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Abstract 59 

 60 

Objective: Recombinant human erythropoietin (rHuEpo) is prohibited by the World Anti-61 

Doping Agency (WADA) but remains the drug of choice for many cheating athletes wishing to 62 

evade detection using current methods. The aim of this study was to identify a robust 63 

metabolomics signature of rHuEpo using an untargeted approach in blood (plasma and serum) 64 

and urine. 65 

Design: Longitudinal study  66 

Setting: University of Glasgow 67 

Participants: Eighteen male participants regularly engaged in predominantly endurance-based 68 

activities such as running, cycling, swimming, triathlon and team sports were recruited. 69 

Interventions: Each participant received 50 IU∙kg-1 body mass of rHuEpo subcutaneously every 70 

2 days for 4 weeks. Samples were collected at baseline, during rHuEpo administration (over four 71 

weeks) and after rHuEpo administration (week 7-10). The samples were analyzed using 72 

hydrophilic interaction liquid chromatography-mass spectrometry. 73 

Main Outcome Measures Significant metabolic signatures of rHuEpo administration were 74 

identified in all biofluids tested in this study. 75 

Results Regarding metabolomics data, 488 plasma metabolites, 694 serum metabolites and 1628 76 

urinary metabolites were identified. Reproducible signatures of rHuEpo administration across all 77 

biofluids included alterations of pyrimidine metabolism (orotate and Dihydroorotate) and acyl-78 

carnitines (Palmitoyl-carnitine and Elaidic carnitine), metabolic pathways that are associated 79 

with erythropoiesis or erythrocyte membrane function, respectively. 80 

Conclusion Preliminary metabolic signatures of rHuEpo administration were identified. Future 81 

studies will be required to validate these encouraging results in independent cohorts and with 82 

orthogonal techniques, such as integration of our data with signatures derived from other 83 

“omics” analyses of rHuEpo administration (e.g., transcriptomics). 84 
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  90 



Introduction 91 

Recombinant human erythropoietin (rHuEpo) is a synthetic analogue of the endogenous 92 

hormone erythropoietin (EPO) and is been used by endurance athletes to enhance sporting 93 

performance by stimulating red blood cell production leading to increased oxygen delivery to the 94 

exercising muscles 1,2. Indirect methods of rHuEpo detection using haematological markers of 95 

altered erythropoiesis are being used with moderate success due to limited specificity and 96 

sensitivity 3,4. As such, novel strategies to detect rHuEPO doping in an unbiased and systematic 97 

fashion have become the focus of recent research with the development of techniques allowing 98 

for both targeted and untargeted analyses for various endogenous and exogenous substances. As 99 

such, “omics” technologies such as metabolomics have become the focus of anti-doping research 100 

and leading anti-doping agencies such as the World Anti-Doping Agency (WADA) with the goal 101 

to maximize the potential of these technologies, improving the existing longitudinal monitoring 102 

of athletes such as the Athlete Biological Passport (ABP) 5,6. 103 

 104 

The use of metabolomics-based analytical techniques are rapidly growing within the fields of 105 

cancer cell metabolism and treatment 7, nutrition 8,9, as well as disease prognosis 10,11. 106 

Metabolomics allows for thousands of metabolites to be investigated within a biological sample 107 

at any given time frame, creating a “snapshot” of the biological state of an organism 12, with the 108 

biological (phenotypic) state inferred by profiling different biofluids. For example, in recent 109 

years, our group leveraged metabolomics approaches to determine the impact of high-altitude 110 

hypoxia-stimulated erythropoiesis on systems metabolism, including signatures in blood 13 and 111 

muscles 14. Since then, we have also captured some of these signatures in the context of exercise-112 

induced 15,16 or pathological hypoxia, such as in sickle cell 17 or chronic kidney disease 18. While 113 

this full potential for identify biological responses remains to be realized, anti-doping 114 

applications should be explored with particular focus on understanding the metabolic changes 115 

mediated by drugs such as rHuEpo. 116 

 117 

As a first step towards bridging this gap, in the present study we sought out to identify small 118 

