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ABSTRACT 25 

It is well established that testosterone administration induces muscle fiber hypertrophy and 26 

myonuclear addition in men, however, it remains to be determined whether similar 27 

morphological adaptations can be achieved in women. The aim of the present study was 28 

therefore to investigate whether exogenously administered testosterone alters muscle fiber 29 

morphology in skeletal muscle of young healthy, physically active women. Thirty-five young 30 

(20–35 years), recreationally trained women were randomly assigned to either 10-week 31 

testosterone administration (10 mg daily) or placebo. Before and after the intervention, 32 

hormone concentrations and body composition were assessed, and muscle biopsies were 33 

obtained from the vastus lateralis. Fiber type composition, fiber size, satellite cell- and 34 

myonuclei content, as well as muscle capillarization were assessed in a fiber type-specific 35 

manner using immunohistochemistry. Following the intervention, testosterone administration 36 

elevated serum testosterone concentration (5.1-fold increase, P=0.001), and induced 37 

significant accretion of total lean mass (+1.9%, P=0.002) and leg lean mass (+2.4%, 38 

P=0.001). On the muscle fiber level, testosterone increased mixed fiber cross-sectional area 39 

(+8.2%, P=0.001), an effect primarily driven by increases in type II fiber size (9.2%, 40 

P=0.006). Whereas myonuclei content remained unchanged, a numerical increase (+30.8%) 41 

was found for satellite cells associated with type II fibers in the Testosterone group. In 42 

parallel with fiber hypertrophy, testosterone significantly increased capillary contacts (+7.5%, 43 

P=0.015) and capillary-to-fiber ratio (+9.2%, P=0.001) in type II muscle fibers. The current 44 

study provides novel insight into fiber type-specific adaptations present already after 10 45 

weeks of only moderately elevated testosterone levels in women.  46 

 47 

KEYWORDS: androgens, capillarization, myonuclei, myonuclear domain, satellite cells 48 
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NEW & NOTEWORTHY 50 

We have recently demonstrated performance-enhancing effects of moderately elevated 51 

testosterone concentrations in young women. Here we present novel evidence that 52 

testosterone alters muscle morphology in these women, resulting in type II fiber hypertrophy 53 

and improved capillarization. Our findings suggest that low doses of testosterone potently 54 

impacts skeletal muscle after only ten weeks. These data provide unique insights into muscle 55 

adaptation and supports the performance-enhancing role of testosterone in women on the 56 

muscle fiber level.   57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 



4 
 

INTRODUCTION 74 

Androgens like testosterone are responsible for the development of secondary sex 75 

characteristics and for maintaining tissue anabolism by stimulating cell growth and 76 

differentiation through an androgen-receptor meditated pathway. Sex-based differences in 77 

muscle mass are largely due to higher systemic testosterone levels in men (8–29 nmol L-1), 78 

compared to women (0.1–1.8 nmol L-1) (26). When administered exogenously to men, 79 

testosterone exerts anabolic actions on bone (57), hemoglobin (6) and skeletal muscle (5, 21), 80 

thereby contributing to improved athletic performance. In women on the other hand, the 81 

ergogenic effects are less well characterized (33), although, it is suggested that endogenous 82 

androgen levels are associated with increased performance and muscle mass in competitive 83 

athletes (4, 16). In line with this, we have recently demonstrated a causal effect of moderately 84 

elevated testosterone concentrations (5-fold increase) on running time to exhaustion (+8.5%) 85 

in young women (30). 86 

 87 

Short-term testosterone administration in men induces muscle fiber hypertrophy in a dose-88 

dependent manner (50, 51), and athletes on long-term anabolic steroid use display greater 89 

muscle fiber cross-sectional areas (fCSA) compared to non-users (19, 37). Improvements in 90 

size and contractile properties have also been identified down to the level of individual 91 

muscle fibers (22). Intriguingly, slow type I fibers are reportedly more responsive to androgen 92 

action than fast type II fibers (1, 19, 50). This argues for the possibility that type I and type II 93 

fibers respond differently to increased testosterone concentrations. However, since these 94 

findings are related to men, it remains to be determined whether testosterone administration 95 

alters muscle fiber morphology also in young women, and whether these changes are fiber-96 

type dependent. 97 

 98 
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One of the purported mechanisms by which testosterone regulates muscle growth is through 99 

increased myogenic activity, such as the activation, proliferation and subsequent fusion of 100 

muscle satellite cells into new myonuclei. In this respect, fiber hypertrophy in response to 101 

testosterone is associated with satellite cell-mediated myonuclear addition (51, 52). Similarly, 102 

long-term use of anabolic steroids has been shown to increase myonuclei content (19, 37), 103 

likely as a molecular mechanism to sustain protein synthesis during robust hypertrophy. 104 

Further evidence that androgens are critical for myogenic adaptation is found in men with 105 

pharmacologically suppressed testosterone levels, exhibiting a blunted myonuclear addition in 106 

response to resistance training (40). 107 

 108 

Improvements in muscle performance following testosterone exposure may be underpinned 109 

by remodeling of the microvascular network. In addition to supplying muscle tissue with 110 

oxygenated blood and nutrients, recent advancements have revealed a key role for muscle 111 

capillaries in mediating hypertrophic adaptations (45, 55), likely through activation of the 112 

satellite cell pool (47, 48, 54). While it is commonly demonstrated that various forms of 113 

exercise increase capillary content (10, 29, 31), the effects of exogenous testosterone on 114 

muscle capillarization remains poorly understood, particularly in women.  115 

 116 

Much work has been devoted to study the effects of testosterone in men, whereas, to the best 117 

of our knowledge, no study has yet addressed responses on the muscle fiber level in women. 118 

