 
group with acute stress (A); and group with chronic varied stress (C). Each group was subdivided 
into normal rats and spontaneously hypertensive rats. Groups A and C were further subdivided into 
control and stress-exposed groups, totaling 40 animals. 
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2.2. Acute Stress Protocol 

Sixteen animals, both normal and SHR, were subjected to a protocol involving a single episode 
of stress (acute stress for 2 hours – physical restraint). The animals were placed in a metal box 
measuring 15 cm in length, 5 cm in diameter, with adequate ventilation throughout its length. The 
end of the box was closed, and the animals were in a state of physical restraint for 2 hours. 

2.3. Chronic Varied Stress Protocol 

Chronic varied stress is an effective protocol as it simulates frequent daily conditions to which 
individuals are exposed. Several studies in the literature use the chronic stress protocol for different 
analyses, using different stressors, generally 1 to 3 times a day, for varied periods. A chronic varied 
stress protocol was carried out according to a previous study by our research group [31–33]. In this 
protocol, five distinct forms of stress were implemented over a total period of 10 days. The stressful 
situations were initiated in the morning, according to the following description: Days 01 and 06: 
agitation. The rats were individually placed in a plastic box on a shaker table for 15 minutes. The 
average rotation speed was 50 rpm. Days 02 and 07: forced swimming. The rats swam for 15 minutes 
in a circular plastic container, 54 cm deep and 47 cm in diameter, filled with water to a depth of 40 
cm, preventing contact with the upper or lower edges. The water temperature was controlled and 
maintained at 25 ± 1 °C. Days 03 and 08: physical restraint. The animals were placed in a metal box 
measuring 15 cm in length and 5 cm in diameter, with adequate ventilation throughout its length. 
The end of the box was closed, and the animals were physically restrained for two hours, limiting 
their movement. Days 04 and 09: cold stress. The rats, in individual plastic boxes, were exposed to 
hypothermia in the freezer (10 °C) for a period of 30 minutes. Days 05 and 10: water deprivation. The 
water source was removed for a period of 24 hours (Figure 1). 

 
Figure 1. Division of experimental groups with acute and chronic varied stress protocols. G1 - No stress, normal 
rat, control; G2 - No stress, SHR rat, control; G3 - Acute stress, normal rat, control; G4 - Acute stress, normal rat, 
acute stress; G5 - Acute stress, SHR rat, control; G6 - Acute stress, SHR rat, acute stress; G7 - Chronic stress, 
normal rat, control; G8 - Chronic stress, normal rat, chronic stress; G9 - Chronic stress, SHR rat, control; G10 - 
Chronic stress, SHR rat, chronic stress. 

2.4. Tibia Collection and Microtomographic Evaluation 

At the end of the experiment, the animals were euthanized, having been previously anesthetized 
with 4% xylazine (14 mg/kg) and 10% ketamine (100 mg/kg), via intraperitoneal injection, and were 
subjected to euthanasia by conscious decapitation 24 hours after the last stress exposure. In rats 
subjected to acute stress, euthanasia was performed immediately after the stress. Subsequently, the 
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right and left tibias of each animal were removed, dissected, and fixed in 10% formaldehyde 
phosphate buffer (pH 7.4) for 48 hours. 

All samples were scanned using a micro-CT (Skyscan model 1172, Bruker-Micro-CT®, Kontich, 
Belgium). The region of interest (ROI) started at the marginal crest of the tibia and extended 2mm, 
corresponding to 21 slices. The device was set to 70 kV and 142 uA. A filter (0.5) was used, and the 
sample was rotated 180 degrees with a rotation step of 0.5, generating an acquisition time of 41 
minutes per sample. The NRecon software program (Bruker, Belgium) was used to reconstruct the 
three-dimensional images. Subsequently, the images were aligned in the coronal, transaxial, and 
sagittal planes using the DataViewer program. 

2.5. Histological Analysis 

The samples were removed, dissected, and maintained in 10% EDTA solution until complete 
decalcification. The samples were left in 10% buffered formaldehyde for 24 to 48 hours, then 
transferred to 10% EDTA under constant agitation for decalcification until complete decalcification. 
The specimens were processed histologically for inclusion in paraffin enriched with Histosec polymer 
(Merck KGaA®, Darmstadt, Germany). Coronal sections of 5 μm thickness were obtained and stained 
with hematoxylin and eosin (HE) and Masson’s trichrome. All histological slides were coded 
according to the experimental groups. An experienced examiner evaluated them blind. All images 
were captured under identical camera settings, including white balance, gain, and exposure. The 
exposure time was selected to limit the occurrence of saturated intensity pixels. A total area of 144 × 
106 pixels² was evaluated for each sample.Virtual microscopy, data management, and image analysis 
were performed with the aid of a digital camera attached to the Zeiss AxioImager Z2 light microscope 
(Oberkochen, Germany), with original magnifications of ×20 and ×40. Subsequently, the digital 
images were analyzed using AxioVision 4.8 software (Carl Zeiss, Oberkochen, Germany). 