molecule metabolic markers of rHuEpo doping in humans. This project represents a continuation 119 

of a project sponsored by WADA in 2008 entitled “A gene-microarray based approach to the 120 

detection of rHuEpo doping in endurance athletes (08C19YP)”, which aimed to provide the basis 121 



for the development of new improved methods to detect rHuEpo doping based on gene 122 

expression profiles19. Given the initial successes of this project and recent advances in 123 

metabolomic profiling, the aim of this study was to investigate the metabolomic response to 124 

rHuEpo administration in the previous rHuEpo intervention study involving European 125 

endurance-trained healthy male volunteers. 126 

  127 

Methods 128 

Subjects and experimental design 129 

Sample characteristics and experimental design have previously been described in detail in 130 

Durussel et. Al 20. Briefly, 18 endurance-trained males (mean ± SD, age: 26.5 ± 5.0 yr, body 131 

mass: 74.8 ± 7.7 kg, height: 179.5 ± 5.4 cm; VO2max: runners 60.3 ± 5 ml•kg•min-1 and other 132 

activities 51.6 ± 3.5 ml•kg•min-1) not involved in sporting competition during the study period 133 

were recruited in Glasgow, Scotland. All subjects received 50 IU.kg-1 body mass subcutaneous 134 

injections of rHuEpo (Neorecormon-Epo beta, Hoffmann-La Roche Ltd, UK) every 2 days over 135 

4 weeks. Plasma, serum and urine were sampled twice at baseline, i.e. two weeks before the 136 

intervention (B1 and B2; days -14, -7, respectively), during (EPO 3-5; days 2, 14 and 28 from 137 

rHuEpo administration) and post (Post 6-8; weeks 7-10) rHuEpo administration with an 138 

overview of the study design provided in Figure 1.A. 139 

 140 

Sample preparation 141 

Plasma, serum and urinary samples were collected using the K3EDTA Tube (Greiner Bio-One 142 

Ltd, Stonehouse, UK), the BD Vacutainer® SSTTM II Advance Serum Tube (BD, Plymouth, 143 

UK) and the SterilinTM Polypropylene 30 mL Universal Container (Thermo Scientific, 144 

Wilmington, DE, USA), respectively. Plasma and serum samples were immediately isolated by 145 

centrifugation at 1500 x g for 15 min at 4˚C, before storage at -80°C for further processing. 146 

Three 1 mL urine aliquots per sample were stored at -80°C prior to downstream analysis. A 147 

volume of 100 µL isolated plasma, serum or urine was each mixed vigorously with 100 µL 148 

chloroform and 300 µL methanol on a cooled shaker at 4˚C for 1 hr, followed by centrifugation 149 

at 13,000 x g at 4°C for 3 min. The supernatant was transferred to fresh screw capped tubes 150 

stored at -80°C until transportation packed with dry ice to the Polyomics Facility, University of 151 



Glasgow, for the hydrophilic interaction liquid chromatography (HILIC)-mass spectrometry 152 

(MS). 153 

 154 

Data processing and analysis 155 

Samples were analyzed by HILIC-MS (UltiMate 3000 RSLC, Thermo Fisher, San Jose, 156 

California, USA) using a 150 x 4.6 mm ZIC-pHILIC column (Merck SeQuant, Umea, Sweden) 157 

running at 300 µL.min-1 and Exactive Orbitrap (Thermo Fisher, San Jose, California, USA) 158 

detection. Buffers consisted of A: 20 mM ammonium carbonate in H2O and B: Merck SeQuant: 159 

acetonitrile. The gradient ran from 20% A: 80% B to 80% A: 20% B in 15 min, followed by a 160 

wash at 95% A: 5% B for 3 min and equilibration at 20% A: 80% B for 5 min.  161 

 162 

Data processing and statistical analysis 163 

Raw mass spectrometry data was processed using the standard pipeline, consisting of XCMS (for 164 

peak picking) 21, MzMatch (for filtering and grouping) 22 and IDEOM (for further filtering, post-165 

processing and identification) 23. Core metabolite identifications were validated against a panel 166 

of unambiguous standards using accurate mass and retention time. Additional putative 167 

identifications were assigned by accurate mass along with a retention time prediction algorithm. 168 