Improved body composition and muscle strength have previously been reported after 119 

testosterone replacement in postmenopausal women and in women with hypopituitarism (34, 120 

44), however, it is challenging to apply these data to healthy young women increasing their 121 

testosterone concentration above normal physiological range. Therefore, in the present study, 122 

we sought to expand on our previous findings (30), and investigate whether the improvements 123 
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in physical performance were mediated by changes in muscle morphology. Moreover, we 124 

aimed to investigate the effects of testosterone on muscle fiber characteristics in women, with 125 

specific implications for the controversy in women´s sports regarding eligibility regulations in 126 

athletes with naturally high testosterone levels. For ethical reasons, female elite athletes could 127 

not be investigated and therefore we chose young physically active women as our study 128 

population. Using immunohistochemistry, we aimed to determine fiber type-specific 129 

responses to testosterone in skeletal muscle of these women. Based on prior studies, we 130 

hypothesized that elevated testosterone levels in women would induce muscle hypertrophy, 131 

primarily in type I fibers, increase satellite cell- and myonuclei content and concomitantly 132 

expand the microvascular network.    133 

   134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 
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METHODS 146 

Ethical approval  147 

All women were informed about the potential risks associated with the study after which they 148 

gave written consent. The study was approved by the local ethics committee in Stockholm 149 

(2016/1485-32, amendment 2017/779-32) and was carried out in accordance with the 150 

Declaration of Helsinki. The study is part of a larger project investigating the impact of 151 

testosterone administration on athletic performance/muscle mass in women (30). This trial 152 

was registered at ClinicalTrials.gov (NCT03210558).  153 

Subjects  154 

Thirty-five healthy young women (age: 28 ± 4 years) were included in the present study. 155 

Subjects were considered recreationally trained, regularly engaged in physical activities and 156 

performed sports or exercise at least 3 times/week, including both resistance- and endurance 157 

type exercise. Baseline characteristics of the subjects are presented in Table 1. Exclusion 158 

criteria were the presence of any medical disorder, oligomenorrhea or amenorrhea and intake 159 

of hormonal contraceptives during the last two months prior to the study. All women 160 

underwent gynecological examinations prior to the study, including ultrasound examinations 161 

of the uterus and ovaries.   162 

Study design  163 

The study is a randomized, double-blind, placebo-controlled study (RCT) in which the 164 

investigators, research coordinators, and the participating women were blinded to treatment 165 

allocation. Following screening, subjects were randomly assigned to either testosterone cream 166 

(10 mg, Andro-Feme® 1) or placebo cream, applied every evening to the outer thigh for 10 167 

weeks. Based on previous studies (24), and the intention to increase testosterone levels about 168 

two-fold, the administered dosage (10 mg daily) was chosen to induce significant increases in 169 

systemic testosterone concentrations without causing severe harmful side effects. Baseline 170 



8 
 

data collection was performed in the early follicular phase of the menstrual cycle (cycle day 171 

1-7) and final data collection at the end of the 10-week intervention period, without specific 172 

regards to phases of the menstrual cycle. Compliance and adverse events were monitored 173 

during the study and have been reported elsewhere (30). In addition, subjects were instructed 174 

to maintain their habitual training during the intervention. This was controlled by training 175 

records in which the type and amount of training was documented before (week 0) and in the 176 

end of the intervention (week 10). At both Baseline and end of treatment (Exit), body 177 

composition and strength were determined, and muscle biopsies and blood samples were 178 

collected.  179 

Hormone concentrations  180 

As described previously (30), serum concentration of testosterone was determined by liquid 181 

chromatography- tandem mass spectrometry (LC-MS/MS). In order to determine free 182 

androgen index, sex hormone-binding globulin (SHBG) was assessed by 183 

electrochemiluminescence immunoassay and free androgen index was calculated as 184 

testosterone nmol L-1 divided by SHBG nmol L-1 ∙ 100. 185 

Body composition  186 

Body composition (total lean mass, leg lean mass and fat mass) was investigated at Baseline 187 

and Exit using dual energy X-ray absorptiometry (DXA), (Lunar Prodigy Advance, GE 188 

Healthcare, USA), previously described elsewhere (16).  189 

Muscle strength  190 

After a standardized warm up, subjects performed three right leg maximal voluntary isometric 191 

knee extensions at a 60 degree knee angle. After low pass filtering at 50Hz, the knee extensor 192 

torque signal (Isomed2000, D&R Ferstl GmbH, Henau, Germany) was sampled at 5000 Hz 193 

(Spike2, version 7.09, CED, England). Peak torque was calculated as the highest torque 194 
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attained during a 3s effort. Peak rate of torque development was calculated as the peak value 195 

of the derivative of the torque time curve. 196 

Muscle biopsy sampling  197 

Muscle biopsies at Baseline and Exit were collected approximately 60 minutes after the 198 

subjects had completed a set of performance tests (jump tests, knee extension torque, running 199 

time to exhaustion and Wingate anaerobic power test), as described earlier (30). Biopsies 200 

were taken from the middle portion of the vastus lateralis muscle approximately 15 cm above 201 

the patellae (at a depth of 2-3 cm). After administration of local anesthesia (Carbocaine 20 mg 202 

ml-1, AstraZeneca AB, Sweden), a small incision was made to the skin and fascia and samples 203 

of 50-100 mg were obtained with a Weil-Blakesley conchotome (14). After quickly removing 204 

visible blood or connective tissue, fiber bundles were oriented perpendicular to the horizontal 205 

surface and mounted in O.C.T embedding medium (Tissue-Tek® O.C.T compound), 206 

thereafter quickly frozen in isopentane cooled by liquid nitrogen. These specimens were 207 

subsequently stored at -80°C until sectioning commenced. 208 

Immunohistochemistry  209 

Muscle cross-sections (7 µm) were cut at -21°C using a cryostat (Leica CM1950) and care 210 

was taken to align samples for subsequent cross-sectional analyses. Cryosections were then 211 

placed on microscope glass slides (VistaVision™, VWR International), allowed to air-dry for 212 

