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Abstract 43 
Endurance exercise training induces adaptations in metabolically active organs, but 44 

adaptations in human subcutaneous adipose tissue (scAT) remains incompletely 45 

understood. Based on animal studies, we hypothesized that endurance exercise training 46 

would increase the expression of proteins involved in lipolysis and glucose uptake in scAT.  47 

To test these hypotheses, nineteen young and healthy males were randomized to either 48 

endurance exercise training (TR; age 18-24 yr; BMI 19.0-25.4 kg·m-2) or a non-exercising 49 

control group (CON; age 21-35 yr; BMI 20.5-28.8 kg·m-2). Abdominal subcutaneous fat 50 

biopsies and blood were obtained at rest pre and post intervention. By using Western 51 

Blotting and PCR, we determined expression of lipid droplet-associated proteins, various 52 

proteins involved in substrate metabolism, and mRNA abundance of cell-surface G-protein-53 

coupled receptors (GPCR’s). Adipose tissue insulin sensitivity was determined from fasting 54 

plasma insulin and non-esterified fatty acids (adipose tissue insulin resistance index; Adipo-55 

IR). 56 

Adipo-IR improved in TR compared to CON (p=0.03). This was accompanied by increased 57 

insulin receptor (IR) protein expression in scAT with a 1.54 (SD 0.79) fold change from pre in 58 

TR versus 0.85 (SD 0.30) in CON (p=0.007). Additionally, hexokinase II (HK II) and 59 

succinate dehydrogenase complex subunit A (SDHA) protein increased in TR compared to 60 

CON (p=0.006 and p=0.04, respectively). We did not observe changes in lipid droplet-61 

associated proteins or mRNA abundance of GPCR’s.     62 

Collectively, ten weeks of endurance exercise training improved adipose tissue insulin 63 

sensitivity, which was accompanied by increased IR, HKII and SDHA protein expression in 64 

scAT. We suggest that these adaptations contribute to an improved metabolic flexibility.  65 

 66 

Keywords: aerobic exercise; insulin sensitivity in adipose tissue; protein expression; mRNA 67 

abundance; metabolic flexibility. 68 

 69 

New & noteworthy 70 

This study is the first to investigate the molecular adaptations in human scAT after 71 

endurance exercise training compared to a non-exercising control group. We show that 72 

endurance exercise training improves insulin sensitivity in human scAT, and this is 73 

accompanied by increased expression of IR, HKII and SDHA. Collectively, our data suggest 74 

that endurance exercise training induces molecular adaptations in human scAT which may 75 

contribute to an improved metabolic flexibility.     76 

 77 

 78 



Introduction 79 

Subcutaneous adipose tissue (scAT) is a key energy storage site in humans where 80 

triacylglycerols (TG) are stored in cytosolic lipid droplets (LD). Storage and breakdown of TG 81 

in scAT are tightly regulated (17); TG storage dominates in postprandial conditions, while 82 

fasting and exercise induce TG breakdown by increasing lipolysis (11, 14, 19). From an 83 

overall health perspective, the ability to switch between storage and breakdown, defined as 84 

metabolic flexibility, is crucial for a healthy substrate metabolism in humans (7). Additionally, 85 

the ability to supply working muscles with non-esterified fatty acids (NEFA) for oxidation 86 

during exercise plays an important role for endurance performance; this has been shown 87 

using pharmacological ablation of adipose tissue lipolysis in animals (6) and in trained 88 

human participants (37).  89 

Upregulation or downregulation of 3000 different genes caused by endurance exercise in 90 

rodents suggest that scAT has a marked degree of plasticity (33). In scAT, specific proteins 91 

form an LD-associated complex that collectively governs the lipolysis. Of those proteins, 92 

adipose triglyceride lipase (ATGL) cleaves the first and hormone sensitive lipase (HSL) the 93 

second fatty acid from the glycerol backbone of TG (26, 46). Aside from the initial 94 

phosphorylation cascade that stimulates the activity of both these lipases, comparative gene 95 

identification-58 (CGI-58) facilitates (9) and G0/G1 switch gene-2 (G0S2) inhibits ATGL 96 

activity (18, 25). Indeed, there is evidence suggesting that the LD-associated complex does 97 

adapt to endurance exercise training in rodents, as evidenced by increased ATGL and HSL 98 

protein expression (22). However, Stephenson et al. showed that endurance training had an 99 

effect on ATGL and CGI-58 but not HSL protein expression (34). In humans, fasting for 72 100 

hours increases ATGL and decreases G0S2 mRNA and protein levels in abdominal scAT, 101 

whereas CGI-58 and HSL protein expression are unchanged (19). In comparison, 60 102 

minutes of endurance exercise at 65% of V̇O2-max does not induce a similar acute response 103 

on mRNA abundance or protein expression (19). This shows that LD-associated proteins are 104 

adaptable in humans, but whether endurance exercise training induces changes in 105 

expression of LD-associated proteins remains to be determined.  106 

 107 

Contrary to exercise, substrate storage and suppression of lipolysis are important processes 108 

in the fed state when NEFA demands are low (7, 17). Insulin facilitates both processes (2). 109 