Relative intensity ratios were calculated and independent t-tests were carried out in IDEOM 23. 169 

Additional statistical analyses, including time series ANOVA, hierarchical clustering analyses 170 

and partial least square-discriminant analyses (PLS-DA), correlation to hematological 171 

parameters (Spearman) and calculation of univariate and multivariate Receiver Operating 172 

Characteristic (ROC) curve analyses were performed through MetaboAnalyst 5.0 24. To ease 173 

visualization in the main body of the manuscript, data is presented as either mean ± standard 174 

deviation or medians ± ranges, while individual replicates are shown in Supplementary Materials 175 

where indicated. 176 

 177 

Ethical Considerations 178 

All subjects underwent a medical assessment performed by a physician. The 18 participants that 179 

were included in this study had medical approval to take part of the study and provided written 180 

informed consent to participate. This study was approved by University of Glasgow Ethics 181 

Committee (FBLS 0617) and conformed to the Declaration of Helsinki. Subjects were requested 182 



to maintain their normal training but abstain from official sporting competition for the duration 183 

of the research study. The participants self-declared no prior use of illicit enhancer performance 184 

drugs. 185 

 186 

Results 187 

Treatment with rHuEpo significantly impacts hematological parameters 188 

To confirm the efficacy of our treatment with rHuEpo, hematological parameters were monitored 189 

in the subjects enrolled in this study (Figure 1.B), with these results indicating that rHuEpo 190 

administration resulted in early significant increases in reticulocyte counts (RET), followed by 191 

increases in hematocrit (HCT) and hemoglobin (Hb). These parameters allowed to extrapolate 192 

alterations of OFFhr scores, a doping detection algorithm based on the haemoglobin (Hb) level 193 

concentration and the percentage of reticulocytes (OFF-hr model; Hb(g/l)-60•√%ret), as 194 

approved by the World Anti-Doping Agency 25. 195 

 196 

Overview of metabolomics results 197 

Following metabolomics data acquisition and processing (Figure 2.A), 488 plasma metabolites, 198 

694 serum metabolites and 1628 urinary metabolites were identified (Supplementary Table 1). 199 

Metabolomics data were thus subjected to statistical comparisons (time series ANOVA), 200 

followed by false discovery rate (FDR) correction for the total number of metabolites identified 201 

in this study in each matrix (i.e., plasma; 488, serum; 694 and urine; 1628).  202 

 203 

Metabolic markers of rHuEpo administration in plasma 204 

Unsupervised statistical elaborations – including time series ANOVA and t-distributed stochastic 205 

neighbor embedding (t-SNE) classification (Supplementary Figure 1.A-B) were performed to 206 

identify plasma metabolic markers of rHuEpo administration. Additional analyses included 207 

partial least square-discriminant analysis (PLS-DA – Figure 2.B) and hierarchical clustering of 208 

the top 50 metabolic signatures by time series ANOVA (Figure 2.C and Supplementary Figure 209 

1.A). Among the top markers, statistical analyses highlighted metabolites in lipid metabolism 210 

(especially palmitoyl-carnitine, linoleaidyl-carnitine, elaidic-carnitine and cholesterol sulfate), 211 

pyrimidine metabolism (orotate and dihydroorotate) and basic amino acids (citrulline and N-212 



acetyl-lysine), which ranked amongst the top plasma metabolic markers of rHuEpo 213 

administration (Figure 2.D-F and Supplementary Figure 2).  214 

 215 

Metabolic markers of rHuEpo administration in sera 216 

The hierarchical clustering of all the significant metabolites by time series ANOVA in sera from 217 

all the 18 male well trained athletes administered rHuEpo can be seen in Supplementary Figure 218 

3. To ease visualization of these data and highlighted the impact of time from rHuEpo 219 

administration, subjects were clustered via PLS-DA (Figure 3.A – PC1 explaining ~10% of the 220 

total variance across samples) and hierarchical clustering of significant metabolites in sera 221 