60 min and stored at -80°C. Samples from Baseline and Exit were mounted together to 213 

minimize variability in staining efficiency.  214 

For muscle fiber type composition, unfixed slides were incubated overnight with a primary 215 

antibody against laminin (1:50; D18, Developmental Studies Hybridoma Bank (DSHB), 216 

USA) in order to delineate fiber borders. The following day slides were incubated for 60 min 217 

with primary antibodies against myosin heavy chain (MHC) isoform proteins; MHC-I (1:500; 218 

BA-F8, DSHB, USA) and MHC-II (1:250; SC-71, DSHB, USA), diluted in PBS (1% normal 219 
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goat serum and 1% fat-free dry milk). After washes in Phosphate buffered saline (PBS), 220 

species- and subclass specific secondary fluorescent antibodies were applied for 60 min 221 

(1:100; Goat anti-mouse 350 IgG2A, 1:500; 488 Goat anti-mouse IgG2B and 1:500; 594 Goat 222 

anti-mouse IgG1, Alexa Fluor, Invitrogen, USA). Slides were then mounted with cover 223 

glasses using Prolong Gold Antifade Reagent (Invitrogen, USA). This staining rendered blue 224 

fiber borders and enabled differentiation between type I (green) and type II muscle fibers 225 

(red), as depicted in Figure 3.  226 

For fiber type-specific satellite cell staining, slides were fixed in 4% paraformaldehyde (PFA) 227 

for 20 min, washed in PBS and blocked for 30 min in 1% bovine serum albumin and 0.01% of 228 

Triton X-100. Thereafter, incubated overnight with a cocktail of antibodies against laminin 229 

(1:200; D18, DSHB, USA), MHC-I (1:500; BA-F8, DSHB, USA), and Pax7 (1:100; 199010, 230 

Abcam, GBR), diluted in 1% normal goat serum. The next day, slides were incubated with 231 

secondary antibodies (1:500; 488 Goat anti-mouse IgG2A, 1:2000; 488 Goat anti-mouse IgG2B 232 

and 1:500; 594 Goat anti-mouse IgG1, Alexa Fluor, Invitrogen, USA), prior to mounting with 233 

Prolong Gold Antifade Reagent containing 4´,6-diamidino-2-phenylindole (DAPI, Invitrogen, 234 

USA) to permit labeling of nuclei. Satellite cells were visualized in red, nuclei in blue, 235 

laminin border and type I muscle fiber in green, where the latter being weakly stained to 236 

clearly separate fiber borders from type I fibers (Figure 4). 237 

For fiber type-specific capillary staining, slides were fixed in 2% PFA for 5 min, washed in 238 

PBS and incubated for 2h at room temperature with antibodies against laminin (1:50; D18, 239 

DSHB, USA) MHC-I (1:500; BA-F8, DSHB, USA) and CD31/PECAM (1:400; JC70, Santa 240 

Cruz Biotechnology, USA). Following PBS washes, slides were incubated with secondary 241 

antibodies (1:500; 350 Goat anti-mouse IgG2A, 1:1000; 488 Goat anti-mouse IgG2B, 1:1000; 242 

594 Goat anti-mouse IgG1, Alexa Fluor, Invitrogen, USA), diluted in PBS (1% normal goat 243 

serum), before being mounted with Prolong Gold Antifade Reagent (Invitrogen, USA). These 244 
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procedures stained capillaries in red, laminin border in blue and type I muscle fibers in green, 245 

depicted in Figure 5. 246 

Image acquisition and analysis 247 

Stained sections were visualized on a computer screen connected to a widefield fluorescent 248 

microscope (Celena® S, Logos Biosystems, South Korea) and pictures were digitally 249 

captured and processed using image analysis software (Celena® S Digital Imaging System, 250 

Logos Biosystems, South Korea). Fluorescence signal was recorded using mCherry excitation 251 

filter (580/25 nm), EYFP excitation filter (500/20 nm) and DAPI excitation filter (375/28 252 

nm). All morphological analyses and subsequent quantification were performed in ImageJ 253 

(National Institutes of Health, USA) by an experienced investigator blinded to the subject 254 

coding. For analyses of fCSA and fiber type composition, all biopsies were included (n=35), 255 

whereas five biopsies for Pax7-staining (Placebo=15, Testosterone=15) and two biopsies for 256 

CD31-staining (Placebo=15, Testosterone=18) were excluded due to poor tissue quality or 257 

insufficient number of fibers.  258 

In MHC/laminin-stained slides, the number of fibers of each type was counted on the whole 259 

muscle section to accurately determine fiber type composition, including an average of 694 ± 260 