Improved capacity for substrate storage in scAT after endurance training may be related to 110 

an increased content of the glucose-transporter GLUT4, which is a well-established 111 

adaptation to endurance exercise training in rodents (10, 28, 34). However, this has not 112 

been shown in a randomized controlled trial in humans. Other reported molecular 113 

adaptations to endurance exercise training in rodents are increased oxidative capacity (30, 114 



32, 33, 36), and increased expression of Uncoupling Protein 1 (UCP1) showing that 115 

endurance exercise training has a browning or beiging effect on scAT (15, 31, 38).  116 

Additionally, exercise-induced improvements in scAT insulin sensitivity are evident from 117 

exercise interventions in rodents (13, 33) and in vivo cross-sectional observations in humans 118 

(29). Intriguingly, anti-lipolytic effects on AT are not exerted exclusively through the classic 119 

insulin pathway. Thus, a family of cell-surface G-protein-coupled receptors (GPCRs) with 120 

affinity for various metabolites and a variety of metabolic signaling effects have been shown 121 

to facilitate inhibition of lipolysis (12, 21). To our knowledge, no studies so far have 122 

investigated the effects of endurance exercise training on mRNA abundance of this family of 123 

receptors. 124 

 125 

Consequently, there remains a paucity of evidence on how and to what extent human scAT 126 

adapts to endurance exercise training concerning proteins involved in substrate storage and 127 

TG breakdown. Therefore, the aim of this study was to investigate the effects of endurance 128 

exercise training on protein expression and mRNA abundance of targets involved in these 129 

processes in resting scAT. We hypothesized that endurance exercise training would 130 

upregulate proteins involved in the LD-associated complex and glucose uptake (GLUT4).  131 

 132 

 133 

Materials and methods 134 

 135 

Study participants 136 

The participants in the present study derive from a larger study where the effects of 137 

erythropoietin treatment and/or endurance exercise training were investigated (4). Nineteen 138 

healthy and untrained male participants were included in the present study. Main inclusion 139 

criteria included; age 18-35 years, body mass index (BMI) 18-29 kg·m-2, blood 140 

pressure<135/85 mmHg and maximal oxygen uptake (V̇O2-max)<50 ml·min-1·kg-1. Baseline 141 

participant characteristics have been reported elsewhere (4) but those of relevance to the 142 

present study are repeated here for convenience (Table 1). 143 

The study was approved by the Local Human Ethical Committee of Central Denmark Region 144 

(M-20110035), and registered at www.clinicaltrials.gov (NCT01320449).  145 

 146 

Experimental design 147 

Participants were randomly assigned to either TR (n=10) or CON (n=9). In TR, participants 148 

performed supervised endurance exercise 3·week-1 for ten weeks. Three different exercise 149 

sessions were performed once per week on a bicycle ergometer (Monark, Ergomedic 828E, 150 

Varberg, Sweden): First session was 40 min, second session 2·20 min (5 min easy biking in 151 



between) and third session 8·5 min (1 min easy biking in between). Target exercise 152 

intensities was 70% V̇O2-max for the first session, 80-90 % V̇O2-max for the second session 153 

and 90-100 % V̇O2-max for the third session. Exercise was performed with the maximal 154 

possible load (on average 65% of maximal power output, Wmax). As an example, target work 155 

load for the first session was calculated as (0.70·V̇O2-max)/(V̇O2 at 140 W/140 W). In order 156 

to ensure progression during the training intervention, Wmax was assessed in week 4 and 8 157 

(TR only). Further details about the training program have been published previously (4). 158 

Participants assigned to CON acted as a non-exercising control group. During the study 159 

period, all participants were encouraged not to change their level of physical activity or 160 

dietary habits. 161 

Pre and post intervention, subcutaneous fat biopsies were collected from the abdomen by 162 

liposuction under local anesthesia (1% lidocaine). The participants were instructed to refrain 163 

from physical activity, alcohol intake, or dietary changes three days prior to collection of the 164 

biopsies. On the day of biopsy collection, the participants arrived at the clinical research unit 165 

after an overnight fast (water intake was allowed). Fat biopsies were cleaned from blood, 166 

snap frozen in liquid nitrogen, and stored at -80oC until further analysis.   167 

 168 

Whole-body adaptations to endurance exercise training 169 

As a marker of aerobic training state, V̇O2-max was tested in both groups pre and post 170 

intervention on an ergometer bike (Monark, Ergomedic 828E, Varberg, Sweden) (4). Dual-171 

energy X-ray absorptiometry scans were performed to determine whole-body fat percentage 172 

