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NEW & NOTEWORTHY 25 

The intramuscular oxygen dynamics during stretching remain unclear. Real-time changes in PO₂ 26 

during passive stretching were investigated using phosphorescence quenching. Microvascular 27 

PO₂ decreased in an intensity-dependent manner and remained low during prolonged stretching. 28 

The decline reached a plateau about 2 minutes after stretch onset. Moreover, 2 hours of 29 

sustained stretching downregulated HIF-1α mRNA. Collectively, these findings indicate that 30 

passive stretching induces acute, intensity-dependent microvascular hypoxia that persists and 31 

alters hypoxia-related transcriptional responses in skeletal muscle. 32 

  33 
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Abstract 34 

This study investigated the acute effects of passive stretching on microvascular oxygen partial 35 

pressure (PmvO2) and hypoxia-inducible factor-1α (HIF-1α) expression in rat skeletal muscle, 36 

focusing on stretch intensity and duration. Twenty male Wistar rats were assigned to either a 37 

stretch or sham group. In Study 1, the soleus muscle was passively stretched at varying 38 

intensities by changing its length from the optimal length (LO) by 2, 4, 6, 8, and 10 mm, while 39 

PmvO2 was simultaneously measured. In a separate experiment, the muscle was stretched from 40 

LO to 8 mm and maintained in the stretched position for 2 hours, whereas in the sham group it 41 

was kept at LO throughout. After stretching, the muscle was rapidly frozen, and HIF-1α mRNA 42 

was quantified by real-time PCR. Passive stretching induced an acute, intensity-dependent 43 

decrease in PmvO2. Values during high-intensity stretches (6–10 mm) were significantly lower 44 

than in the sham group (25 ± 9 vs. 39 ± 7 mmHg, LO vs. 8 mm; P < 0.05). Sustained 8 mm 45 

stretching caused a rapid decline in PmvO2 within 40 s, followed by a stable low plateau for 2 46 

hours (time F = 11.2; group F = 17.9; interaction F = 2.10; P < 0.01). Interestingly, 2 hours of 47 

stretching reduced HIF-1α mRNA expression. These findings demonstrate that passive 48 

stretching elicits an intensity-dependent and sustained reduction in microvascular PO2, which 49 

may suppress HIF-1α mRNA expression in skeletal muscle. 50 

 51 

Introduction 52 

Passive stretching has been shown to induce long-term vascular and structural adaptations 53 

in skeletal muscle, including enhanced blood flow, improved endothelial function, and increased 54 

capillary density (1). These adaptive responses suggest that stretch generates early 55 

mechanotransductive and oxygen-related signals within muscle; however, the acute 56 

intramuscular oxygen dynamics that may trigger such adaptations remain unclear. Our previous 57 

work demonstrated that daily passive stretching using a dorsiflexion splint selectively elongates 58 

the soleus muscle and promotes marked microvascular adaptations (1). This finding suggests 59 

that soleus muscle is particularly responsive to stretch-related mechanical stimuli. Acute 60 

hemodynamic responses to muscle stretch has been also reported (2-4). Red blood cell (RBC) 61 

velocity and flux in intramuscular microvessels decrease progressively as muscle length 62 

increases (2). During the initial phase of muscle lengthening, microvessels become aligned 63 

more linearly along the muscle fiber axis, resulting in reduced tortuosity (3). Further increases 64 

in muscle length reduce microvessel diameter, increase vascular resistance, and thereby cause a 65 
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decline in muscle blood flow by up to approximately 40% (4). These findings indicate that 66 

muscle stretch reduces RBC and oxygen delivery to the microvascular bed. However, the impact 67 

of muscle stretching on muscle PO2 remains poorly understood. Although several human studies 68 

using near-infrared spectroscopy (NIRS) have shown reductions in tissue oxygenation during 69 

stretching (5-7), their findings are not entirely consistent. For example, while some studies 70 

report reductions in SmO₂ during stretching (5, 6), others — such as Brodeur et al. (7) — found 71 

no clear decrease. This variability may reflect differences in stretching protocols, including the 72 

target muscle, stretch intensity, duration, and whether the static was static or dynamic, passive 73 

or active. Thus, the acute intramuscular PO₂ responses to stretching remain incompletely 74 

understood. Because PO₂ represents the dynamic balance between oxygen delivery and oxygen 75 

consumption, direct in vivo measurement is essential to understanding how stretch perturbs 76 

intramuscular oxygen availability and potentially triggers downstream hypoxia-responsive 77 

signaling pathways. 78 

In addition to altering muscle blood flow, stretching provides a mechanical stimulus to 79 

various cell types within the muscle. Mechanical stimulus such as stretch play a critical role in 80 

maintaining endothelial cell homeostasis (8). Endothelial cells can sense physical forces, 81 

including stretch and shear stress, and respond by altering gene expression, morphology, and 82 

function (9-11). Endothelial cells can sense not only mechanical stimuli but also chemical 83 

stimuli, such as oxygen, and trigger a variety of adaptive responses (12, 13). Muscle stretching 84 

is thought to promote adaptations in both muscle fibers (14) and endothelial cells (1, 15) 85 

through these mechanical and oxygen-related cues. However, the intramuscular oxygen 86 

dynamics during stretching and the subsequent expression of hypoxia-related genes remain 87 

unclear. Repeated stretch over several days or weeks has been shown to upregulate 88 

hypoxia-inducible factors (HIF-1α and HIF-2α) in skeletal muscle capillary endothelial cells 89 