326 (SD) fibers per biopsy (9). Their relative abundance was then expressed as percentage of 261 

total fiber number. From the same slides, 4-6 areas from different regions of the biopsy, free 262 

of freezing artefacts were used for assessment of fCSA. Within each area, fCSA was 263 

measured by manually encircling the laminin border and 50 fibers per fiber type were 264 

included for analysis (8, 43). These fibers were randomly selected but fibers oriented 265 

longitudinally or fibers located in the periphery of the biopsy were not considered for 266 

analysis. Mean fCSA was then obtained by averaging individual fiber sizes. The analysis of 267 

fiber size distribution was performed by distributing fibers into size intervals of 1000 µm2 to 268 

compare their relative frequency. The form factor was used to ensure fiber circularity in 269 
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muscle cross-sections; (4π ∙ fCSA) / (fiber perimeter)2 (10) and this did not differ between 270 

pre-post measurements (data not shown). 271 

To determine fiber type-specific satellite cell abundance, MHC-I and laminin staining was 272 

applied in conjunction with the Pax7-antibody, previously used for satellite cell identification 273 

in human skeletal muscle (56). Pax7-positive cells (Pax7+) located inside the laminin border 274 

were, in case of colocalization with DAPI determined satellite cells and then marked together 275 

with their associated fiber type, either type I (MHC-I positive) or type II (MHC-I negative), 276 

see Figure 4 for example. An average of 348 ± 96 (SD) fibers per biopsy were included for 277 

satellite cell quantification and were then expressed as; number per fiber, in relation to 278 

myonuclei content (% satellite cells) and per fiber area (mm2). From the same staining, 279 

myonuclei content was determined separately for each fiber type. To counter one of the 280 

inherent difficulties analyzing myonuclei content using a widefield microscope, we 281 

consistently adhered to the criterion that nuclei had to have more than half of its geometrical 282 

center residing inside the basal lamina to be considered myonuclei (DAPI+/Pax7-). As 283 

suggested in previous reports (42), the analysis included 50 fibers/fiber type/biopsy and 284 

myonuclei content was expressed as; per fiber and in relation to fiber area, i.e. myonuclear 285 

domain. 286 

Quantification of fiber type-specific capillary indices was performed in accordance with 287 

previous work (28), comprising capillary contacts (CC; number of capillaries in contact with 288 

each individual fiber) and the capillary-to-fiber ratio (C/Fi; capillaries in contact with each 289 

individual fiber considering their sharing factor). To further quantify muscle fiber diffusion 290 

capacity we also determined the individual capillary-to-fiber perimeter exchange ratio (CFPE; 291 

capillaries per 1000 µm-1) as a quotient between C/Fi and fiber perimeter. Capillary indices 292 

were calculated separately for type I and type II fibers including 25 fibers/biopsy as a 293 

minimum.  294 
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Statistics 295 

Data are presented as means ± SD. Normality of the data was assessed with Shapiro-Wilk test 296 

and data were log-transformed in case of significance. Baseline comparisons were performed 297 

with unpaired student’s t-test. Effect of intervention was analyzed using two-way mixed 298 

ANOVA with factors for group (Testosterone vs Placebo) and time (Baseline vs Exit). Holm-299 

Sidak´s multiple comparison was used as Post hoc test to localize the effects of each ANOVA 300 

model revealing significant interaction. Pearson product-moment correlation coefficient (r) 301 

was used to investigate the relationship between hormone concentrations and outcome 302 

measures. Analyses were completed using GraphPad Prism (version 8.0.0 for Windows, 303 

GraphPad Software, USA). Statistical significance was accepted at P < 0.05.  304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 
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RESULTS 318 

Subject characteristics 319 

Subject characteristics are presented in Table 1. Except for body mass (main effect of group, 320 

P < 0.05), the groups were comparable at Baseline and no changes were observed over time.  321 

Hormone concentrations  322 

Hormone concentrations are presented in Table 1. The included participants had at Baseline 323 

an average testosterone concentration of 0.90 nmol L-1 (range from 0.30 to 1.63 nmol L-1). As 324 

expected, the Testosterone group significantly increased testosterone levels to an average 325 

concentration of 4.65 nmol L-1 (interaction effect, P < 0.01; +5.1 fold; range from 1.48 to 326 

12.75 nmol L-1, P=0.001) and the free androgen index (interaction effect, P < 0.01; +6.5 fold; 327 

P=0.001), whilst no corresponding changes were observed in the Placebo group.  328 

Training records 329 

Training records collected before (week 0) and at the end of the intervention (week 10) were 330 

obtained from a limited number of subjects due to low reporting adherence (Placebo; n=12, 331 

Testosterone; n=13). Training habits were similar between groups and remained unchanged 332 

over time, see Table 1.   333 

Body composition  334 

No differences between groups were observed at Baseline for measures of body composition 335 

(Table 1). However, after the intervention, a tendency for interaction effect for total lean mass 336 

(P=0.067), and an interaction effect (P < 0.05) for leg lean mass was found, whereby the 337 

Testosterone group displayed significant increases in total lean mass (+1.9%, P=0.002) and 338 

leg lean mass (+2.4%, P=0.001). No changes were observed for fat mass (kg) and percent 339 

body fat in any of the groups.  340 

 341 
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Muscle strength  342 

Isometric knee extension peak torque was similar between groups at Baseline and no changes 343 

were observed following the intervention (209 ± 10 to 211 ± 10 Nm vs 218 ± 8 to 224 ± 9 Nm 344 

in the Placebo and Testosterone group, respectively). Similarly, peak rate of torque 345 

development did not change (1213 ± 70 to 1154 ± 70 Nm/s vs 1264 ± 63 to 1214 ± 85 Nm/s 346 

in the Placebo and Testosterone group, respectively). 347 

Fiber type composition and fiber size  348 

Results for fiber type composition and fiber size are shown in Table 2. In response to the 349 

intervention, fiber type composition remained unchanged. However, for fCSA in mixed 350 

fibers, an interaction effect was found (P < 0.05), in which the Testosterone group displayed a 351 

significant increase (+8.2%, P=0.001). When further analyzing the different fiber types, type I 352 

fCSA displayed a main effect of time (P < 0.05). For type II fCSA, an interaction effect was 353 