(fat%) pre and post intervention (4).  173 

 174 

Adipose tissue insulin resistance index 175 

To estimate adipose tissue insulin sensitivity, adipose tissue insulin resistance index (Adipo-176 

IR index) was calculated by multiplying plasma insulin concentration (pmol·l-1) with plasma 177 

NEFA concentration (mmol·l-1). Adipo-IR correlates with the gold standard measure for 178 

insulin sensitivity in adipose tissue (27). Blood samples were collected in a rested and fasted 179 

state as described previously (4). For each participant’s Adipo-IR index, insulin and NEFA 180 

concentrations were an average value based on three consecutive blood samples collected 181 

over 30 min.   182 

 183 

Protein extraction and western blot analysis 184 

Homogenates were derived from the biopsy samples as described previously (41), and 185 

running samples were prepared by mixing the homogenate with demineralized water and 186 



Laemmli’s buffer in a 1:4 solution. Running samples were heated at 95°C for 5 min except 187 

for some targets (IR, GLUT4 and G0S2).  188 

Western blotting was performed using 4-15 % SDS gels (Criterion TGX stain-free gels, Bio-189 

Rad, Hercules, CA, USA). This procedure was followed by electroblotting of the gels onto 190 

PVDF membranes, and membranes were then blocked for two hours in a 2% bovine serum 191 

albumin solution (Sigma-Aldrich, MO, US) and incubated overnight with primary antibodies. 192 

The following primary antibodies were used: From Cell signaling, Danvers, MA, USA; IR 193 

(#3025), HSL (#4107), Hexokinase II (#2867), PDH (#3205), SDHA (#11998), VDAC 194 

(#4661). From Millipore, Darmstadt, Germany; GLUT4 (#07-1404). From Abcam, 195 

Cambridge, UK; UCP1 (#ab10983), CGI-58 (#ab183739), β-actin (#ab8227). From Santa 196 

Cruz, Dallas, TX, USA; G0S2 (#sc-133424). From GeneTex, Irvine, CA, USA; ATGL 197 

(#GTX62840). From Novus bio, Littleton, CO, USA; CIDEA (#NB100-94219), CIDEC 198 

(#NB100-430). From Proteintech Group, Rosemont, IL, USA; CD-36 (#66395-1-1g). 199 

Concentrations for primary antibodies corresponded to the manufacturers prescriptions. 200 

After incubation with primary antibodies, membranes were washed in TBS-T and incubated 201 

for one hour with HRP-conjugated secondary antibody (cat. no. sc-2054 and sc-2962). 202 

Proteins were then visualized by using a chemiluminescence detection system (Pierce 203 

Supersignal West Dura, Thermo Scientific, IL, US) and quantified with a Chemi-DocTM MP 204 

imaging system (BioRad, Hercules, CA, USA). Protein levels were quantified using the 205 

commercial software Image Lab 6.0 (BioRad). To test for equal loading, we assessed β-actin 206 

pre versus post intervention and found no significant effects of group (p=0.97), time 207 

(p=0.63), or a group·time interaction (p=0.65), indicating that there were no systematic 208 

differences in protein loading. Protein abundance data were not normalized to a loading 209 

control.  210 

 211 

mRNA isolation 212 

RNA was extracted using TRIzol (Gibco BRL, Life Technologies, Roskilde, Denmark). RNA 213 

was quantified using a NanoDrop 8000 Spectrophotometer (Thermo Scientific Pierce, 214 

Waltham, Maine, USA). Integrity of the RNA was checked by visual inspection of the two 215 

ribosomal RNAs on an agarose gel. cDNA was synthesized using a Verso cDNA kit (cat# 216 

Ab-1453, Thermo Fischer Scientific) with random hexamer primers. 217 

The PCR-reactions were performed in duplicate using LightCycler SYBR Green master mix 218 

(Roche Applied Science) or SYBR Green precisionPLUS (primer design) in a LightCycler 219 

480 (Roche Applied Science) using the following protocol: One step at 95 °C for 3 min, then 220 

95 °C for 10 sec, 60 °C for 20 sec and 72 °C for 10 sec followed by a melting curve analysis. 221 

The increase in fluorescence was measured in real time during the extension step. The 222 

relative gene expression was estimated using the default “Advanced Relative Quantification” 223 



mode of the software version LCS 480 1.5.1.62 (Roche Applied Science) and specificity of 224 

the amplification was checked by melting temperature analysis. 225 

The expression level of the housekeeping gene was similar between all groups and 226 

interventions. Primers were from DNA Technology (Risskov, Denmark) or Tag Copenhagen 227 

A/S (Denmark). A similar set-up was used for negative controls, except that the reverse 228 

transcriptase was omitted and no PCR products were detected under these conditions. For 229 

GPCR’s, YWHAZ was used as housekeeping gene. For all other targets, β-2-microglubulin 230 

was housekeeping gene. Primers are listed in table 3.  231 

 232 

Statistics and analysis 233 

To investigate the effect of endurance exercise training on each target, data were analyzed 234 

using a mixed model for multivariate repeated measurements ANOVA with group and time 235 