(15), leading to increase expression of angiogenesis-related genes and enhanced microvascular 90 

density in skeletal muscle (1). These findings suggest that stretching promotes vascular 91 

remodeling in skeletal muscle via hypoxia-responsive signaling pathways (16). Nevertheless, it 92 

remains unclear how the magnitude and duration of stretch affect intramuscular PO2 and 93 

whether such mechanical stimuli induce the expression of HIFs in skeletal muscle. We 94 

hypothesized that passive stretching reduces intramuscular microvascular oxygen partial 95 

pressure (PmvO2), and that this reduction is dependent on the intensity of the stretch. The 96 

dependence on stretch intensity is presumed to result from the previously reported decrease in 97 

microvessel diameter (4, 17, 18). Furthermore, we hypothesized that exposure to localized 98 
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hypoxia caused by stretching would induce the expression of HIF-1α mRNA in skeletal muscle. 99 

To test these hypotheses, the purpose of the present study was to investigate the acute effects of 100 

stretch on intramuscular PmvO2 in rat skeletal muscle, with a specific focus on stretch intensity 101 

(Study 1) and duration (Study 2). Following the completion of PO2 measurements, HIF-1α 102 

mRNA expression in the stretched and non-stretched muscle was quantified using real-time 103 

quantitative PCR (qPCR). 104 

 105 

MATERIALS AND METHODS 106 

Animals 107 

Twenty male Wistar rats (10-13 weeks old; body weight 374±30 g; CLEA Japan, Tokyo) 108 

were used in the present study. The rats were maintained on a 12 h:12 h light-dark cycle and had 109 

free access to food and water. The animal experimental protocol was conducted in accordance 110 

with the Guiding Principles for the Care and Use of Animals in the Field of Physiological 111 

Sciences by the Japan Physiology Society, and approved by the Institutional Animal Care and 112 

Use Committee in Kitasato University School of Allied Health Sciences (Ei-ken 24-23-1). Of 113 

the 20 rats, 10 were used in study 1, 5 were used in study 2, and the remaining 5 served as a 114 

sham group for both Study 1 and 2.  115 

Surgical preparation 116 

Fig. 1 provides a schematic diagram illustrating the experimental setup. Rats were anesthetized 117 

with isoflurane (3% for induction, 1.5-1.8% for maintenance), concentration range known to 118 

minimize cardiovascular depression (19). Mean arterial pressure remained within a 119 

physiological range throughout the experiment, and the sham group served as an anesthetized 120 

control to account for any systemic effects of isoflurane. All surgical procedures were 121 

performed while monitoring rectal temperature, which was maintained at 37.0 ℃ using a 122 

heating pad (PhysioSuite, Kent Scientific, Torrington, CT, USA). A catheter was placed in the 123 

right common carotid artery and connected to blood pressure transducers (model MLT0670; 124 

ADInstruments Japan Inc.) and amplifiers (model FE117; ADInstru- ments Japan Inc.) to 125 

measure mean arterial pressure (MAP) and heart rate (HR). To perform stretching, the left 126 

soleus muscle was gently exposed without damaging the nerves or large blood vessels. The 127 

Achiles tendon connected to the soleus muscle was transected, and the distal end of the muscle 128 

was attached via a suture to a strain gauge (model MLTF500/ST; ADInstruments Japan Inc.) 129 
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mounted on a micromanipulator (Fig. 1). The micromanipulator was used to finely adjust the 130 

distance between the origin and insertion of the soleus muscle, thereby controlling the intensity 131 

of stretch. This setup enabled precise adjustment of muscle length in 1-mm increments. The 132 

exposed muscle tissue was continuously superfused with modified Krebs–Henseleit buffer 133 

(KHB: 132 mM NaCl, 4.7 mM KCI, 21.8 mM NaHCO3, 2.0 mM MgSO4, 2 mM CaCl2-2H2O) 134 

(20, 21). The KHB was adjusted to pH 7.4 at 37 °C using a brief application of 100% CO₂ gas 135 

(a few seconds) during preparation. The CO₂ exposure was used solely for fine pH adjustment 136 

and did not result in sustained hypercapnia or CO₂ equilibration of the solution. To prevent 137 

displacement of the proximal end of the soleus muscle during stretching, a suture was passed 138 

beneath the patellar tendon and secured on the side opposite to the strain gauge, as illustrated in 139 

Figure 1. This fixation ensured that both ends of the soleus muscle were immobilized. 140 

Subsequently, silver wire electrodes were sutured to the proximal and distal ends of the soleus 141 

muscle to determine its optimal length (LO), which was later used as the baseline for stretch 142 

protocol. After completion of all experimental procedures, the rats were euthanized by heart 143 

extraction under 5% isoflurane anesthesia. The soleus muscles were carefully excised and 144 

weighed. In the sham group and the stretch group of Study 2, the mid-belly portion of the 145 

muscle was rapidly frozen, stored at −80 °C, and used for qPCR. 146 

Muscle Stretching 147 

Prior to applying stretch, a reference muscle length was defined. In this study, the 148 

muscle’s optimal length (LO) was designated as the baseline (0 mm). LO is defined as the muscle 149 

length at which maximum active tension is generated (22). To determine the LO, the soleus 150 

muscle was subjected to 7–10 tetanic contractions while incrementally adjusting muscle length. 151 