(Figure 3.B). Consistent with analyses in plasma, significant metabolites identified as serum 222 

markers of rHuEpo administration again included carnitine metabolites (palmitoyl- and elaidic-223 

carnitine – Figure 3.C) and pyrimidine metabolites (orotate and dihydroorotate). In addition, this 224 

analysis highlighted a significant impact of rHuEpo administration in serum levels of metabolites 225 

involved in arginine/nitric oxide metabolism, including arginine, citrulline, ornithine, which are 226 

substrates and product of nitric oxide synthesis or result from the activity of competing enzymes 227 

with nitric oxide synthase (NOS), arginase (Figure 4). Early increases in citrulline upon rHuEPO 228 

stimulation are followed by late increases in ornithine, suggestive of a sequential activation of 229 

NOS followed by activation of arginase. Interestingly, this was accompanied by increases in 230 

(asymmetric) dimethyl-arginine (ADMA), an inhibitor of NOS which is synthesized through S-231 

Adenosyl-methionine (SAM)-dependent methylation of arginine. Of note, dimethyl-arginine, 232 

SAM and choline (a methyl group donor to recharge SAM), followed overlapping trends with 233 

ornithine, suggestive that normalization of citrulline levels upon early accumulation secondary to 234 

rHuEpo treatment may be at least in part explained by a compensatory inhibition of NOS by 235 

ADMA (Figure 4). Serum levels of several metabolic markers of hypoxia were altered in 236 

response to rHuEpo treatment (Figure 5). For example, rHuEpo administration was immediately 237 

accompanied by significant decreases in the serum levels of sphingosine 1-phosphate (S1P – 238 

Figure 5), a metabolite that accumulates in the bloodstream upon exposure to high-altitude26 or 239 

pathological hypoxia (e.g., sickle cell17 or chronic kidney disease18).  240 

 241 

On the other hand, plasma adenosine, another circulating marker of systems-wide responses to 242 

hypoxia27,28, followed trends that overlapped with increases in RET (Figure 5). Metabolites 243 



involved in liver and kidney function (e.g., transamination markers alpha-ketoglutarate and 244 

phosphocreatine, respectively) were characterized by late increases (EPO 6) followed by sharp 245 

decreases towards normalization (EPO 7-8) in the sera of subjects who were administered 246 

rHuEpo (Figure 5). It is worthwhile to note the role of circulating carboxylic acids – including 247 

alpha-ketoglutarate – in the stabilization and degradation of hypoxia inducible factor (HIF) by 248 

means of hydroxylation (or inhibition of) through prolyl hydroxylase activity29,30. Notably, 249 

iatrogenically-stimulated erythropoiesis is consistent with altered kidney function and increased 250 

RBC metabolism, as suggested by circulating bilirubin levels (Figure 5) – with trends 251 

overlapping those noted for Hb and HCT (Figure 1). 252 

Metabolic markers of rHuEpo administration in urine 253 

Metabolomics data of urine analyses upon rHuEpo administration were analyzed via PLS-DA 254 

(Figure 6.A) and hierarchical clustering of significant metabolites by time series ANOVA (group 255 

averages in the heat map in Figure 6.B for the top 35 variables). Analyses confirmed again an 256 

impact of rHuEpo administration on biofluid (in this case urine) levels of amino acids (especially 257 

acetylated lysine and glutamate – Figure 6.C), pyrimidines (orotate – Figure 6.D) or other amino 258 

acids involved in one-carbon metabolism (Figure 6.D), substrates that fuel nucleobase synthesis 259 

to sustain erythropoiesis. In addition, several urine markers of rHuEpo administration included 260 

short chain peptides (e.g., Lys-Asp, Val-His, Glu-Pro, Arg-Val-Asn-His) and odd-chain/short 261 

chain fatty acids, suggestive of potential alterations of proteostasis (increased proteolysis) or 262 

altered gut microbiome metabolism.   263 

 264 

Metabolic correlates to hematological parameters 265 

To further delve into the potential translation relevance of our metabolomics findings, we 266 

performed correlation analyses of metabolomics data from all biofluids (plasma, sera, urine) to 267 

hematological parameters in the same subjects throughout the duration of this clinical study. 268 