(and the interaction between them) as factors. Model validation was performed by inspecting 236 

QQ plots and by plotting residuals versus fitted values to detect non-linearity and unequal 237 

variances. Data were log-transformed for statistical analysis when not normally distributed 238 

and/or had unequal variances. Difference in age between groups was tested with a two-239 

sample Wilcoxon rank-sum test. Protein and mRNA data are reported as fold change from 240 

baseline calculated as the ratio between post and pre intervention values. Variability is 241 

reported using standard deviation (SD) and/or 95%-confidence intervals (95%-CI). 242 

Significance level was set at p=0.05. 243 

In case no detectable band was present on a Western Blot for a given target, both pre and 244 

post samples were withdrawn from analysis. Statistical analyses were performed in STATA 245 

version 14 (StataCorp, Collage Station, TX) and graphical presentations were made in 246 

SigmaPlot version 13.0 (Systat Software, San Jose, CA). 247 

 248 

Results 249 

 250 

Adipose tissue insulin sensitivity is improved with endurance exercise training 251 

Endurance exercise training improved adipose tissue insulin sensitivity as determined by the 252 

Adipo-IR index (p=0.03 for interaction; figure 1). This index ((pmol·l-1)·(mmol·l-1)) was 253 

reduced from 16.7 (SD 12.8) at baseline to 11.4 (SD 6.8) after ten weeks of endurance 254 

exercise training (95%-CI for change: [-10.5;-0.6]), but was unchanged in CON from 12.3 255 

(SD 5.6) to 14.22 (SD 6.8) (95%-CI for change: [-2.5;5.4]).  256 

 257 

IR and HKII are upregulated in human scAT by endurance exercise training  258 



To investigate whether the improved adipose tissue insulin sensitivity was accompanied by 259 

increased expression of proteins related to insulin action, we measured protein expression of 260 

the insulin receptor (IR) and GLUT4. IR protein levels increased in TR by an average of 54% 261 

while CON showed an average decrease of 15% (p=0.007 for interaction; figure 2A). This 262 

was accompanied by a modest 17% increase in expression of the glucose transporter, 263 

GLUT4, which did not reach statistical significance neither at protein level (figure 2B; p=0.12 264 

for interaction) or mRNA level (95%-CI’s for fold change: TR [1.00;1.87], CON [0.56;1.79]; 265 

p=0.17 for interaction). We observed a group effect for GLUT4 mRNA (p=0.03).  266 

Glucose taken up by the adipocyte is phosphorylated by hexokinase to form glucose-6-267 

phosphate (G-6-P). Although G-6-P is partitioned via several  metabolic pathways, the 268 

function of type II isozyme of hexokinase (HKII) has been suggested to be primarily anabolic 269 

(44). We measured HKII protein expression (figure 2C), and found a 76% increase in TR 270 

which was higher compared to what we observed in CON (p=0.006 for interaction).  271 

To determine if scAT increases its capacity for long-chain NEFA uptake after endurance 272 

exercise training, we investigated protein expression of CD-36 (figure 2G). We found a 273 

modest 6% increase in TR not different from the 4% decrease in CON (p=0.11 for 274 

interaction).  275 

We next looked at enzymes involved in TG esterification, and therefore investigated DGAT1 276 

and DGAT2 mRNA levels. Both of these enzymes are highly expressed in human AT (45); 277 

although level of physical activity does not seem to influence mRNA abundance of DGAT 278 

(39), the effect of endurance exercise training remains to be investigated. In our hands, no 279 

antibodies have been validated for these two proteins for use in humans, and therefore, we 280 

investigated mRNA abundance and not protein expression of DGAT1 and DGAT2. We did 281 

not observe any effect on mRNA for these two proteins (95%-CI’s for fold change: for 282 

DGAT1, TR [0.78;1.40] and CON [0.86;1.65], p=0.93 for interaction; for DGAT2, TR 283 

[1.21;3.38] and CON [0.78;1.79], p=0.21 for interaction). 284 

 285 

SDHA is upregulated by endurance exercise training in human scAT 286 

To assess whether the capacity for oxidative substrate utilization changed with endurance 287 

exercise training in scAT, we investigated protein expression of three different mitochondrial 288 

proteins (figure 2D-2F). Despite an average 88 % increase in pyruvate dehydrogenase 289 

(PDH) expression and average 49% increase in voltage-dependent anion channel (VDAC) 290 

expression, none of these changes were statistically significantly different from CON (figure 291 

2D and 2E). However, Succinate dehydrogenase complex subunit A (SDHA) protein 292 

expression increased significantly with 70% in TR (figure 2F; p=0.04 for interaction; n=7 in 293 

TR and n=8 in CON).  294 

 295 



No changes in lipid droplet-associated complex proteins after endurance exercise training 296 