This procedure required approximately 1-2 minutes. Following the final tetanus, we waited at 152 

least 20 minutes before initiating baseline PmvO₂ recordings. During this period, both PmvO₂ 153 

and passive tension were confirmed to have returned to a stable baseline prior to starting the 154 

stretch protocols. Tetanic contractions were induced by electrical stimulation (100 Hz, 2 ms 155 

pulse duration, 1 s/3 s on/off 25% duty cycle; 80–100 V; Model SEN-2101, Nihon Kohden, 156 

Japan). Passive tension is defined as the force developed by a muscle during passive elongation 157 

in the absence of stimulation, primarily resulting from the elastic properties of structural 158 

components (23). In contrast, active tension is generated in reponse to electrical stimulation and 159 

arises from cross-bridge interactions between actin and myosin filaments within the muscle 160 

fibers (24). The tension measured by the strain gauge represents the sum of passive and active 161 

components. The tension recorded immediately before electrical stimulation was defined as 162 
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passive tension. Accordingly, active tension was obtained by subtracting passive tension from 163 

the total tension during contraction (24). After setting the muscle length at the point where 164 

passive tension was 0 g, a single tetanic contraction was induced, and active tension was 165 

analyzed using LabChart (LabChart 8, ADInstruments Japan, Nagoya, Japan). The muscle was 166 

then stretched by 1-mm increments, and a tetanic contraction was repeatedly evoked at each 167 

length until the active tension reached its maximum value. The muscle length at which maximal 168 

active tension was obtained was defined as the LO in this study. 169 

Stretch Intensity Protocol (Study 1) 170 

To examine the effect of stretch intensity on PmvO2, ten male Wistar rats were used. The 171 

soleus muscle was incrementally stretched from its LO, and PmvO2 was recorded simultaneously. 172 

After maintaining the muscle at LO (0 mm) for 3 minutes, the muscle length was sequentially 173 

adjusted for 3 minutes each to the following positions: 2, 0, 4, 0, 6, 0, 8, 0, 10, and 0 mm. 174 

Manual adjustments using a micromanipulator required approximately 1–3 seconds to transition 175 

between lengths. During each LO phase, PmvO₂ and passive tension returned to stable baseline 176 

levels before the next stretch was initiated. 177 

Stretch Duration Protocol (Study 2) 178 

To evaluate the effect of stretch duration on PmvO2, five male Wistar rats were used. The 179 

soleus muscle was maintained at a stretched position of 8 mm beyond its LO for 120 minutes, 180 

while PmvO2 was continuously recorded in real time throughout the experimental period. This 181 

stretch magnitude corresponded to the length at which a decrease in PmvO2 was observed in the 182 

stretch intensity protocol. A 2-hour stretch duration was selected to characterize the full time 183 

course of intramuscular PO₂ during prolonged stretching. This duration allowed evaluation of 184 

not only the initial decline in PmvO₂ but also whether a stable plateau was maintained 185 

throughout sustained stretch. HIF-1α mRNA expression is reported to change within 24 hours 186 

after static stretch in skeletal muscle (15). Similarly, in human umbilical vein endothelial cells, 187 

hypoxia-induced changes in HIF-1α mRNA occur within 4 hours (25). The 2-hour duration was 188 

chosen to detect the hypoxia-induced changes and to characterize the full temporal profile of 189 

microvascular PO₂ during sustained stretching. Because the temporal kinetics of intramuscular 190 

PO₂ during sustained stretch were entirely unknown, a longer period was required to fully 191 

capture the onset, stabilization, and maintenance of PO₂ responses. 192 

Sham procedure 193 
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In the sham group (n=5), the muscle length was maintained at the LO throughout the 120 194 

minutes, and PmvO2 was measured over the same duration. To minimize the number of animals 195 

used, PmvO2 data from the sham group were shared between studies 1 and 2. The inclusion of a 196 

sham group was necessary to account for potential changes in PO₂ resulting from the surgical 197 

exposure of skeletal muscle and prolonged observation under exposed conditions. 198 

PO2 measurement 199 

Figure 1 illustrates the schematic diagram of PmvO2 measurement using the 200 

phosphorescence quenching method. Measurements were performed with a phosphorometer 201 

(OxyLED, Oxyphor LCC, USA) and the phosphorescent probe Oxyphor PdG4 202 

(Pd-meso-tetra-(3,5-dicarboxyphenyl)-tetrabenzoporphyrin; Oxyphor LLC, USA). Oxyphor 203 

PdG4 is a PEGylated dendrimer-based phosphorescent probe (molecular weight ~35 kDa) that 204 

remains confined to the vascular compartment due to its large hydrodynamic size. Previous 205 

studies have demonstrated that PdG4 shows minimal leakage from the vasculature for several 206 

hours and exhibits exceptional photostability during repeated excitation at frequencies up to 1–2 207 

Hz (26). PdG4 even allows repeated oxygen imaging in the same animal on the following day, 208 

demonstrating its prolonged intravascular confinement (26). In this study, PdG4 was injected via 209 

the right carotid artery at a dose of 4 mg/kg of body weight (27), and PmvO₂ acquisition was 210 

initiated approximately 20 minutes later to ensure complete intravascular distribution of the 211 

probe. No baseline drift or signal deterioration was observed during the 2-hour recording period. 212 

