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ABSTRACT

@l EHNYE VVitamin D is considered a modifiable factor influencing tendon health and

Article Info: function through its effects on cellular activity and extracellular matrix organization.
This experimental study aimed to investigate the effects of an eight-week vitamin D

Received: 30 October 2025 supplementation protocol on the biomechanical properties of the Achilles tendon in

Accepted: 20 January 2026 male Wistar rats.

Available Online: 3 February 2026 Thirty male Wistar rats were randomly allocated to three groups (n = 10 per

group): control, paraffin (vehicle), and vitamin D supplementation (500 1U/kg, three
times per week). Biomechanical properties of the Achilles tendon—including
maximum force (Fmax), stiffness, deformation, and absorbed energy—were assessed
using uniaxial tensile testing 24 hours after the intervention period. Data were
analyzed using one-way analysis of variance (ANOVA), with the significance level
set at p < 0.05.

No significant differences were observed among the groups for Fmax (p =
0.960), stiffness (p = 0.189), deformation (p = 0.137), or absorbed energy (p = 0.716).
These results indicate that vitamin D supplementation at the applied dose and duration
did not induce measurable biomechanical adaptations in the Achilles tendon of

Keywords: healthy male rats.

, , , Eight weeks of vitamin D supplementation had no significant effect on
Biomechanical adaptation, the biomechanical properties of the Achilles tendon in healthy male Wistar rats,
Vitamin D, Achilles tendon, suggesting a limited role for vitamin D under normal physiological conditions.
Rat Tendon impairment appears to be more closely associated with vitamin D deficiency,

whereas supplementation beyond adequate levels may confer minimal additional
biomechanical benefit. Future studies should investigate different dosing regimens,
longer intervention periods, deficiency models, and potential interactions with
mechanical loading, exercise, or co-nutrients such as calcium and omega-3 fatty acids,
as well as possible sex-specific responses. Overall, maintaining sufficient vitamin D
status appears essential for preserving tendon integrity rather than enhancing tendon
biomechanics beyond baseline levels.
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1. Introduction

Dietary supplements—defined as nutrients or bioactive compounds used to enhance health or performance
beyond what is typically achieved through a standard diet—are widely consumed by both athletes and the
general population (1-3). Athletes commonly use supplements not only for direct performance
enhancement but also for indirect benefits such as supporting training adaptations, optimizing body
composition, facilitating injury recovery, and improving mood and well-being. Over the past two decades,
supplement use has increased substantially and now includes a broad range of products, including
carbohydrates, proteins, vitamins, minerals, herbs, and plant-derived extracts (1,4-12). Vitamin D, a
secosteroid prohormone and precursor of the active metabolite calcitriol, plays a central role in calcium—
phosphate homeostasis, bone metabolism, skeletal muscle function, and the modulation of inflammatory
responses. It has been shown to suppress pro-inflammatory cytokines such as interleukin-6 (IL-6), tumor
necrosis factor-a (TNF-a), and interferon-y (IFN-y), while upregulating the anti-inflammatory cytokine
interleukin-10 (IL-10). In addition, vitamin D promotes cytoprotective effects in tenocytes through
activation of ERK and p38 MAPK signaling pathways, mechanisms that may contribute to tendon repair
and tissue homeostasis (13—18). Previous evidence suggests that vitamin D supplementation may enhance
tendon strength, stimulate collagen synthesis, and support extracellular matrix integrity, particularly in
populations exposed to high mechanical loads, such as athletes, or in aging individuals, potentially
accelerating recovery following tendon injury (19-22).

The biomechanical properties of tendons—including maximum force (Fmax), stiffness, deformation, and
absorbed energy—are key indicators of their functional capacity and resistance to mechanical loading.
Maximum force reflects ultimate tensile strength, stiffness represents resistance to deformation,
deformation characterizes elastic behavior, and absorbed energy indicates the tendon’s ability to withstand
and dissipate mechanical energy before failure (23,24). These properties are influenced by tendon
morphology, collagen organization, extracellular matrix composition, and molecular and cellular factors
governing tissue remodeling (25-28). Despite the well-established role of vitamin D in musculoskeletal
health, its specific effects on tendon biomechanics remain insufficiently investigated, particularly beyond
stiffness and across different experimental models. Therefore, the present study aimed to evaluate the
effects of an eight-week vitamin D supplementation protocol on the biomechanical properties of the
Achilles tendon in male Wistar rats. It was hypothesized that vitamin D supplementation would lead to
improvements in tendon stiffness, tensile strength, and overall mechanical resilience.