To investigate whether endurance training increases the capacity for lipolysis, we examined 297 

the protein expression of ATGL, CGI-58 and HSL (figure 3A-3C). None of these proteins 298 

increased in TR compared to CON. We followed up on this by measuring mRNA levels of 299 

each of these proteins, but observed no difference in the change between TR and CON 300 

(95%-CI’s for fold change: for ATGL, TR [0.73;1.51] and CON [0.59;1.45], p=0.82 for 301 

interaction; for CGI-58, TR [1.21;3.38] and CON [0.78;1.79], p=0.54 for interaction; for HSL, 302 

TR [1.01;1.93] and CON [0.44;1.10], p=0.10 for interaction). We observed group effects for 303 

ATGL mRNA (p=0.03) and CGI-58 mRNA (p=0.01).  304 

We also investigated protein expression of proteins with an inhibitory effect on lipolysis. The 305 

inhibitor of ATGL, G0S2, did not respond to endurance exercise training (figure 3D). 306 

Likewise, the two cell-death inducing DNA fragmentation factor-a-like effectors (CIDEA and 307 

CIDEC), both negative regulators of the lipolytic cascade (17), also did not change in TR 308 

compared to CON (figure 3E and 3F). Again, we followed up on these results by looking at 309 

mRNA abundance, but there was no difference in the change between TR and CON (95%-310 

CI’s for fold change: for G0S2, TR [0.74;1.69] and CON [0.63;1.94], p=0.61 for interaction; 311 

for CIDEA, TR [0.69;1.17] and CON [0.80;1.24], p=0.43 for interaction; for CIDEC, TR 312 

[0.83;1.43] and CON [0.76;1.44], p=0.87 for interaction). There was a group effect for CIDEA 313 

mRNA (p=0.01). 314 

 315 

No change in GPCR abundance 316 

Signaling through the family of metabolite sensitive G-protein-coupled receptors can 317 

potentially regulate adipocyte function, e.g. through inhibition of lipolysis (12). We therefore 318 

assessed whether these receptors respond to endurance exercise training, but did not 319 

observe an effect on mRNA abundance of this family of receptors pre vs post intervention 320 

(Table 2).  321 

 322 

No browning of human white adipose tissue after endurance exercise training 323 

To determine whether endurance exercise training was accompanied by a white-to-brown 324 

transition of the adipocyte phenotype, we quantified the level of uncoupling protein 1 (UCP1) 325 

as a marker of brown adipose tissue (BAT). There was no effect of endurance exercise 326 

training on this BAT marker (p=0.79 for interaction); TR increased 1.31 fold (SD 0.55) from 327 

baseline (95%-CI [0.97;1.65]) while CON increased 1.08 fold (SD 0.45) (95%-CI [0.79;1.38]) 328 

from baseline. 329 

 330 

Whole-body adaptations to endurance training 331 



Participant characteristics and metabolic adaptations to endurance exercise training of the 332 

subpopulation included in this study have been published previously (4). In short, endurance 333 

training induced a ~20% increase in V̇O2-max in TR (p<0.001 for interaction). 95%-CI for 334 

changes in TR were [5.4;11.2 ml·min-1·kg-1] versus [-1.2;2.1 ml·min-1·kg-1] in CON. 335 

Furthermore, whole-body fat% decreased in TR but not CON (p=0.01 for interaction) with 336 

95%-CI for the change being [-0.60;-1.93 %] in TR.  337 

 338 

Discussion 339 

To the best of our knowledge, the present study is the first to demonstrate that increased 340 

adipose tissue insulin sensitivity is accompanied by a robust increase in IR protein 341 

expression in scAT after endurance exercise training in humans. These data suggest that 342 

the insulin receptor is an important molecular target for improvement of insulin sensitivity in 343 

endurance-trained scAT, which may as well contribute to an improved metabolic flexibility in 344 

scAT. However, we acknowledge that this interpretation must be taken with caution; thus, 345 

additional randomized controlled trials with direct measurement of insulin sensitivity in 346 

human adipose tissue are needed. From a metabolic health perspective, regulation of 347 

plasma NEFA is important for control of hepatic glucose production (23), ectopic lipid 348 

accumulation (40) and optimal insulin sensitivity of glucose uptake, at least in lean males (8). 349 

Although obesity does not consistently increase plasma NEFA concentrations, elevated fatty 350 

acid mobilization in obesity contributes to whole-body insulin resistance (23). Thus, if 351 

exercise training can reduce adipo-IR in obesity, this could have important clinical 352 

implications. 353 

Although quantitatively less significant, it is likely that a training-induced improvement in 354 

scAT insulin sensitivity does not only involve inhibition of lipolysis as determined from Adipo-355 