The principles of the phosphorescence quenching technique have been described previously (26, 213 

28), and detailed characterization of the Oxyphor PdG4 used in this study has been reported 214 

elsewhere (26). Briefly, this technique is based on the Stern–Volmer relationship, which 215 

quantitatively describes the oxygen dependence of the phosphorescent probe, and is expressed 216 

as follows: 217 

PO₂＝
൫τ₀ 

τൗ ൯ െ 1
𝑘𝑄 ൈ  τ₀

 

where kQ is the quenching constant, and τ₀ and τ represent the phosphorescence lifetimes in the 218 

absence of O₂ and at a given PO₂, respectively. The phosphorescence lifetime (τ) is independent 219 

of the local probe concentration and is insensitive to the endogenous chromophores and 220 

fluorophores (29-31). A bifurcated light guide was positioned 2–5 mm above the surface of the 221 

exposed soleus muscle belly, and excitation light at 635 nm wavelength was applied. PmvO2 222 

was recorded every second in a dark room, allowing real-time monitoring PO₂ dynamics during 223 
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stretching. 224 

Curve fitting 225 

To analyze the temporal dynamics of PmvO2 in response to stretching (Study 2), 226 

nonlinear regression was performed using GraphPad Prism, version 10 (GraphPad Software). 227 

The fitting was applied over a 300-second interval, including 60 seconds of baseline at LO and 228 

240 seconds after the onset of stretch. For each rat (n = 5), the following equation was fitted:  229 

𝑷𝒎𝒗𝑶₂ሺ𝒕ሻ  ൌ ൜
𝒀𝟎, 𝒕 ൏ 𝑿𝟎

𝑷𝒍𝒂𝒕𝒆𝒂𝒖 ൅ ሺ𝒀𝟎 െ 𝑷𝒍𝒂𝒕𝒆𝒂𝒖ሻ ∙ 𝒆ି𝑲ሺ𝒕ି𝑿𝟎ሻ, 𝒕 ൒ 𝑿𝟎
 

Here, Y₀ represents the baseline PmvO2 value, Plateau is the asymptotic value as time 230 

approaches infinity, K is the decay constant (with τ = 1/K), and X₀ denotes the onset time of 231 

PmvO2 decline. The adequacy of curve fitting was assessed based on the coefficient of 232 

determination (r²), residual sum of squares (RSS), and visual inspection of residual plots. A 233 

threshold of r² > 0.90 was set for model acceptance. For each subject, the time required for 234 

PmvO2 to reach within the 95% confidence interval (CI) of the plateau value was calculated, 235 

and the mean ± standard deviation across all animals was reported as the time required to reach 236 

a new steady state.  237 

qPCR 238 

Total RNA was extracted from frozen soleus muscle of rats using ISOGEN II (NIPPON 239 

GENE, Tokyo, Japan). The purity and concentration of the RNA were assessed by measuring 240 

the absorbance ratio at 260/280 nm using a NanoDrop Lite spectrophotometer (Thermo Fisher 241 

Scientific, Waltham, MA, USA). The extracted RNA was reverse-transcribed into cDNA using 242 

the PrimeScript RT-PCR Kit (Takara Bio, Shiga, Japan). Quantitative real-time PCR was 243 

performed using SYBR Green PCR Master Mix (NIPPON GENE, Tokyo, Japan) on a 7500 244 

Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) to measure the mRNA 245 

expression of HIF-1α (HIF1A), with β-actin (ACTB) used as the endogenous control. The 246 

primer sequences were as follows: 247 

・HIF1A (HIF-1α):  248 

Forward: 5′-TCAAGTCAGCAACGTGGAAG-3′ 249 

Reverse: 5′-TATCGAGGCTGTGTCGACTG-3′  250 

・ACTB (β-actin):  251 
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Forward: 5′-ACGGTCAGGTCATCACTATCG-3′ 252 

Reverse: 5′-GGCATAGAGGTCTTTACGGATG-3′ 253 

Gene expression was analyzed using the delta-delta Ct method, and the results were normalized 254 

to the mean expression level of the sham group, which was set to 1.0. 255 

Statical analysis 256 

All statistical analyses were performed using GraphPad Prism version 10.0 (GraphPad 257 

Software). In the Study 1, to ensure signal stability, the average PmvO2 value obtained the final 258 

60 seconds of each 3 minutes period was used as the representative value for the stretch or LO 259 

condition. In the Study 2, the baseline value was defined as the average PmvO2 during the 260 

1-minute period prior to stretch onset. For the first 4 minutes following the onset of stretch, 261 

representative values were calculated as the average for every 20-second interval. For the 262 

remaining duration, representative values were calculated every 15 minutes. Animal 263 

characteristics were compared between groups using one-way analysis of variance (ANOVA). 264 