found, whereby the Testosterone group demonstrated a significant increase following the 354 

intervention (+9.2%, P=0.006). The increase in type II fCSA could also be visualized by the 355 

size distribution analysis, demonstrating a rightward shift for type II fibers in the Testosterone 356 

group (Figure 1D).  357 

Fiber type- specific satellite cell- and myonuclei content 358 

Fiber type- specific satellite cell- and myonuclei content is shown in Figure 2. Type II fibers 359 

revealed a trend for main effect of time in satellite cells per fiber (P=0.054) and percent 360 

satellite cells (P=0.079). Although, no differences were observed between the groups (no 361 

interaction effect), the tendency for change over time for satellite cells in type II fibers 362 

seemed to be primarily driven by increases in the Testosterone group (+30.8%, 12/15 363 

participants increased), and not by the Placebo group (+3.6%, 6/15 participants increased). 364 

This was although not the case for percent satellite cells. Likewise, satellite cell content per 365 
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square millimeter (SCs per mm2) was not altered and both myonuclei per fiber and 366 

myonuclear domain remained constant (Figure 2).  367 

Fiber type-specific capillary content  368 

Muscle fiber type-specific capillary content is shown in Table 3. Following the intervention, 369 

type II CC and type I C/Fi displayed a main effect of time (P < 0.05). Again, the change over 370 

time for type II fiber CC (no interaction effect) seemed to be driven by the Testosterone group 371 

(Testosterone; +7.5%, 15/18 participants increased, Placebo; 2.2%, 9/18 participants 372 

increased). Furthermore, a trend for interaction (P=0.060) was found for type II fiber C/Fi, in 373 

which the Testosterone group displayed a significant increase (9.2%, P=0.002), compared to 374 

an unchanged Placebo group. However, type I and type II fiber CFPE remained unchanged in 375 

response to the intervention. 376 

Correlations  377 

No correlations were found between basal hormone concentrations (serum testosterone and 378 

free androgen index) and muscle morphology, body composition or strength. Likewise, 379 

changes in hormone concentrations in the Testosterone group were not associated to 380 

alterations in muscle morphology or body composition (P > 0.05). 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 
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DISCUSSION 389 

The present study sought to determine the effects of exogenous testosterone on muscle fiber 390 

morphology in young women. The main finding observed here was that moderately elevated 391 

testosterone levels for 10 weeks (fivefold above normal physiological range) induced 392 

alterations in skeletal muscle morphology, manifested as type II fiber hypertrophy and an 393 

expansion of the microvascular network. Interestingly, the apparent fiber hypertrophy was not 394 

accompanied by addition of new myonuclei, and only numerical increases were observed for 395 

satellite cell content, suggesting that satellite cell-mediated myonuclear addition is of less 396 

importance during early stages of testosterone-induced hypertrophy. We hereby provide novel 397 

physiological insights in women receiving exogenous testosterone and our data largely 398 

conforms to the well-defined anabolic properties of testosterone in skeletal muscle. 399 

It is consistently shown that testosterone administration in men increases strength and muscle 400 

mass (5, 59), and mitigates muscle wasting during ageing or clinical conditions (7, 20, 25). 401 

Studies investigating whether testosterone exerts ergogenic or anabolic actions in women are 402 

nevertheless scarce. Besides perceived effects documented in women self-administering 403 

anabolic steroids (60), improvements in strength and body composition have been reported in 404 

androgen deficient women after testosterone replacement therapy (34, 44), though the latter 405 

study detected effects first after reaching high serum concentrations (≈ 7 nmol L-1). In 406 

accordance, but with lower systemic levels (≈ 4.5 nmol L-1), we demonstrate for the first time 407 

that exogenously administered testosterone improves muscle morphology in healthy 408 

euandrogenic women. It thus appears that testosterone induce ergogenic effects independently 409 

of sex and that effects in young women can be achieved at lower serum concentrations than in 410 

postmenopausal women. Interestingly, some studies employing dose-response designs have 411 

found correlations between increasing systemic testosterone levels and changes in muscle 412 

mass (6, 34). However, in the present study, no such correlations were found. Even though 413 
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blood sampling was standardized according to clock time and sampling method, this lack of 414 

association may potentially be explained by variations in absorption of testosterone, phase of 415 

menstrual cycle at Exit (15), or diurnal fluctuations. Furthermore, we found that testosterone 416 

induces alterations in body composition by increasing total and leg lean mass, which from a 417 

sport performance perspective might be advantageous to athletes engaged in strength- and 418 

power disciplines. This finding fits well with previous work on muscle protein turnover, 419 

showing that short-term testosterone administration increases protein synthesis in women (53, 420 

64). It is therefore likely that the positive protein balance was driven by changes in rates of 421 

protein synthesis, considering its key role in determining protein turnover in healthy adults 422 

(12). It should be noted, however, that despite gains in muscle mass, no apparent transfer into 423 

improved muscle function could be demonstrated here. Lastly, in an attempt to separate the 424 

impact of testosterone on changes in lean mass, from those potentially confounded by 425 

behavioral alterations such as motivation, energy levels etc., we analyzed training records. 426 

Since training habits remained unchanged throughout, the effects can be ascribed to the 427 

testosterone administration per se, rather than a corresponding rise in training frequency. 428 