IR, but also glucose uptake (29). One unanticipated finding in the present study, though, was 356 

that we were unable to demonstrate an increased GLUT4 expression after endurance 357 

exercise training. This could be due to a type 2-error, since the original study was not 358 

powered to perform the present study. Despite this, the increased HKII protein expression at 359 

least provides some support that glucose uptake and/or storage is improved with endurance 360 

exercise training because of this isozyme’s anabolic function (44). Furthermore, the 361 

hexokinase reaction is stimulated by insulin in scAT (5, 29), suggesting a possible link 362 

between increased expression of IR and HKII.  363 

The increased HKII protein expression could also be linked to increased oxidative capacity in 364 

scAT by providing more substrate (G-6-P) for glycolysis and later the PDH complex. 365 

Although PDH expression did not increase compared to CON, our data on SDHA expression 366 

provides some support to findings in rodents that scAT oxidative capacity increases with 367 



exercise training (30, 32, 33, 36). This is furthermore supported by a recent cross-sectional 368 

finding from Bertholdt et al., who showed that scAT oxidative capacity, quantified as 369 

OXPHOS protein expression, is higher in a group of endurance-trained participants 370 

compared to untrained participants (1). However, in obese men, OXPHOS protein 371 

expression did not respond to exercise training, despite a ~10% increase in V̇O2-max (35). 372 

Collectively, these findings demonstrate that oxidative capacity in scAT is likely to be 373 

important for the endurance-trained state in humans, but that the causal effect of endurance 374 

exercise training needs further investigation. 375 

 376 

Contrary to our expectations, expression of LD-associated proteins did not increase with 377 

endurance exercise training in the present study. Similarly, we did not find any training 378 

effects in our mRNA data, which corresponds to recent findings in overweight to obese 379 

populations (35, 39). Collectively, these data indirectly supports the notion that lipolytic rate 380 

during exercise is unaffected by training status (11): e.g. Klein et al. showed that trained 381 

participants were able to match lipolytic rate from scAT with NEFA oxidation within the 382 

working muscles, whereas in untrained participants, NEFA mobilization exceeded oxidation 383 

(14). We did not measure lipolytic rate during exercise, but the decrease in whole-body fat% 384 

in TR indirectly suggests that lipolysis in TR has been stimulated over the time course of the 385 

study and exceeded substrate storage. It may be possible that controlling for the dietary 386 

intake prior to each exercise bout would have been beneficial to amplify contribution from 387 

scAT lipolysis during exercise and thereby exercise adaptations. Hence, a recent study 388 

showed lower mRNA levels of e.g. ATGL, HSL, GLUT4 and CD-36 post exercise when 389 

overweight men were in a fed versus fasted state (3). Although these findings could be a by-390 

product of the participants being in a caloric deficit during exercise, this suggests that 391 

habitual exercise under fasted conditions potentially is more efficient in order to induce 392 

exercise adaptations in scAT; this question will be of interest for future work.  393 

Endurance exercise training was accompanied by a change in body composition with 394 

reduced fat mass but participants in TR did not lose weight (4). A ~5% weight loss improves 395 

adipose tissue insulin sensitivity in obese men and women with insulin resistance (16). 396 

Ultimately, we cannot separate the effects of exercise training versus body fat loss on the 397 

outcomes in the present study. Potential confounding by age-differences can also not be 398 

excluded. However, considering the minute differences in median age in the two groups (TR: 399 

21 yr; CON: 23 yr), we do not find the between-group difference in age critical for 400 

interpretation of our results.  401 

With respect to re-synthesis of NEFA into TG, our PCR data on DGAT1 and DGAT2 mRNA 402 

does not support an increased TG re-synthesis capacity in the endurance-trained state. This 403 

is supported by unchanged mRNA abundance after acute aerobic exercise (39). Neither do 404 



our CD-36 data support that NEFA transport capacity was increased in the endurance-405 

trained state, despite a small tendency towards an increase in TR. DGAT enzymes and CD-406 

36 could be expected to adapt in concert, since it has been shown in a FAT/CD-36 knockout 407 

model that NEFA re-esterification is blunted (43). Another aspect of TG synthesis is that 408 

glycerol-3-phosphate can be generated from other precursors than glucose, e.g. pyruvate 409 

undergoing glyceroneogenesis (24). Bertholdt et al. use their cross-sectional data to suggest 410 

that in abdominal scAT, the enzymatic capacity for glyceroneogenesis is higher in a trained 411 

than in an untrained state (1). It would be of principal interest to investigate the causality of 412 

this finding in future studies.  413 

 414 

As a novel approach, we investigated mRNA abundance of the family of metabolite sensitive 415 

GPCRs after ten weeks of endurance exercise training. Despite fluctuations in substrate 416 

fluxes induced by repeated bouts of exercise over the intervention in the present study, we 417 

did not observe any effects of endurance exercise training on the GPCR family. However, 418 

our findings do not exclude adaptations to endurance exercise in a larger cohort, and it 419 

remains to be investigated whether metabolite sensitive GPCR’s are responsive to an acute 420 

exercise bout. Therefore, the present study leaves the GPCR’s as an interesting area of 421 

mechanistic research in exercise physiology.  422 

 423 

We did not observe an increased UCP1 protein expression after endurance training. 424 