Two-way repeated-measures ANOVA was used to analyze the effects of stretch length (Study 1) 265 

or time (Study 2) as the within-subject factor, and group (stretch vs. sham) as the 266 

between-subject factor. Tukey’s post hoc test was applied for multiple comparisons when 267 

appropriate. All data are expressed as mean ± standard deviation, and statistical significance was 268 

defined as p < 0.05. 269 

 270 

RESULTS 271 

Animal chacteristics 272 

There were no significant differences among the sham and stretch groups in body weight, 273 

heart weight, or soleus muscle weight (Table 1). 274 

Study 1 (Stretch Intensity) 275 

Passive stretching induced a progressive and intensity-dependent decrease in PmvO2, 276 

which recovered upon return to the LO (Fig 2). PmvO2 was significantly lower in the stretch 277 

group than in the sham group under the 6, 8, and 10 mm stretch conditions (Fig 2; p < 0.05, 278 

respectively). In contrast, no significant differences were observed between groups during the 279 

recovery phases. A transient decrease in MAP was observed immediately in the stretch group at 280 
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6, 8, and 10 mm (Fig 3A; p < 0.05, respectively), whereas HR did not change significantly in 281 

eigher group (Fig 3B). In a supplemental post-hoc analysis, the MAP during each stretch phase 282 

was negatively correlated with stretch intensity (rrm = –0.66, p = 0.001; Suppl Figure S1), 283 

indicating a strong negative correlation between stretch intensity and MAP. 284 

Study 2 (Stretch Duration) 285 

Prolonged passive stretching caused a rapid decrease in PmvO2 that remained low 286 

throughout the 2-hour duration (Fig 4A). The first 300 seconds of PmvO₂ responses during the 287 

2-hour stretch, along with the corresponding fitted curves, are presented in Supplemental Figure 288 

S2. Table 2 summarizes the result of the nonlinear regression analysis. Model fitting was good 289 

in all animals, with > 0.95 (Table 2). PmvO2 reached a plateau within 121.8 ± 48.07 s after 290 

stretch onset (Table 2). A transient decrease in MAP occurred immediately after stretch onset 291 

but recovered thereafter (Fig 5A, 5C), while HR showed no persistent difference between 292 

groups (Fig 5B, 5D). 293 

HIF-1α mRNA expression 294 

Figure 6 shows the effect of 2-hour stretch on HIF-1α mRNA expression in the soleus 295 

muscle. HIF-1α mRNA expression was significantly lower in the stretch group compared to the 296 

sham group, which was maintained at LO for 2 hours, as determined by qPCR (Fig 6; p < 0.05). 297 

 298 

DISCUSSION 299 

This study is the first to examine the effects of passive muscle stretching on microvascular 300 

oxygen dynamics in skeletal muscle. The principle findings were as follows: 1) PmvO2 301 

decreased during passive stretching; 2) the lower PmvO2 accompanied with the higher stretch 302 

intensity; 3) PmvO2 rapidly declined after stretch onset, reached a plateau within approximately 303 

2 minutes, and remained low throughout the 2-hour period; 4) HIF-1α mRNA expression in the 304 

soleus muscle was reduced by passive muscle stretching. Collectively, these results indicate that 305 

passive muscle stretching acutely and intensity-dependently decreases PmvO2, sustains this 306 

reduction over time, and is associated with a concomitant suppression of HIF-1α mRNA 307 

expression. 308 

In the present study, we clearly demonstrated that skeletal muscle PmvO2 decreased in 309 

proportion to the intensity of passive stretch. PmvO2 is considered to reflect the balance 310 
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between oxygen delivery to capillaries and consumption (32). A previous human study that 311 

reported small increases (≈ 40 mL/min) in VO₂ during stretching used sit-and-reach–type 312 

movements that actually required voluntary effort, indicating that these protocols were not fully 313 

passive and elicited increases in HR (33). In contrast, the present experiments were conducted 314 

under anesthesia, producing a truly passive stretch without reflexive or voluntary muscle 315 

activation. Consistent with this, HR did not increase during stretching, suggesting that metabolic 316 

demand was minimally altered. Therefore, although a minor contribution from oxygen 317 

consumption cannot be entirely excluded, the predominant driver of the PmvO₂ reduction is 318 

likely reduced oxygen delivery rather than a meaningful increase in metabolic rate. Oxygen 319 

delivery to capillaries is influenced by several microcirculatory parameters, including capillary 320 

volume, functional surface area, RBC flux and velocity, hematocrit, and the path length and 321 

transit time of RBCs (32). Previous studies have shown that stretching reduces capillary 322 

tortuosity in skeletal muscle (4, 18, 34), leading to reductions in capillary diameter and blood 323 

flow (35, 36), as well as decreases in RBC velocity within capillaries (4). Furthermore, 324 

experiments conducted in anesthetized dogs demonstrated that passive stretch of respiratory 325 

muscles, including the diaphragm and parasternal intercostals, elevated intramuscular pressure 326 

and vascular resistance, resulting in transient occlusion or narrowing of arterioles, venules, and 327 

capillaries (37, 38). In the present study, at higher intensities of stretch (≥ 6 mm), a marked 328 

decrease in PmvO2 was observed, which was presumably due to a reduction in RBC transport 329 

efficiency and consequently restricted oxygen delivery to the muscle. In the present study, 330 

muscle stretching was performed from the LO. To estimate the sarcomere length corresponding 331 

to a 6-mm muscle extension, we referred to a previous study (34) showing that dorsiflexing the 332 

rat ankle from 90° to 60° lengthened the soleus muscle by 3–4 mm and increased sarcomere 333 

length from 2.55 µm to 3.17 µm (Δ ≈ 0.62 µm). Based on this relationship, the 6 mm stretch 334 

applied in the present study was estimated to increase sarcomere length to approximately 3.6–335 