2. Methods

In this experimental study, 30 male Wistar rats (aged 2—-3 months, initial body mass 180-230 g) obtained
from the Royan Institute (Tehran, Iran) were housed at Qom University of Medical Sciences. Animals were
acclimatized for one week in polycarbonate cages under controlled environmental conditions (22 °C, 12:12
h light—dark cycle) with ad libitum access to standard chow and water. Rats were randomly allocated into
three groups (n = 10 per group): control, paraffin (vehicle), and vitamin Ds supplementation.

The vitamin Ds group received 500 IU/kg body weight (equivalent to 12.5 pg/kg), dissolved in paraffin oil
(1.5 mg/kg), administered via oral gavage three times per week for eight weeks (29,30). The paraffin group
received the vehicle only, while the control group received no intervention. All experimental procedures
were conducted in accordance with the ethical guidelines for the care and use of laboratory animals at Qom
University of Medical Sciences and were approved by the Ethics Committee of the Physical Education and
Sport Sciences Research Institute (approval code: IR.SSRI.REC.2312.2570).

Twenty-four hours after completion of the intervention period, rats were anesthetized using ketamine (100
mg/kg) and xylazine (80 mg/kg). The Achilles tendons were carefully excised, placed in Falcon tubes to
prevent dehydration, and subjected to biomechanical testing. Tendon mechanical properties were assessed
using a Santam® tensile testing machine, and stress—strain curves along with rupture loads were recorded
using the associated software. Descriptive statistics were calculated and are reported as means and standard
deviations. Data normality was assessed using the Shapiro—Wilk test, and homogeneity of variances was
evaluated with Levene’s test. Between-group comparisons were performed using one-way analysis of
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variance (ANOVA), with the level of statistical significance set at p < 0.05. Statistical analyses were
conducted using SPSS software.

3. Results

The Shapiro—Wilk test confirmed normal data distribution, and Levene’s test indicated homogeneity of
variances, thereby satisfying the assumptions for ANOVA. One-way ANOVA revealed no significant
effects of vitamin D supplementation on Achilles tendon Fmax, stiffness, absorbed energy, or deformation
(p > 0.05; Tables 1 and 2).

Table 1. Comparing the Mean and Standard Deviation of variables in different groups

Dependent Groups N Mean Std. Std. 95% Confidence Minimum  Maximum
Variable Deviation  Error Interval for Mean
Lower Upper
Bound Bound
Fmax (N) Control 10 31.28 5.08 1.61 27.65 34.92 25.05 41.85
Paraffin 10  30.29 9.22 2.92 23.69 36.89 16.66 43.91
VitaminD 10 30.83 8.32 2.63 24.87 36.78 21.70 46.32
Total 30 30.80 7.49 1.37 28.00 33.59 16.66 46.32
Stiffness (N/mm) Control 10 14.00 7.90 2.50 8.35 19.65 5.51 28.34
Paraffin 10 10.32 4.40 1.39 7.17 13.46 4,52 17.14
VitaminD 10 9.71 3.08 0.97 7.51 11.91 4.18 14.86
Total 30 1134 5.66 1.03 9.23 13.46 4.18 28.34
Deformation (%) Control 10 453.95 163.09 51.57 337.28 570.61 236.99 777.34
Paraffin 10 499.96 149.40 47.24 393.08 606.83 246.44 755.03
VitaminD 10 612.18 209.78 66.34 462.11 762.24 386.81 1054.97
Total 30 522.03 182.78 33.37 453.78 590.28 236.99 1054.97
Absorbed Energy Control 10 166.91 43.30 13.69 135.93 197.88 83.81 230.13
Q) Paraffin 10 182.18 43.29 13.69 151.21 213.15 116.24 246.95
VitaminD 10 175.11 37.96 12.00 147.95 202.26 122.64 228.92
Total 30 174.73 40.63 7.42 159.56 189.90 83.81 246.95

Table 2. One-way analysis of variance to compare biomechanical properties

Dependent Variable Variance type Sum of df Mean F Sig.
Squares Square

Fmax (N) Between Groups 4.938 2 2.469 0.041 0.960
Within Groups 1620.322 27 60.012
Total 1625.259 29