Although one study (20) has reported a minor effect of endurance exercise training on UCP1 425 

mRNA in humans, other transcripts related to browning were unaffected by endurance 426 

training. In addition to this report, a cross-sectional study showed undetectable levels of 427 

UCP1 mRNA and no differences in mRNA abundance of other browning markers in scAT 428 

between endurance-trained and untrained participants (42). According to these and the 429 

present data, we infer that endurance training does not induce beiging or browning of human 430 

scAT.  431 

 432 

In conclusion, the transition from an untrained to an endurance-trained state (~20% increase 433 

in V̇O2-max) was accompanied by an improved adipose tissue insulin sensitivity. This was 434 

accompanied by increased protein expression of IR, HKII and SDHA in resting scAT, while 435 

we observed no effects of endurance exercise training on LD-associated proteins, GPCR’s 436 

or browning of white scAT. Taken together, human scAT adapt to endurance exercise 437 

training in a manner that may contribute to improved metabolic flexibility and thereby 438 

improved metabolic health. 439 

 440 
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 586 
Figure captions 587 
Fig. 1. Adipose tissue insulin resistance index (Adipo-IR) shown as log-transformed data. 588 

Individual data points and the mean value for each time point (black solid line) are shown. 589 

Adipo-IR was calculated as the product of plasma concentrations of non-esterified fatty acids 590 

(mmol·l-1) and insulin (pmol·l-1) at rest (n=10 in TR and n=9 in CON). *Significant decrease in 591 

TR compared to CON (p=0.03 for interaction). 592 

 593 

 594 

Fig. 2. Fold change in protein levels of proteins involved in glucose uptake, NEFA uptake or 595 

oxidative substrate utilization in human adipose tissue. Fat biopsies from abdominal 596 

subcutaneous adipose tissue were obtained pre and post intervention. (A) Insulin receptor 597 

(IR); (B) Glucose transporter 4 (GLUT4); (C) hexokinase II (HK II), (D) pyruvate 598 

dehydrogenase (PDH); (E) voltage-dependent anion channel (VDAC); (F) succinate 599 

dehydrogenase complex subunit A (SDHA) and (G) cluster of differentiation 36 (CD-36). 600 

n=10 for the training group (TR) and n=9 for the control group (CON). Representative blots 601 

are shown on panel H (blots have been cropped) and approximated molecular weights are 602 

indicated on the right based on the applied molecular standards. A representative blot of β-603 

actin is included in panel H; this protein was used to test for equal loading.  604 

Data are shown as individual fold changes from baseline value with the group mean value 605 

shown as a solid line; black circles show individual CON values, grey circles show individual 606 

TR values. Dashed line depicts unchanged value (fold change=1). Non-detectable bands 607 

were observed for PDH and SDHA; therefore, n=9 in the TR for PDH, and for SDHA, n=7 in 608 

the TR and n=8 in the CON. *† Significant increase in TR compared to CON (*p<0.01; 609 
†p=0.04 for interaction). 610 

 611 

Fig. 3. Fold change in protein levels of proteins involved in lipid droplet-associated complex 612 

in human adipose tissue. Fat biopsies from abdominal subcutaneous adipose tissue were 613 

obtained pre and post intervention. (A) Adipose triglyceride lipase (ATGL); (B) comparative 614 

gene identification-58 (CGI-58); (C) hormone-sensitive lipase (HSL); (D) G0/G1 switch gene-615 

2 (G0S2); (E) cell-death inducing DNA fragmentation factor-a-like effector A (CIDEA); (F) 616 

cell-death inducing DNA fragmentation factor-a-like effector C (CIDEC). n=10 for the training 617 

group (TR) and n=9 for the control group (CON). Representative blots are shown on panel G 618 

(blots have been cropped) and approximated molecular weights are indicated on the right 619 

based on the applied molecular standards. Data are shown as individual fold changes from 620 

baseline value with the group mean value shown as a solid line; black circles show individual 621 



CON values, grey circles show individual TR values. Dashed line depicts unchanged value 622 

(fold change=1). For ATGL and CIDEA, n=8 in the TR and n=7 in the CON, due to non-623 

detectable bands. 624 

 625 

 626 

Table 1: Basic participant characteristics. Values are mean (SD) for normally distributed 627 

values or median (range) for age which is not normally distributed. Abbreviations: BMI: Body 628 

mass index. V̇O2-max: Maximal oxygen uptake.  *significantly different from CON using a 629 

two-sample Wilcoxon rank-sum test (p=0.01). 630 

 631 

Table 2: mRNA abundance of cell-surface G-protein-coupled receptors (GPCR’s) in 632 

subcutaneous adipose tissue normalized to the YWHAZ gene. Fat biopsies from 633 

abdominal subcutaneous adipose tissue were obtained pre and post intervention. Values are 634 

mean fold change from baseline (SD). No statistical differences between TR (n=10) and 635 