3.7 µm. This value exceeds the previously reported threshold range (3.2–3.4 µm), at which RBC 336 

velocity markedly decreases (4). These results suggested that increased vascular resistance 337 

likely contributed to the observed decrease in PmvO2.  338 

We also examined the temporal profile of PmvO2 during the 2-hour stretching period. 339 

Because the temporal kinetics of PmvO₂ during sustained stretch had not previously been 340 

described, a 2-hour protocol was chosen to determine whether the stretch-induced reduction in 341 

oxygen availability was transient or maintained throughout the prolonged period. The time 342 

required for PmvO2 to reach a plateau was approximately 122 seconds, indicating that a new 343 
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steady state was established within about 2 minutes after stretch onset. This time course 344 

suggests that microvascular changes develop over the first few minutes following stretch 345 

initiation. In our previous clinical studies, passive stretching was typically maintained for only 346 

about 30 seconds (39, 40). However, the present findings newly demonstrate that it takes 347 

substantially longer for PmvO2 to decrease and stabilize following stretch onset. In contrast, 348 

previous studies from our group showed that 30 minutes of static stretching using a dorsiflexion 349 

splint improved vascular endothelial function in older patients with peripheral artery disease 350 

(41) and in aged rats (1). The present findings indicate that such stretching protocols are 351 

sufficiently long to expose skeletal muscle to a hypoxic environment. Furthermore, we found 352 

that after the initial decline, PmvO2 remained consistently low throughout the 2-hour stretching 353 

period. Because PmvO2 reflects the balance between oxygen delivery and consumption in 354 

skeletal muscle (32), the sustained decrease observed in this study likely reflects a limitation in 355 

oxygen delivery due to increased vascular resistance. In addition to reduced oxygen delivery, 356 

the results also raise the possibility that oxygen consumption within the muscle increased during 357 

stretching. Endothelial cells are known to enhance oxygen utilization in response to mechanical 358 

stimulation (42). Although endothelial cells were not directly examined in the present study, 359 

previous reports have shown that mechanical stretch increases metabolic activity and oxygen 360 

consumption in endothelial cells. Piezo1 channels—which were not evaluated in the present 361 

study—are thought to mediate this response, as they are activated by mechanical stimuli such as 362 

stretch (43, 44). Activation of Piezo1 channels induces Ca²⁺ influx, which enhances 363 

mitochondrial respiration and subsequently promotes ATP production and oxygen utilization 364 

(42). These mechanisms may therefore contribute to the sustained oxygen consumption 365 

observed during stretching. 366 

In addition, we observed a transient decrease in blood pressure during stretching. However, 367 

PmvO2 continued to decline and remained low throughout the stretch period, even after blood 368 

pressure had recovered. Therefore, the reduction in PmvO2 is unlikely to have resulted primarily 369 

from systemic hypotension. Rather, the sustained decline in PmvO2 likely reflects local 370 

microvascular alterations, such as increased vascular resistance and reduced capillary perfusion. 371 

In contrast, previous studies have reported an increase in blood pressure during stretching (45). 372 

One of the major neural mechanisms regulating cardiovascular responses to muscle activity is 373 

the exercise pressor reflex, which is initiated by group III and IV muscle afferents in response to 374 

mechanical or metabolic stimuli (46). Passive stretching has also been shown to activate these 375 

afferents, leading to increased sympathetic excitation and a rise in arterial pressure (45). 376 
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Ishizawa et al. reported a stretch-induced pressor response in decerebrate, non-anesthetized rats 377 

(45). Methodological differences may explain this discrepancy, as the present experiments were 378 

performed under isoflurane anesthesia. It is possible that anesthesia transiently inhibited reflex 379 

pathways that normally elicit a pressor response during stretching. In previous work, including 380 

that of Ishizawa et al. (45), stretch was applied through calcaneal tendon traction, which 381 

simultaneously stretches the entire triceps surae muscle group. Because this muscle group is 382 

substantially larger than the soleus muscle alone, a greater number of mechanically sensitive 383 

group III–IV afferents would be expected to be activated, resulting in a stronger pressor 384 

response. In contrast, the present study selectively stretched the soleus muscle, and the smaller 385 

muscle mass may have resulted in less afferent recruitment, thereby limiting the magnitude of 386 

the stretch-induced pressor response. 387 

In the present study, we investigated intramuscular oxygen dynamics and HIF-1α mRNA 388 

expression during the two hours of stretch. HIF-1α is a transcription factor that promotes the 389 

expression of angiogenesis-related genes under hypoxic conditions. Chronic passive stretching 390 

of skeletal muscle has been shown to induce localized hypoxia and upregulate HIF-1α and its 391 

downstream targets (1, 15, 47). However, most of these studies were conducted under chronic 392 

stretch conditions lasting several days to weeks, and little is known about the transcriptional 393 

regulation of HIF-1α during the acute phase. Unexpectedly, we observed a significant decrease 394 

in HIF-1α mRNA expression despite sustained low PmvO2 conditions. This finding suggests 395 

that, during the early phase of stretch-induced hypoxia, mechanisms promoting HIF-1α mRNA 396 

destabilization may be preferentially activated. Although this regulatory mechanisms were not 397 

directly examined in the present study, previous reports have identified tristetraprolin and 398 

microRNA-429 as potential mediators of this process. Tristetraprolin binds to AU-rich elements 399 

within the 3′ untranslated region of HIF-1α mRNA and promote its degradation after prolonged 400 

hypoxic exposure (>3h) (48). In endothelial cells, microRNA-429 is transiently induced 2–4 401 

hours after the onset of hypoxia and subsequently suppresses HIF-1α mRNA expression (49). 402 