Results are provided in the form of volcano plots in Figure 7, with highlighted correlates in the 269 

form of line plots in Figure 8. Expectedly, hematological parameters showed strong correlations 270 

among each other, with HCT and Hb showing strong positive correlations (Figure 7.A-C). 271 

OFFhr showed significant positive and negative correlations with Hb (but also HCT) and RET 272 

counts, respectively (Figure 7.B-D). Notably, several metabolites showed stronger correlations to 273 

some of these hematological parameters. Top correlates included plasma amino acids involved in 274 



one carbon metabolism (methionine sulfoxide) or carboxylic acids (4-hydroxy-2-oxoglutarate) 275 

amongst top correlates to HCT (Figure 8.A), serum/plasma N-acetly-lysine, linoleidyl-carnitine 276 

and elaidic carnitine as top correlates to RET counts (Figure 8.B) and urinary indole quinone 277 

(metabolite of potential bacterial origin) and fatty acids (hexadecatetraenoic acid – FA16:4) as 278 

top correlates to Hb levels (Figure 8.C). 279 

Finally, ROC curves were calculated to determine early (EPO 3-5) or late (post 6-8) candidate 280 

metabolic markers of rHuEpo administration as compared to baseline parameters (B1-2) in any 281 

of the biofluids tested in this study (Figure 8.D-E). Of note, RET counts performed as the best 282 

predictor of rHuEpo administration only immediately within the first four weeks of continuous 283 

EPO administration, when RET counts were highest (AUC: 0.956 – Supplementary Figure 4.A), 284 

though its capacity to discriminate between the two groups decreased significantly at the later 285 

time points when RET had declined below baseline values (Supplementary Figure 4.B). 286 

Significant decreases in urine methionine excretion was the second highest early marker of 287 

rHuEpo administration (AUC: 0.892) (Figure 8.D). Increases in urinary excretion of glucoronate 288 

and peroxidized lipids (HPETE) were instead the top late markers of rHuEpo administration, 289 

with AUC > 0.75 in both cases (Figure 8.E). Multivariate analyses of all tested metabolites 290 

across all matrices suggested a strong sensitivity and specificity of the combination of the top 10 291 

metabolic markers in determining rHuEpo administration (Supplementary Figure 4.C).  292 

 293 

Discussion 294 

Blood (both plasma and serum) as well as urine are the most frequently studied samples in 295 

human metabolomic studies given the minimally or non-invasive collection procedures required 296 

as well as the many areas of metabolism involved in these biofluids31,32. While overall 297 

metabolomic patterns in plasma and serum are expected to be similar, some important 298 

differences may be expected given the different sample preparation methods and the cell-derived 299 

components as a result of the process of clotting in sera31. However, overlapping signatures 300 

between these biofluids are critical as they represent both an internal validation and lead the way 301 

for easier sampling. Previous studies have shown strong significant correlations between 302 

metabolite concentrations in matched plasma and sera (mean correlation coefficient r = 0.81 ± 303 

0.10, particularly for most acyl carnitines mean r = 0.86 ± 0.09), with higher concentrations of 304 

metabolites observed in serum33. Despite the larger numbers of metabolites identified in urine, 305 



overall signatures in this biofluid were more variable and less consistent across subjects than 306 

those observed in plasma/sera, suggesting that this biofluid may represent a sub-optimal matrix 307 

for the detection of markers of rHuEpo supplementation in humans. 308 

 309 

In the present study, the concentration of dihydroorotate in both plasma, serum and urine was 310 

significantly increased 14- (EPO4) and 28- days (EPO5) following the first rHuEpo injection 311 

relative to baseline (Base1). Dihydroorotate is an intermediate in the pyrimidine metabolism34 312 

and a substrate for dihydroorotate dehydrogenase, which catalyses the conversion of 313 

dihydroorotate to orotate, which was also significantly correlated to rHuEpo administration, the 314 

single redox step in pyrimidine de novo synthesis35. This is the primary pathway for pyrimidine 315 

biosynthesis34 and most purine and pyrimidine compounds are found in both immature erythroid 316 