CON (n=9) were found. Abbreviations: GPR: G-protein receptor.  636 

 637 

Table 3: Primers used for PCR analysis. Abbreviations: H.:human. CGI-58: Comparative 638 

gene identification-58. CIDEA and CIDEC: Cell-death inducing DNA fragmentation factor-a-639 

like effector A and C. GLUT4: Glucose transporter 4. HSL: Hormone-sensitive lipase. ATGL: 640 

Adipose triglyceride lipase. G0S2: G0/G1 Switch gene 2. DGAT 1 and 2: Diacylglycerol 641 

acyltransferase 1 and 2. GPR: G-protein-coupled receptor. YWHAZ: Tyrosine 3-642 

monooxygenase/tryptophan 5-monooxygenase activation protein, zeta isoform. 643 
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Fig. 1: Adipose tissue insulin resistance index (Adipo-IR)



Fig. 2: Proteins involved in glucose uptake, NEFA uptake or oxidative substrate utilization in
human subcutaneous adipose tissue



Fig. 3: Lipid-droplet associated proteins in subcutaneous adipose tissue



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Baseline participant characteristics
Training (TR): n=10 Control (CON): n=9

Age (yr) 21 (range 18-24)* 23 (range 21-35)
Height (cm) 182 (SD 6) 183 (SD 6)
Body weight (kg) 74.2 (SD 8.5) 79.2 (SD 10.0)
BMI (kg·m-2) 22.2 (SD 2.4) 24.0 (SD 3.1)
Body fat percentage (%) 17.9 (SD 4.6) 21.3 (SD 4.2)

O2-max (ml·min-1·kg-1) 43.9 (SD 5.2) 42.7 (SD 7.5)
Maximal power output 
(Watt)

315 (SD 44) 316 (SD 50)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. mRNA abundance of GPCR’s
Training (TR): n=10 Control (CON): n=9

GPR41 1.06 (SD 0.86) 1.45 (SD 0.76)

GPR43 1.01 (SD 0.97) 1.58 (SD 1.29)

GPR81 1.50 (SD 1.13) 1.17 (SD 0.51)

GPR91 1.17 (SD 0.44) 1.39 (SD 0.50)

GPR109A 1.52 (SD 0.84) 1.26 (SD 0.70)

GPR109B 1.28 (SD 0.69) 1.13 (SD 0.34)

GPR120 0.87 (SD 0.31) 1.17 (SD 0.73)



 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Primers used for PCR analysis
Primer Forward Reverse

H.CGI58 TGT CAG CCG GCT TCG AGA TAA G ACC AGT TAG CCA TCC TGA CCT 

CTC

H.CIDEA CGG CTG CCT TAA CGT GAA AGA TGA GAA ACT GTC CCA TCA

H.CIDEC CAT TGC CTG CCT GAA CGT GA GGA GGT GCC AAG CAG TAC GTG

H.GLUT4 CCC CAT TCC TTG GTT CAT CG ATA GCC TCC GCA ACA TAC TGG

H.HSL GAA GGC GGC ACG GAC GCC GCT GGT GCG GCG GGA CAC

H.ATGL ACC TCA ATG AAC TTG GCA CC CAA CGC CAC GCA CAT CTA

H.G0S2 CGA GAG CCC AGA GCC GAG ATG AGC ACC ACG CCG AAG AG

H.DGAT1 TTC AGC AAC TAC CGT GGC ATC C ACC GGG CAT TGC TCA AGA  TCA G

H.DGAT2 ACT GGA ACA CAC CCA AGA AAG 

GTG

AGT CTC GAA AGT AGC GCC ACA C

GAG GCT ATC CAG CGT ACT CC AAT GTC GGA TGG ATG AAA CCC

GPR41 TCT CAG CAC CCT GAA CTC CT TTC TGC TCC TTC AGC TCC AT

GPR43 GCC TGG TGC TCT TCT TCA TC AGC ACA CCA GGA AAT TGA GC

GPR81 CTG TGT GGT TTC TGC TTC CA CCC AAA AGC CCA GTG TCT AC

GPR91 TTT CCG AGA ACA CCT TCT GC CAT TAC AGG TGG TGC CAT TG

GPR109A CTT CCT CAC GGT GGT GGC GG GGC ATC TTC TTC TTC AGG AG

GPR109B CAG GGC AGC ATC ATA TTC CT TGT TAG GCC AAC AGT GAT GC

GPR120 CGA TTT GCA CAC TGA TTT GG CTC TTG CAT CCA GGA GGT GT

YWHAZ TGA AGC CAT TGC TGA ACT TG CTC CTG CTT CAG CTT CGT CT
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