2.6. Statistical Analysis 

The results obtained from the micro-CT and histomorphometric parameters were obtained from 
the linear measurements at the mid-palatal suture and DI, and the histomorphometric parameters 
were subjected to the Shapiro-Wilk normality test before the statistical tests to check the normality of 
the values. Subsequently, the data were evaluated using one-way ANOVA and Tukey’s post hoc test 
to explore the differences between the means across the periods, and the Student’s t-test was used to 
compare the means between two groups at each period. We used Statistical v.10.0 software with a 
significance level of 5%. The continuous variables are shown as the mean ± standard deviation (SD). 

3. Results 

The descriptive statistical analyses and their normality, for all the variables included in the 
objectives of this study, showed that all of them are normal (p > 0.05), according to the significance of 
the Shapiro-Wilk test. 

3.1. Linear Measurements of the Tibia in Micro-CT Imagens 

Three-dimensional (3D) and two-dimensional (2D) microtomographic images of the tibial bone 
in groups G1 to G10 are shown in Figure 2. The analysis focused on the proximal region of the bone. 
The reference point was determined at the end of the growth plate, “Top selection,” and then 2mm 
down, corresponding to 21 slices, to reach “Bottom selection.” The bone area in the trabecular and 
cortical regions was delineated starting from the coronal section. The percentage of bone volume was 
quantified between the groups. A significant difference was observed between group G1 (control and 
normal rat) and G8 (normal rat with chronic stress), as well as between G4 (normal rat with acute 
stress) and G5 (spontaneously hypertensive rat control). No significant statistical difference was 
found between the other groups. 
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Figure 2. Micro-CT results of tibial bone. A significant difference was observed between group G1 (control and 
normal rat) and G8 (normal rat with chronic stress), as well as between G4 (normal rat with acute stress) and G5 
(spontaneously hypertensive rat control). No significant statistical difference was found between the other 
groups. 

3.2. Descriptive Histology 

Qualitative analysis of the histological sections was performed using Hematoxylin and Eosin 
(HE) and Masson's Trichrome staining, both applied to assess overall tissue morphology. Overall, all 
experimental groups exhibited preserved connective tissue architecture, with no evidence of acute or 
chronic inflammatory infiltrates. However, distinct morphological alterations were observed in 
groups G4 and G8, particularly concerning the structural organization of the growth plate, suggesting 
potential effects of the experimental conditions on bone maturation and remodeling mechanisms in 
this region. 

Groups G1 and G2 (Control): In the distal region of the tibia, Group G1 (normotensive rats) 
exhibited a clearly preserved growth plate (red arrow), whereas Group G2 (hypertensive rats – SHR) 
showed an increased amount of bone trabeculae (yellow arrow). Despite these structural differences, 
the overall tissue morphology remained preserved in both groups (Figure 3). Groups G3 and G4 
(Acute Stress – normotensive rats): In the distal region of the tibia, Group G3 (control for the acute 
stress group) exhibited a morphological pattern similar to that observed in Group G1, with a clearly 
visible growth plate (red arrow). Group G4 (subjected to acute stress), despite exposure to the 
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stressor, maintained histological features comparable to those of Group G3, suggesting that the acute 
stress episode did not induce evident structural alterations in bone architecture (Figure 4). Groups 
G5 to G6 (Acute Stress/ Hypertensive Rats): In the distal region of the tibial bone, an increase in the 
number of bone trabeculae was observed, suggesting that hypertension exacerbated the effects of 
acute stress on extracellular matrix remodeling (Figure 4). Chronic Stress Groups (G7 to G10): G7 
(normotensive, control under chronic stress conditions) – A morphological pattern similar to G1 
(control) was observed. G8 (normotensive, subjected to chronic stress) – This group exhibited the 
highest content and organization of bone trabeculae, with the presence of red-stained tissue 
indicating mature bone. MicroCT results revealed a significant difference compared to G1, suggesting 
a pronounced adaptive response to prolonged stress. G9 and G10 (hypertensive) – Both groups 
showed a morphology similar to the control group G2, without indicating alterations due to chronic 
stress associated with hypertension (Figure 5). 

 

Figure 3. Groups G1 and G2 (Control): In the distal region of the tibial bone, a 2.5X and 10X increase. Red arrow 
= Growth Plate or Cartilage. Yellow arrow = Bone Trabeculae. 
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Figure 4. Groups G3 and G4 (Acute Stress/ Normal Rat): In the distal region of the tibial bone, a 2.5X and 10X 
increase. Red arrow = Growth Plate or Cartilage. Groups G5 and G6 (Acute Stress/ Hypertensive Rats): In the 
distal region of the tibial bone, a 2.5X and 10X increase. Yellow arrow = Bone Trabeculae Plate. 
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Figure 5. Groups G7 and G10 (Chronic Stress): In the distal region of the tibial bone, a 2.5X and 10X increase. 
Red arrow = Growth Plate or Cartilage. Yellow arrow = Bone Trabeculae Plate. 