Collectively, these observations support the idea that early stretch-induced hypoxia can activate 403 

pathways that destabilize HIF-1α mRNA. However, we cannot rule out additional contributions 404 

from non-hypoxic signals, including mechanical and inflammatory cues, which may also 405 

influence HIF-1α mRNA stability under the present experimental conditions. 406 

Limitation 407 
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This study has several limitations. First, several key parameters-such as RBC flux, RBC 408 

velocity, hematocrit, and sarcomere length-were not directly measured. Consequently, the 409 

mechanisms underlying changes in PmvO₂ could not be fully elucidated. Future studies 410 

combining real-time measurements of these microcirculatory and structural parameters with 411 

PmvO2 will provide a more comprehensive interpretation. Second, because the present study 412 

focused exclusively on the soleus, a predominantly type I muscle with known sensitivity to 413 

stretch-induced microvascular adaptations, the findings may not fully extend to muscles with 414 

different fiber-type compositions or architectural characteristics (1). In addition, stretch 415 

intensities in Study 1 were not randomized but applied in an ascending order. Although PmvO₂ 416 

and passive tension returned to baseline between stretches, future studies using randomized or 417 

counterbalanced protocols will be helpful to further exclude potential order effects. Finally, 418 

HIF-1α protein expression was not evaluated. Changes in mRNA expression do not always 419 

parallel protein levels, as previous studies have shown that HIF-1α protein can remain stable or 420 

even increase despite reduced HIF-1α mRNA expression (25, 48). To fully elucidate the acute 421 

hypoxic response to stretch, future research should examine HIF-1α/2α protein levels and 422 

downstream targets such as VEGF-A in parallel with mRNA levels. Because HIF-1α mRNA 423 

was quantified from whole-muscle homogenates, the observed decrease represents the net effect 424 

across multiple cell types within the muscle. Moreover, we did not assess inflammatory markers, 425 

so a contribution of stretch-induced inflammatory signaling (50, 51) to HIF-1α mRNA 426 

regulation cannot be excluded. Future studies combining cell-type-specific analyses (e.g., 427 

immunohistochemistry or in situ hybridization) with inflammatory readouts will be required to 428 

clarify how hypoxia-related and inflammatory pathways interact to regulate HIF signaling 429 

during passive stretch. 430 

Summary and Conclusion.  431 

Using real-time, in vivo phosphorescence quenching technique, this study demonstrated 432 

that passive stretching of rat skeletal muscle induces a stretch intensity-dependent decrease in 433 

PmvO2, which is sustained throughout prolonged stretching. Furthermore, the sustained 434 

reduction in PmvO2 was accompanied by suppressed HIF-1α mRNA expression, indicating that 435 

passive muscle stretch acutely modulates both intramuscular oxygen dynamics and the 436 

regulation of hypoxia-responsive gene expression.  437 
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GLOSSARY 438 

PmvO2: microvascular oxygen partial pressure 439 

LO: optimal muscle length 440 

RBC: red blood cell 441 

HIF-1α / HIF1A: hypoxia-inducible factor-1 alpha 442 

HR: heart rate 443 

MAP: mean arterial pressure 444 

KHB: Krebs–Henseleit buffer 445 

ACTB: β-actin 446 

ANOVA: analysis of variance 447 

CI: confidence interval 448 

RSS: residual sum of squares 449 

NIRS: near-infrared spectroscopy 450 

qPCR: quantitative polymerase chain reaction 451 
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FIGURE LEGENDS 482 

Figure 1. Schematic diagram of the experimental setup for passive muscle stretching. 483 

Rats were anesthetized, and rectal temperature was continuously monitored and maintained at 37 °C 484 

using a heating pad. The left soleus muscle was surgically exposed and connected via a suture to a 485 

strain gauge and micromanipulator for precise control of muscle stretch in 1-mm increments. A 486 

catheter inserted into the right carotid artery was connected to a pressure transducer to monitor mean 487 

arterial pressure (MAP) and heart rate (HR). Microvascular oxygen partial pressure (PmvO2) was 488 

measured during stretching using a phosphorometer positioned above the muscle in a dark room. 489 

 490 

Figure 2. Changes in PmvO2 with increasing stretch intensity 491 

The black and gray lines represent the mean values for the stretch group (n = 10) and the sham group 492 

(n = 5), respectively. Shaded areas indicate standard deviations. Stretch was applied stepwise from 2 493 

to 10 mm, with the muscle returned to its optimal length (LO) after each stretch. Each phase lasted 494 

180 s, and the mean PmvO2 during the final 60 s of each phase was used for analysis. Two-way 495 

ANOVA revealed a significant interaction between time and group (F = 11.83, p < 0.001) and a 496 

main effect of time (F = 12.58, p < 0.001), but not of group (F = 0.64, p = 0.431). PmvO2 was 497 

significantly lower in the stretch group at 6, 8, and 10 mm compared with the sham group (* p < 498 

0.05). PmvO2: microvascular oxygen partial pressure; LO: optimal muscle length. 499 