cells and mature erythrocytes36; a reflection of the importance of pyrimidine metabolism in the 317 

development of erythroid cells. Metabolites of pyrimidine biosynthesis, including 318 

dihydroorotate, are more abundant in reticulocytes compared to mature erythrocytes in both 319 

humans and rodents37 and in this study the levels of these metabolites are consistently correlated 320 

with RET counts. 321 

 322 

Another signature of rHuEpo administration that was consistently observed across all the 323 

biofluids investigated relates to the alteration of carnitine metabolism which is of clinical 324 

importance as Palmitoylcarnitine is thought to be involved in the pathogenesis of myocardial 325 

ischemia38 through alterations in the fluidity of erythrocyte membranes39. In a recent study on 326 

testosterone replacement therapy in hypogonadic subjects or testosterone supplementation in 327 

longitudinal samples from subjects undergoing gender reassignment therapy40, acyl-carnitines 328 

represented the most significant pathway. Elaidic-carnitine levels in serum were also 329 

significantly elevated at 28 days (EPO5) vs. baseline (Figure 5 & 11 and Supplementary Table 330 

1). Elaidic-carnitine is an acyl carnitine; a fatty acyl ester of L-carnitine. There is some indirect 331 

evidence from studies investigating hemodialysis patients linking the concentration of elaidic-332 

carnitine to erythropoiesis and erythrocyte membrane function. For example, reduced free 333 

carnitine (i.e. L-carnitine) and elevated medium- and long-chain acyl carnitine levels have been 334 

reported in both serum41 and plasma42 samples obtained from hemodialysis patients. Increasing 335 

plasma and intracellular carnitine and carnitine esters in this patient group, using high doses of 336 



L-carnitine42, seem to enhance erythrocyte survival43. However, not all studies support the use of 337 

carnitine therapy in hemodialysis patients44. 338 

Although numerous functions of Dihydroorotate/orotate, Palmitoyl-R-carnitine and Elaidic 339 

carnitine are described in the literature and the human serum metabolome database 340 

(www.serummetabolome.ca45), there is no direct link between these metabolites and EPO; a 341 

consequence of adopting the hypothesis-free approach that could lead to the discovery of 342 

potentially new biomarkers and underlying biology. 343 

 344 

In another study involving two healthy male subjects and using a targeted urinary metabolomics 345 

approach, Appolonova et al.46 investigated the effects of a single intravenous 2000 IU rHuEpo 346 

dose on ADMA, symmetrical dimethylarginine, arginine and citrulline levels. These authors 347 

reported an increase in the concentration of the targeted metabolites after a single injection 348 

without specifying a detection window. The present study replicated these preliminary findings 349 

in sera, suggestive of an early activation of NOS following rHuEpo stimulation and a secondary 350 

inhibition of NOS activity by increased synthesis of ADMA and late accumulation of ornithine. 351 

These observations are relevant in that they would help to disentangle the current findings, 352 

namely the impact of exogenous administration of rHuEpo, from the metabolic impact of 353 

erythropoiesis stimulated by high-altitude hypoxia, as previously described13. Similarly, previous 354 

studies investigating the metabolic response to high-altitude hypoxia reported concomitant 355 

increases in the levels of S1P and adenosine within hours from exposure to hypobaric 356 

hypoxia13,26,27. Of note,  comparable trends for adenosine, a purine metabolite that positively 357 

correlated to increases in RET counts, were reported but opposite trends for S1P, consistent with 358 

the former being the by-product of endothelial cell responses to stimulation of erythropoiesis27 359 

and the latter being a by-product of hypoxic sensing by RBCs as a function of erythrocyte-360 

specific sphingosine kinase activity26. Moreover, since both ADMA synthesis and purine 361 

synthesis are dependent on methyl-group donors, it is interesting to note that SAM and choline 362 

followed overlapping trends to rHuEpo stimulation. Even more interesting, significant decreases 363 

in urinary excretion of methionine, a SAM precursor and main methyl group donor in the 364 

bloodstream, performed almost as well as RET counts as an early marker of rHuEpo 365 

administration. 366 

 367 



In summary, the present study identified several signatures of blood (plasma and serum) and 368 

urine metabolites associated with rHuEpo, including pyrimidine and carnitine metabolites. These 369 

metabolites had been previously associated to erythrocyte membrane function or erythropoiesis 370 

in the context of testosterone-induced erythropoiesis and may serve as candidate markers of 371 

rHuEpo for future prospective validation. Further studies are required to address the impact of 372 

potential confounding factors such age, sex, ethnicity, diet and exercise on these findings. 373 