When evaluating the micro-CT results, it was observed that Group G4 showed the lowest 
percentage of bone formation, followed by Group G8. Due to this significant difference between the 
groups, only Groups G4 and G8 were selected for histological imaging in Figure 6, in order to better 
illustrate the findings. In these images, a marked increase in tissue staining was observed using 
Hematoxylin and Eosin, as well as Masson's Trichrome. Additionally, in the growth plate, alterations 
in cartilage morphology were identified, including areas of necrosis indicated by black arrows 
(Figure 6). 

 

 
Figure 6. A. Hematoxylin and Eosin staining and B. Masson's Trichrome staining, at 20X and 40X magnification. 
Black arrows = alteration in cartilage morphology with the presence of necrosis in the growth plate in groups G4 
(Acute Stress/ Normal Rat) and G8 (Chronic Stress/ Normal Rat). 
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4. Discussion 

The primary objective of this study was to evaluate the impact of acute and chronic stress, in 
association with hypertension, on bone metabolism in rats. Bone remodeling is a dynamic process 
involving the balance between bone modeling and resorption. Our observations indicate that both 
acute and chronic stress significantly affect bone architecture, with notable differences between 
normotensive and hypertensive groups. 

In rats subjected to acute stress (G4 and G5), an increase in trabecular density was observed, 
especially in hypertensive rats (G5). This may represent an adaptive response to stress, mediated by 
sympathetic nervous system activation and modulation of the hypothalamic-pituitary-adrenal axis 
[34,35]. Similar studies report that acute stress can stimulate temporary bone resorption or, in certain 
contexts, increase bone formation as a compensatory mechanism [36,37]. 

In rats exposed to chronic stress (G8), a more pronounced reorganization of trabecular bone 
architecture was observed, suggesting structural adaptation. Chronic stress has been shown to affect 
the balance between osteoblasts and osteoclasts [38], although in this study, bone formation remained 
relatively stable, indicating adaptive rather than degenerative changes [39]. 

Hypertension, especially in groups G5 and G10, also influenced bone remodeling. It may disrupt 
the balance between bone formation and resorption, amplifying the effects of stress [40]. For example, 
the increased trabecular density in G5 may reflect an adaptive response to the combined effects of 
hypertension and stress [41]. 

Although previous studies have examined the isolated effects of stress and hypertension on bone 
[42,43], their interaction remains less understood. Our findings highlight the importance of managing 
both conditions to preserve skeletal integrity. MicroCT analysis showed that G8 (normotensive with 
chronic stress) had the highest trabecular bone volume, supporting evidence that chronic stress can 
trigger adaptive bone formation [44,45]. In contrast, hypertensive rats (G9 and G10) did not show 
significant bone changes, aligning with studies indicating that hypertension alone may not 
significantly alter bone structure over short periods [46,47]. 

Group G4 (normotensive with acute stress) showed reduced bone volume compared to G1 
(control), suggesting an unfavorable response to acute stress, consistent with findings that acute 
stress elevates cortisol levels, impairing bone homeostasis [48,49]. However, G5 (hypertensive with 
acute stress) showed no additional changes, indicating that short-term combined exposure may not 
further alter bone microarchitecture [50,51]. 

Histological analysis using Hematoxylin and Eosin and Masson’s Trichrome stains revealed 
significant changes in the growth plate, notably in G4 and G8, with necrotic areas corresponding to 
reduced bone volume and mineralization seen in MicroCT [52,53]. These findings suggest that acute 
stress, especially when combined with hypertension, may impair growth plate integrity and bone 
formation [54,55]. 

Despite some limitations—such as the use of SHR rats and the short experimental period—this 
study provides relevant clinical insights. Longer exposure periods might reveal more extensive 
remodeling or degenerative changes [56–58]. The limited timeframe may also have prevented 
detection of cumulative effects linked to chronic stress and hypertension [59,60]. 

These results emphasize the clinical relevance of monitoring bone health in individuals exposed 
to psychosocial stress and hypertension. Future studies should investigate molecular pathways, 
inflammatory mediators, and therapeutic strategies—both pharmacological and behavioral—to 
mitigate bone loss and promote skeletal health. 

5. Conclusions 

The conclusion of the study highlights the relationship between stress, hypertension, and bone 
remodeling, demonstrating that these conditions can negatively impact bone health. Through 
histological and radiographic imaging techniques, alterations in bone formation and cartilage 
morphology were observed, particularly in groups exposed to chronic stress and hypertension. 
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Despite limitations such as the duration of exposure and the use of an animal model, the results 
emphasize the impact of physiological stressors on bone metabolism. Future studies should explore 
longer experimental periods and pharmacological or behavioral therapies targeting bone remodeling. 
These advancements could contribute to improving prevention and treatment strategies for bone 
diseases, particularly in patients with chronic stress and cardiovascular conditions. 
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