 500 

Figure 3. Hemodynamic responses to increasing stretch intensity 501 

(A) Mean arterial pressure (MAP) and (B) heart rate (HR) during incremental stretch from 2 to 10 502 

mm. Black and gray lines represent the mean values of the stretch group (n = 10) and the sham 503 

group (n = 5). Shaded areas indicate standard deviations. Stretch was applied stepwise, with the 504 

muscle returned to its optimal muscle length (LO) after each stretch. Each phase lasted 180 s, and the 505 

minimum value during each stretching phase was used for analysis. Two-way ANOVA showed a 506 

significant interaction between time and group in MAP (F = 2.05, p = 0.031). The minimum MAP at 507 

10 mm was significantly lower in the stretch group (* p < 0.05). Two-way ANOVA using the 508 

minimum HR value from each phase revealed a significant main effect of time, whereas no 509 

significant main effect of interaction or group (Fig 3B; time F = 4.26, p = 0.040; interaction F = 0.13, 510 

p = 0.998; group F = 0.24, p = 0.624) was found. HR did not show a transient decrease in either 511 

group. MAP, mean arterial pressure; HR: heart rate; LO: optimal muscle length.  512 
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 513 

Figure 4. Time course and early-phase dynamics of PmvO2 during 120 minutes of stretch 514 

(A) Mean PmvO2 values in the stretch group (n = 5) and the sham group (n = 5). Black and gray 515 

lines represent group means, and shaded areas indicate standard deviations. Measurements included 516 

a 1-min baseline at the optimal muscle length (LO) and 120 min following the onset of 8-mm stretch. 517 

Two-way ANOVA showed significant effects of time (F = 9.78, p < 0.001), group (F = 20.18, p 518 

=0.002), and their interaction (F = 8.97, p < 0.001). At baseline, there was no difference between 519 

groups. After the stretch onset, PmvO2 declined rapidly in the stretch group and remained lower than 520 

in the sham group. The difference became significant within 20–40 s and persisted throughout the 521 

120-min period (*p < 0.05). (B) Early-phase dynamics during the first 240 s after stretch onset. 522 

PmvO2 showed a rapid decline followed by a plateau. Nonlinear regression demonstrated a good fit 523 

in all animals (r² > 0.95). On average, PmvO2 reached the 95% confidence interval of the plateau 524 

within 121.8 ± 48.1 s. PmvO2: microvascular oxygen partial pressure; LO: optimal muscle length. 525 

 526 

Figure 5. Hemodynamic responses to stretch duration 527 

(A, C) Mean arterial pressure (MAP) and (B, D) heart rate (HR) during 120 min of sustained 8-mm 528 

stretch. Black and gray lines represent the mean values of the stretch group (n = 5) and the sham 529 

group (n = 5). Shaded areas indicate standard deviations. Measurements included a 1-min baseline at 530 

the optimal muscle length (LO) followed by 120 min after stretch onset. MAP showed a significant 531 

interaction (Fig 5A, C; F = 2.33, p = 0.002) but no main effects. HR showed significant effects of 532 

interaction (F = 4.74, p < 0.001) and time (F = 7.09, p < 0.001) but not group (F = 0.47, p = 0.500). 533 

In the stretch group, MAP showed a transient decrease immediately after stretch but returned to 534 

levels comparable to those in the sham group (Fig 5C). HR changed significantly over time, but no 535 

persistent group difference was observed.  536 

 537 

Figure 6. Effect of 120-minute stretch on HIF-1α mRNA expression 538 

HIF-1α mRNA expression in the soleus muscle was assessed by quantitative PCR. The sham group 539 

(n = 5) was maintained at the optimal muscle length (LO) for 120 min, whereas the stretch group (n = 540 

5) underwent 120 min of sustained stretch. Expression levels were normalized to housekeeping gene 541 

(β-actin) and expressed relative to the sham mean. Data are presented as mean ± standard deviation. 542 

HIF-1α mRNA expression was significantly lower in the stretch group than in the sham group (* p = 543 

0.002). 544 

 545 
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 1

Table 1 Animal characteristics 1 

 SHAM  stretch (study 1) stretch (study 2)  

n 5 10 5  

Body Weight, g 367.8±20 370.4±30 386.2±36 F= 0.58 P= 0.56 

Heart weight/body weight, mg/g 2.84±0.22 2.86±0.20 2.71±0.21 F=0.77 P= 0.47 

Soleus muscle weight/body weight, 

mg/g 

0.37±0.05 0.45±0.06 0.40±0.07 F=2.52 P=0.10 

Values are means ± SD. 

 2 
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 1

Table 2 Nonlinear Regression Analysis 1 

Parameters  

X0  12.03 ± 3.08 

Y0 31.75 ± 4.19 

Plateau 13.27 ± 7.53 

k 0.07 ± 0.06 

Tau 21.31 ± 10.17 

Values are means ± SD. 

Note: Data are presented as mean ± standard deviation (n = 5). 2 

Abbreviations: PO2, partial pressure of oxygen; τ, time constant; X0, onset time of PmvO2 3 

decline; Y0, baseline PmvO2; Plateau, asymptotic PmvO2 value. 4 

 5 

 6 

 7 
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microvascular PO₂, which is sustained throughout prolonged stretching. 
Furthermore, this sustained reduction in microvascular PO₂ is accompanied by 
suppressed HIF-1α mRNA expression.
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