To expand on previous data in women, we collected muscle biopsies in order to address 429 

adaptations occurring on the muscle fiber level. Consistent with observations following short-430 

term testosterone administration in men (50), and long-term use of anabolic steroids (37), 431 

muscle fiber type composition was unaffected by testosterone. The concept that fiber type 432 

composition is not under hormonal regulation is further supported when comparing muscle 433 

biopsies from men and women, displaying equal relative proportion of fiber types (58). In rat 434 

muscle though, there is evidence of a shift towards a more glycolytic phenotype following 435 

testosterone exposure (32), but such findings have not yet been confirmed in human skeletal 436 

muscle. However, it should be considered that our analyses do not distinguish between type II 437 

muscle fiber subclasses. Thus, fiber type transition within type II fibers still remains a 438 
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possibility, such as those described after resistance training and periods of detraining (2). It is 439 

also plausible that the relatively short intervention period limited fiber type transitions.  440 

In line with our hypothesis, testosterone induced muscle fiber hypertrophy, although 441 

unexpectedly, this was mainly driven by increases in type II fiber size. This observation 442 

somewhat contradicts prior findings in men, in which greater relative type I fiber hypertrophy 443 

has been observed in the vastus lateralis muscle (1, 19, 50), but not in the deltoid muscle (27). 444 

Intriguingly, some studies indicate that testosterone responsiveness is fiber type-dependent, 445 

by showing that lower doses of testosterone (300 mg per week) sufficiently provoke type I 446 

fiber hypertrophy, whereas higher doses (600 mg per week) were required to stimulate growth 447 

of type II fibers (50). In this respect, we believe that discrepancies between our findings and 448 

those in men could be due to differences in relative fiber size. Unlike women, men typically 449 

exhibit greater type II fCSA compared to type I (37, 58), raising the possibility that type II 450 

fibers are closer to their upper limit in terms of growth potential, thus making them less 451 

responsive to anabolic stimuli, e.g., testosterone administration. In support of this, women 452 

have type II fibers equal to, or smaller than their type I counterparts (58), suggesting a greater 453 

growth capacity in these fibers, which might explain the more marked hypertrophic response 454 

seen in type II fibers in our study. On the other hand, we cannot exclude that type I and type II 455 

fibers types may have distinct inherent properties affecting their responsiveness to androgens. 456 

While androgen receptors (AR) and the mTOR signaling pathway are recognized as central 457 

mediators of testosterone action (3, 36), it has been reported that AR content is greater in type 458 

I compared to type II fibers (35), indicative of a mechanism for fiber type-specific responses 459 

to testosterone in men. Likewise, key components of the mTOR pathway are differently 460 

expressed and phosphorylated in the two fiber types, both during rest and in response to 461 

contractile activity (13, 61). However, whether these factors regulate fiber type-specific 462 

adaptations in women differently provides a basis for further investigation.  463 
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In the present study, testosterone did not significantly modulate satellite cell- or myonuclei 464 

content, a finding that opposed our initial hypothesis. Even though a numerical increase was 465 

noted in the testosterone group for satellite cells associated with type II fibers, suggesting 466 

heightened myogenic activity (pre-post comparison), this did not reach statistical significance 467 

(interaction effect). While testosterone administration is traditionally associated with 468 

increased satellite cell abundance, this is based on men receiving supraphysiological doses (≥ 469 

300 mg per week) for 20 weeks (51, 52). However, this is not observed after low or moderate 470 

doses. Thus, rather than being a sex-based disparity, we believe that conflicting findings are 471 

related to the administered dose, or to the length of intervention, or a combination thereof. 472 

Nevertheless, we cannot rule out that this occurrence is sex-related. Others have shown that 473 

women, in comparison to men, do not upregulate markers of satellite cell proliferation 474 

following transient increases in circulating testosterone (41). Instead, women seem to rely on 475 

estrogen-related signaling for maintenance (11) and for the activation of the satellite cell pool 476 

after contractile activity (18). Thus, the lack of satellite cell activity may be attributed to 477 

interference with endogenous estrogen signaling, albeit this remains speculative and requires 478 

further analyses.  479 

Moreover, testosterone-induced hypertrophy is assumed to be directly reliant on satellite cell 480 

proliferation and subsequent addition of new myonuclei. However, in good agreement with 481 

our findings, this hypothesis was recently challenged using a rodent model of satellite cell 482 

ablation, in which comparable increases in muscle mass was found in satellite cell ablated 483 

animals and control animals after testosterone treatment (17). We therefore suggest that, at 484 

least up to a certain limit, satellite cell-mediated myonuclear addition does not appear critical 485 

for testosterone-induced hypertrophy. Our data also supports the notion that pre-existing 486 

myonuclei have a reserve capacity to sustain moderately elevated transcriptional demands. 487 

This was experimentally shown by Kirby et al. 2016, demonstrating an increase in both the 488 
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number of transcriptionally active myonuclei and the rate of transcription per myonucleus in 489 

the event of satellite cell ablation (39). In perspective of the myonuclear domain ceiling 490 

theory described in human muscle (38, 49), the magnitude of type II fiber growth here is 491 

below the theoretical threshold for when additional myonuclei are required to sustain further 492 

increases in fiber size. It thus appear that a substantial amount of fiber hypertrophy can be 493 

achieved without incorporating myonuclei. Intriguingly, this seems particularly true for type 494 

II fibers, exhibiting less rigid myonuclear domains than type I fibers (46), providing support 495 

for the findings of the present study.   496 

Little is currently known regarding the effects of androgens on microvascular adaptations. 497 