Another limitation of the study was the dose regimen of rHuEpo used. It has been reported that 374 

one of the most common methods of evading doping detection is a constantly use of rHuEpo 375 

microdoses47. It has been shown that rHuEpo microdose use can lead to hematological changes 376 

that are not detected by the ABP4. However, the main finding of the present study is that 377 

metabolic markers performed better than RET counts as a late marker of rHuEpo administration. 378 

In addition, a combination of multiple metabolomic markers across multiple biological matrices 379 

(e.g., acyl-carnitines, pyrimidines, amino acids, carboxylic acids, sphingolipids, purines) may be 380 

more indicative than any single independent marker. Validation of such markers will provide a 381 

more detailed and thorough understanding of the perturbed system(s), thereby aiding ABP 382 

experts identify and differentiate numerous doping substances and methods when reviewing 383 

passports. Given this unique potential, the present findings should encourage further 384 

metabolomics studies and the integrated reviewing of all “omics” data generated by other 385 

WADA anti-doping studies. 386 

 387 
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 523 

 524 

Figure Legends 525 

 526 

Figure 1 – Study design (A) and hematological parameters (B) in 18 male well trained athletes 527 

administered recombinant human erythropoietin (rHuEpo). Vertical red arrows indicate the time 528 

point (x axis) when rHuEpo was administered. 529 

 530 

Figure 2 – Metabolomics study design (A), partial least square-discriminant analysis (PLS-DA) 531 

(B) and hierarchical clustering of the top 50 metabolic signatures by time series ANOVA (C) in 532 

plasma from 18 male well trained athletes administered recombinant human erythropoietin 533 

(rHuEpo). In D-F, highlighted metabolites in lipid metabolism, pyrimidine metabolism and basic 534 

amino acids ranked amongst the top plasma metabolic markers of rHuEpo administration. Y axes 535 

in these graphs indicate relative quantitative levels of each metabolite (arbitrary units), while x 536 

axes indicate the different time points.  In panels D-F, vertical red arrows indicate the time point 537 

(x axis) when rHuEpo was administered. 538 

 539 

Figure 3 - Partial least square-discriminant analysis (PLS-DA) (A) and hierarchical clustering of 540 

the top 50 metabolic signatures by time series ANOVA (B) in sera from 18 male well trained 541 

athletes administered recombinant human erythropoietin (rHuEpo). In C-D, highlighted 542 

metabolites in carnitine and pyrimidine metabolism, respectively. Metabolites in these pathways 543 

ranked amongst the top serum metabolic markers of rHuEpo administration. Y axes in these 544 

graphs indicate relative quantitative levels of each metabolite (arbitrary units), while x axes 545 

indicate the different time points. In panels C-D, vertical red arrows indicate the time point (x 546 

axis) when rHuEpo was administered. 547 

 548 

Figure 4 – Line plots of metabolites at the interface of arginine/nitric oxide metabolism in sera 549 

from 18 male well trained athletes administered recombinant human erythropoietin (rHuEpo). Y 550 

axes in these graphs indicate relative quantitative levels of each metabolite (arbitrary units), 551 

while x axes indicate the different time points. Vertical red arrows indicate the time point (x 552 

axis) when rHuEpo was administered. 553 



 554 

Figure 5 – Line plots of metabolites with a role in responses to hypoxia (sphingosine 1-555 

phosphate – S1P and adenosine), degradation of hypoxia inducible factor (alpha-ketoglutarate 556 

and its transamination product, glutamate), erythropoiesis and red blood cell metabolism 557 