Stiffness (N/mm) Between Groups 107.780 2 53.890 1.772 0.189
Within Groups 821.110 27 30.411
Total 928.890 29

Deformation (%) Between Groups 132490.677 2 66245.338 2.139 0.137
Within Groups 836316.641 27 30974.690
Total 968807.318 29

Absorbed Energy (J) Between Groups 1168.995 2 584.497 0.338 0.716
Within Groups 46709.954 27 1729.998
Total 47878.949 29
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4. Discussion

In the present study, mean maximum force (Fmax) values did not differ significantly between groups,
indicating that vitamin D supplementation does not enhance ultimate tendon strength in healthy animals.
This finding is consistent with earlier work by Simonsen et al. (1995) and Sommer (1987), who
demonstrated that mechanical loading is the primary determinant of tendon strength once nutritional
requirements are met, with dietary factors exerting only a limited influence under normal conditions
(31,32). In this context, vitamin D appears to act in a permissive rather than an augmentative manner. In
contrast, Angeline et al. (2014) reported reduced Fmax and impaired healing in vitamin D—deficient rotator
cuff models, while Min et al. (2019) observed restored collagen type | synthesis and increased tenocyte
proliferation in vitro following vitamin D exposure (17,33). These discrepancies are likely attributable to
differences in baseline vitamin D status, the presence of tissue injury, and experimental design, supporting
the notion that supplementation does not confer additional tensile strength benefits in the absence of
deficiency or structural damage.

Similarly, no significant changes in Achilles tendon stiffness were observed following vitamin D
supplementation. The slight, non-significant reduction in stiffness in the vitamin D group may reflect
minimal biological variability, such as subtle changes in extracellular matrix hydration or collagen cross-
linking, rather than true mechanical adaptation. These findings align with those of Kubo et al. (2001), who
reported no stiffness alterations following short-term interventions in the absence of mechanical loading
(34). Conversely, studies by Tarantino et al. (2024) and Dougherty et al. (2016) demonstrated increased
collagen content and reduced matrix metalloproteinase-9 (MMP-9) expression in vitamin D-deficient
conditions (20,35), suggesting that supplementation alone is insufficient to induce measurable
biomechanical remodeling in healthy tendon tissue.

Although the vitamin D group exhibited the highest mean deformation values, these differences did not
reach statistical significance. This trend may indicate a slight increase in tendon compliance or viscoelastic
behavior; however, given the absence of concomitant changes in Fmax or stiffness, it is more likely
attributable to normal biological variability rather than a meaningful adaptive response. Huang et al. (2004)
similarly reported non-significant changes in deformation following mild interventions in healthy tendon
models (24). In contrast, Guan et al. (2022) observed reduced deformation in osteoporotic models
following vitamin D supplementation (21), further supporting the hypothesis that vitamin D primarily
exerts protective or restorative effects in compromised tissues rather than enhancing mechanical properties
in healthy tendons.

Absorbed energy, a measure of tendon toughness, also did not differ significantly among groups. This
finding is consistent with previous animal studies demonstrating stable energy absorption in the absence
of prolonged overload, injury, or pathological conditions (32). While Min et al. (2019) and Kim et al.
(2022) reported that vitamin D can enhance extracellular matrix integrity at the cellular level (17,18),
studies by Huang et al. (2004) and Sommer (1987) emphasized that changes in absorbed energy are more
strongly influenced by mechanical loading magnitude and rate than by nutritional supplementation in
healthy animals (24,31). It is therefore plausible that molecular or histological alterations induced by
vitamin D require longer intervention periods or the presence of injury or deficiency to translate into
detectable biomechanical changes. Overall, the absence of significant effects across all measured
biomechanical parameters—Fmax, stiffness, deformation, and absorbed energy—suggests that vitamin D
supplementation does not provide additive mechanical benefits to structurally intact and physiologically
sufficient tendons. These findings underscore the context-dependent nature of vitamin D’s role in tendon
biomechanics, with its influence becoming more apparent under conditions of deficiency, inflammation,
or tissue damage, where it modulates collagen synthesis, cellular proliferation, and inflammatory pathways
(20,35). In contrast, in healthy tendons, structural and functional properties may already operate near an
optimal plateau, beyond which additional vitamin D supplementation yields no measurable biomechanical
enhancement.

Ethical Considerations

Compliance with ethical guidelines
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