Data in rat muscle is rather inconclusive (23, 32) and the evidence gathered from human 498 

studies is limited. Athletes using anabolic steroids exhibit greater CC compared to non-users, 499 

though differences disappeared when adjusted for fiber size (65). More relevant to the present 500 

study, young men receiving graded doses of testosterone (25-600 mg per week) did not 501 

improve muscle capillarization after 20 weeks (50). While we found supporting evidence that 502 

the microvascular network expanded specifically in type II fibers, discrepancies may be 503 

related to the lack of fiber type-specific analyses in previous studies, potentially masking 504 

subtle changes on an individual fiber basis. 505 

Furthermore, we found that capillary indices in type I fibers remained constant, whereas 506 

increases were seen in type II fiber C/Fi and to a certain extent also CC (no interaction effect, 507 

but significant pre-post increase). Given the close relationship between CC and C/Fi, we 508 

argue that augmented C/Fi reflects capillaries in new positions, as described elsewhere (28), 509 

rather than a rearrangement of the existing capillary network, thereby supportive of increased 510 

CC in type II fibers. Intriguingly, in relation to the hypothesis that an increased fiber size may 511 

impair diffusion capacity (62), we addressed this issue by calculating capillary indices related 512 

to fiber perimeter. Our data show that regardless of fiber hypertrophy, capillary supply is 513 
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effectively maintained as CFPE remained unchanged. This is relevant from a performance 514 

perspective as improved type II fiber size and a preserved capacity for blood-tissue exchange 515 

might underlie the previously observed improvements in running time to exhaustion (30). 516 

Despite the fact that type II fiber capillarization improved after the intervention, it remains 517 

difficult to determine whether testosterone stimulated angiogenesis per se, or whether 518 

microvascular adaptations occur subsequently to fiber hypertrophy induced by testosterone. In 519 

this context, time course studies of muscle hypertrophy and angiogenesis have demonstrated 520 

that these seemingly distinct processes are tightly interconnected, as fiber hypertrophy occurs 521 

concomitantly with expansion of the microvasculature (31). The effect of testosterone on 522 

muscle capillarization identified here is therefore likely part of the muscle adaptive response 523 

to ensure adequate perfusion. Additionally, we acknowledge that our analyses are limited to 524 

capillaries running in parallel to muscle fibers and that we did not consider the length of 525 

capillary contacts, thus excluding potential inferences regarding micro vessel tortuosity. 526 

Some limitations requires further consideration. First, muscle biopsies were collected after the 527 

subjects completed a session of physiological tests (within 60 minutes), potentially triggering 528 

adaptive responses within the tissue. Despite that the included measures are likely unaffected 529 

by prior activity, satellite cell content might be elevated shortly after exercise. However, such 530 

acute responses are shown specifically in response to high-volume eccentric protocols (63), 531 

thereby making an interference effect unlikely in the present study. This effect would also 532 

have been negligible as samples were obtained under the same conditions at both Baseline 533 

and Exit. Second, we acknowledge the rather subjective element of assessing myonuclei 534 

content in histological sections using a widefield microscope. Although this procedure still 535 

remains sensitive to some degree of operator subjectivity, we countered this by conducting 536 

morphological analyses in a blinded fashion while adhering to the pre-defined criteria for 537 

determining myonuclear location (described in the method section). Third, the lack of data 538 
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collection on appetite and dietary intakes may be considered a limitation as we cannot 539 

completely exclude the influence of these factors. Lastly, the fact that muscle biopsies were 540 

not obtained from all subjects could explain the lack of statistical significance in variables 541 

where robust numerical increases were observed. Despite these limitations, using a RCT 542 

design, we provide novel insights into the effects of testosterone on muscle morphology in 543 

women. Although, we did not investigate elite athletes but physically active women, we 544 

believe that these data are relevant from a women´s sports perspective and may have 545 

important implications for the ongoing controversy regarding hyperandrogenic women in 546 

sports.   547 

In conclusion, this study provides novel evidence that moderate doses of exogenous 548 

testosterone for 10 weeks induce lean mass accretion, type II muscle fiber hypertrophy and a 549 

concomitant expansion of the microvascular network in skeletal muscle of young healthy 550 

women. Furthermore, testosterone-induced muscle fiber hypertrophy does not seem to be 551 

reliant on myonuclear addition and only a modest expansion of the satellite cell pool was 552 

found after testosterone administration.   553 

 554 
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Figure legends  780 

Figure 1. Muscle fiber size distribution in the Placebo (A; type I fibers, B; type II fibers) and 781 

the Testosterone group (C; type I fibers, D; type II fibers) at Baseline (white bars) and at Exit 782 

(grey bars). Placebo (n=16) and the Testosterone group (n=19). 783 

Figure 2. Fiber type-specific satellite cell- and myonuclei content at Baseline (white bars) and 784 

Exit (gray bars) in the Placebo (n=15) and the Testosterone group (n=15). Values are means ± 785 

SD. (*) indicates tendency for main effect of time (P=0.054). (#) indicates tendency for main 786 

effect of time (P=0.079). 787 

Figure 3. Representative images showing muscle fiber type composition (A) and fiber 788 

borders for measurement of fCSA (B) in muscle cross section. A, Merged image of MHC type 789 

I (green), MHC type II (red) and laminin (blue). B, Single channel laminin (blue). Scale bar = 790 

50 µm.   791 

Figure 4. Representative images of fiber type-specific satellite cell staining (A-D) in muscle 792 

cross-section. A, Merged image of MHC type I (green), laminin (green), Pax7 (red), DAPI 793 

(blue). Arrowheads (white) indicate satellite cells. B, Single channel Pax7 (red). C, Merged 794 

image of MHC type I (green and laminin (green). D), Single channel DAPI (blue). Scale bar = 795 

50 µm.   796 

Figure 5. Representative images of fiber type-specific capillary staining (A-B) in muscle 797 

cross-section. A, Merged image of MHC type I (green), laminin (blue), CD31 (red). B, Single 798 

channel CD31 (red). Arrowheads (white) indicate muscle capillaries. Scale bar = 50 µm.  799 

 800 



Table 1. Subject characteristics, hormone concentrations, training records and body 

composition at Baseline and Exit in the Placebo and Testosterone group.  