(bilirubin), kidney function (phosphocreatine) in sera from 18 male well trained athletes 558 

administered recombinant human erythropoietin (rHuEpo). Y axes in these graphs indicate 559 

relative quantitative levels of each metabolite (arbitrary units), while x axes indicate the different 560 

time points. Vertical red arrows indicate the time point (x axis) when rHuEpo was administered. 561 

 562 

Figure 6 - Partial least square-discriminant analysis (PLS-DA) (A) and hierarchical clustering of 563 

the top 35 metabolic signatures by time series ANOVA (B) in urine from 18 male well trained 564 

athletes administered recombinant human erythropoietin (rHuEpo). In C-D, highlighted 565 

metabolites in amino acid homeostasis/proteolysis and pyrimidine metabolism, respectively. 566 

Metabolites in these pathways ranked amongst the top urine metabolic markers of rHuEpo 567 

administration. Y axes in these graphs indicate relative quantitative levels of each metabolite 568 

(arbitrary units), while x axes indicate the different time points.  In panels C-D, vertical red 569 

arrows indicate the time point (x axis) when rHuEpo was administered. 570 

 571 

Figure 7 -  Metabolites in sera, plasma and urines were correlated (Spearman) to hematological 572 

parameters, including hematocrit (HCT), reticulocyte count (RET), hemoglobin concentration 573 

(Hb) and OFFhr (A-B). Results were plotted in the form of volcano plots, in which the x axes 574 

indicate correlation coefficients, while the y axes indicate the -Log10 of FDR-corrected p-values 575 

for each correlation. 576 

 577 

Figure 8 - Metabolites in sera, plasma and urines were correlated (Spearman) to hematological 578 

parameters, including hematocrit (HCT), reticulocyte count (RET), hemoglobin concentration 579 

(Hb) (A-C). Line plots for selected metabolites are shown, with each point color coded 580 

depending on the time of sampling, consistent with the legend in the bottom right of the figure. 581 

Quadratic and linear correlation coefficients are provided for each plot, along with the relative p-582 

value. Receiver Operating Characteristic (ROC) curves for top metabolite predictors of early 583 

(B1-2 vs E3-4-5) or late (B1-2 vs P6-7-8) administration of rHuEpo (D-E, respectively). 584 



 585 

Supplementary Figure Legends 586 

 587 

Supplementary Figure 1 – Overview of the experimental design for plasma metabolomics 588 

analyses and related heat map (A) from the time series ANOVA elaboration. This heat map 589 

shows each single biological replicate, while the corresponding heat map in Figure 2 shows only 590 

group averages for each time point for ease of visualization. In B, t-distributed stochastic 591 

neighbor embedding (t-SNE) classification of the plasma samples based on metabolomics data. 592 

 593 

Supplementary Figure 2 – Line plots of top significant plasma metabolic markers of rHuEpo 594 

administration in 18 male volunteers who were administered recombinant human erythropoietin 595 

(rHuEpo). Y axes in these graphs indicate normalized relative quantitative levels (Autoscale – 596 

i.e., data are mean-centered and divided by the standard deviation of each variable) of each 597 

metabolite (arbitrary units), while x axes indicate the different time points. These plots are 598 

comparable to those reported in Figures 2-4, in which only raw values for medians + ranges are 599 

shown instead of the normalized values for single biological replicates. 600 

 601 

Supplementary Figure 3 – Hierarchical clustering of the significant metabolites by time series 602 

ANOVA in sera from 18 male well trained athletes administered recombinant human 603 

erythropoietin (rHuEpo). This heat map shows each single biological replicate, while the 604 

corresponding heat map in Figure 3 shows only group averages for each time point for ease of 605 

visualization. 606 

 607 

Supplementary Figure 4 – Receiver Operating Characteristic (ROC) curves of RET count as 608 

the top predictor overall (including metabolic signatures) or rHuEpo administration (A) but a 609 

poor late marker of rHuEpo administration (B). In C, a multivariate analysis showed a strong 610 

capacity (AUC: 1 and 0.997) to determine rHuEpo administration based off the top 5-10 611 

metabolic markers in all matrices tested in this study. 612 
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