 Placebo Testosterone 
 Baseline Exit Baseline Exit 

Subject characteristics     
     n 16 - 19 - 
     Age (y) 27.4 ± 4.1 - 27.7 ± 3.1 - 
     Height (cm) 166.9 ± 6.2 - 170.2 ± 4.8 - 
     Body mass (kg) 63.4 ± 7.3 63.7 ± 7.4  68.3 ± 6.5‡ 68.5 ± 6.7‡ 
     BMI (kg m-2) 22.7 ± 1.9 22.8 ± 1.9 23.6 ± 1.6 23.7 ± 1.9 
Hormone concentrations      
     Testosterone (nmol L-1) 0.89 ± 0.21 1.05 ± 0.37 0.91 ± 0.37 4.65 ± 2.96*# 
     Free androgen index  1.19 ± 0.41 1.23 ± 0.48 1.28 ± 0.53 8.32 ± 5.41*# 
Training (per week)     
      Total sessions 6.0 ± 2.0 5.8 ± 3.5 7.3 ± 2.3 6.8 ± 1.9 
      Endurance exercise 2.2 ± 2.4 2.4 ± 2.6 2.7 ± 1.4 2.4 ± 1.5 
      Resistance exercise 1.9 ± 1.6 2.0 ± 1.7 2.2 ± 2.0 3.0 ± 2.8 
      Other  1.9 + 1.9 1.4 ± 1.8 2.4 ± 1.7 1.3 ± 1.7  
Body composition     
     Total lean mass (kg) 44.8 ± 5.6 45.0 ± 5.8 47.4 ± 4.5 48.3 ± 4.6* 
     Leg lean mass (kg) 15.0 ± 1.9 15.1 ± 2.0 16.1 ± 1.5 16.5 ± 1.6*# 
     Fat mass (kg) 16.0 ± 4.2 16.1 ± 4.8 18.1 ± 6.1 17.3 ± 6.1 
     Body fat (%) 26.2 ± 5.6 26.2 ± 6.1 27.3 ± 7.6 26.0 ± 7.6 

Values are means ± SD. BMI, body mass index. n=35 for all data except training records (n=25; 
Placebo; n=12, Testosterone; n=13). ‡ indicates significant main effect of group (P < 0.05).  
# significantly different from Placebo (P < 0.05).*significantly different from Baseline (P < 0.05).  

 

 



Table 2. Muscle fiber type composition and fiber size at Baseline and Exit in the Placebo and 

Testosterone group.   

 Placebo Testosterone 
 Baseline Exit Δ Baseline Exit Δ 

Fiber type composition %       
     Type I 45.4 ± 9.0 44.9 ± 8.6 -0.7 ± 6.0 48.9 ± 9.3 50.0 ± 8.3 +1.07 ± 4.8 
     Type II 54.6 ± 9.0 55.1 ± 8.6 +0.7 ± 6.0 51.1 ± 9.3 50.0 ± 8.3 -1.07 ± 4.8 
fCSA (µm2)       
     Mixed fibers 4619 ± 778 4700 ± 617 +81 ± 318 4844 ± 933 5240 ± 922* +395 ± 510 
     Type I 4661 ± 738 4804 ± 599† +143 ± 309 4753 ± 822 5131 ± 794† +379 ± 534 
     Type II 4572 ± 930 4589 ± 748 +17 ± 352 4952 ± 1168 5407 ± 1189*# +455 ± 584 

Values are means ± SD. fCSA, fiber cross-sectional area. Δ, change from pre-post intervention, † 
indicates significant main effect of time (P < 0.05). *significantly different from Baseline (P < 0.05).  
# significantly different from Placebo (P < 0.05). 

 



Table 3. Muscle fiber type-specific capillary content at Baseline and Exit in the Placebo and 

Testosterone group. 

 Placebo Testosterone 
 Baseline Exit Δ Baseline Exit Δ 

CC       
     Type I 4.42 ± 0.84 4.46 ± 0.80 +0.04 ± 0.38 4.52 ± 0.61  4.64 ± 0.56 +0.12 ± 0.40 
     Type II 3.99 ± 0.92 4.08 ± 0.83† +0.09 ± 0.40  4.12 ± 0.77 4.43 ± 0.48† +0.31 ± 0.51 
C/Fi       
     Type I 1.64 ± 0.30 1.70 ± 0.34† +0.06 ± 0.12 1.69 ± 0.26 1.74 ± 0.26† +0.06 ± 0.20 
     Type II 1.48 ± 0.34 1.52 ± 0.36 +0.04 ± 0.13 1.52 ± 0.28 1.66 ± 0.20* +0.14 ± 0.19 
CFPE       
     Type I 6.37 ± 0.85 6.23 ± 0.97 -0.14 ± 0.65 6.32 ± 0.50 6.29 ± 0.57 -0.03 ± 0.37 
     Type II 5.75 ± 0.95 5.67 ± 0.94 -0.08 ± 0.67 5.65 ± 0.59 5.89 ± 0.56 +0.24 ± 0.57 

Values are means ± SD. CC, capillary contacts, C/Fi, capillary-to-fiber ratio, CFPE, capillary-to-fiber 
perimeter exchange ratio. Placebo (n=15) and the Testosterone group (n=18). Δ, change from pre-post 
intervention, † indicates significant main effect of time (P < 0.05). *significantly different from 
Baseline (P < 0.05). 

 

 



Figure 1.  
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Figure 2.  
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Figure 3.  

 

 



Figure 4.  

 

 



Figure 5.  
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