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* Correspondence: utczas.margita@tf.hu; Tel.: +36-303-214-877

Abstract: The aim of our research was to perform a comprehensive study of ecdysterone (ECD)-
containing dietary supplements (DSs). Two analytical methods were optimised according to the
expected concentration of the target compounds: quantitation of ECD by liquid chromatography (LC)
coupled to diode array detector (DAD), and limit test for 47 World Anti-Doping Agency prohibited
by LC coupled with tandem mass spectrometer (MS/MS). For quantitation of ECD, the method was
fully validated with outstanding performance characteristics (LOD: 35 µg·g−1, LOQ: 115 µg·g−1,
CV% < 5%), resulting in significantly lower LOD and shorter runtime than published previously. For
limit tests, a chromatographic method was developed to obtain excellent separation, while MS/MS
parameters were optimised to allow the lowest possible reporting limit (RL: 0.6–10 ng·g−1 or mL−1).
Twenty-one ecdysterone-containing DSs from ten brands were analysed. In all cases, the measured
ECD content was much lower than labelled, and 20% of the samples contained a prohibited substance.
The concentration of ecdysterone and contaminations varied randomly from batch to batch. The
developed methods help to prevent the use of contaminated or useless DSs.

Keywords: anabolic androgenic steroids; hormones and metabolic modulators; ecdysterone; dietary
supplement; liquid chromatography; triple quadrupole mass spectrometry

1. Introduction

Substances in the World Anti-Doping Agency (WADA) monitoring program are not
prohibited, but they are monitored by WADA in order to detect potential patterns of mis-
use in sports. Since 2020, ecdysterone (20-hydroxyecdysone (ECD)) has been included
in the monitoring program [1] and since that time, the results found in urine samples
have been evaluated [2]. ECD is a naturally-occurring steroid hormone with a structure
similar to anabolic androgenic steroids (AASs). It is primarily derived from herbal sources
(Spinacia oleracea, Cyanotis arachnoidea, Leuzea carthamoides, Rhaponticum carthamoides) [3,4].
Even ECD is not produced in mammalian tissues and has several physiological effects in
mammals when taken externally [5]. Its impact on the anabolic pathways, without any
androgenic side-effect, is the most desirable one for athletes. Haupt et al. hypothesised
that ECD presents an anabolic effect mediated by an estrogenic receptor pathway [6].
Parr et al. clearly confirmed the anabolic activity of ECD, comparing its effect to those
of well-known AASs and selective androgen receptor modulators (SARMs) [7]. Later,
Isenmann et al. performed a detailed investigation regarding the effect of ECD, and the
results demonstrated a notable performance-enhancing effect. Thus, authors strongly
suggested the inclusion of ECD in class S1.2 of the WADA prohibited list [8]. Surpris-
ingly, another quite similar study found the opposite result, namely, ECD supplementation
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had no effect on training adaptation and anabolic/catabolic hormone status [9]. The
significant difference can presumably be explained by incorrect labeling, namely, that
the real ECD content was much lower than those indicated on the product, as found by
Ambrosio et al. [10]. Webshops advertise ECD-containing DSs that promise “higher muscle
mass and better performance” within a short period of time. Consequently, these prod-
ucts are very popular among athletes, who try to find “legal” performance enhancing
products [11]. Nevertheless, ECD-containing products might be contaminated with WADA-
prohibited substances, thus, their use may result in a positive doping test [12–15]. Therefore,
an analysis of DSs with appropriate techniques is very important [14].

Correctly choosing the most suitable analytical method according to the scope and the
order of magnitude of the target compounds is crucial. Traditionally, gas chromatography
coupled with mass spectrometry (GC-MS) has been the most commonly used method
for the detection of steroids [16–18]. Over the past few decades, GC-MS methods have
developed dynamically, resulting in a significant decrease in the limit of detection (LODs)
from mg·g−1 to ng·g−1 range [18,19]. Triple quadrupole MS detectors (MS/MS) operating
in multiple reaction monitoring (MRM) mode allow for a more reliable and sensitive
identification of prohibited steroids. Taking into account the complexity of DSs, their
sample preparation typically differs considerably from those of urine or blood samples,
and need to be optimised [19]. Although GC-MS/MS methods are widely used to perform
steroid analysis, liquid chromatographic (LC) techniques [20], in particular multicomponent
LC-MS/MS techniques, are now increasingly becoming widespread in the literature as
well [21–23]. Numerous publications have already investigated the ECD content of some
DSs and different ECD-containing plant materials. Some of them have used LC-MS/MS
methods for quantifications [10,24–26], while reversed-phase (RP) LC coupled with diode-
array detector (DAD) methods are also applicable [27]. Considering that ECD is not yet
prohibited but put under the monitoring program, there has been no need to use more
sensitive methods. Based on the results reported so far, the composition of many ECD-
containing DSs are doubtful [10], and thus, comprehensive analytical studies are needed to
obtain a better knowledge of these kinds of DSs.

Hence, our aim was to quantify the still-permitted but monitored ECD in the expected
order of magnitude of mg·g−1 by means of LC-DAD, and detect prohibited compounds at
ng·g−1 concentration with LC-MS/MS.

2. Materials and Methods
2.1. Chemicals

Ultrapure deionised water (H2O) (<18 mΩ) was purified and provided on a daily
basis by a SUEZ Water Purification Systems (Pro Analitika, Hungary, Budapest). HPLC-
grade acetonitrile (ACN) and LC-MS-grade methanol (MeOH) and 2-propanol (IPA) were
obtained from Thermo Fisher Scientific (Budapest, Hungary). Further solvents and reagents,
namely, diethyl ether (DETE), ethyl acetate (EtAc), n-pentane, and formic acid (FA), were
purchased from Merck KGaA (Darmstadt, Germany). HPLC-grade ethanol (EtOH) was
purchased from Molar Chemicals (Halásztelek, Hungary). Reference standards with all
details are listed in Supplementary Materials Table S1.

2.2. Samples

DSs analysed in our study were purchased online or received from the National Food
Chain Safety Office ((NFCSO) Hungary, Budapest)).

2.3. Standard Solutions

Stock solutions of target compounds for both scopes and deuterated internal stan-
dard (ISTD) for the MS/MS analysis were prepared according to the format of reference
standards. Certified reference materials were purchased in three formats. In the case
of neat (solventless solid) standards, 10–10 mg of each reference material was weighted
individually by a certified analytical balance (M5-HPB2285 Di, Bel Engineering, Monza,
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Italy, d = 0.1 mg) into 10-mL volumetric flasks, solubilised with the appropriate solvent
and completed the volume properly, resulting in a stock solution with a concentration of
1000 mg·L−1. Stock solutions of “dilute and shot” (D&S) (certified amount of standard,
approximately 1 mg) reference materials were prepared through dissolving in 1 mL of an
appropriate solvent, according to the certificate of analysis and measured by a Hamilton
syringe. All the solutions were sonicated until the complete transparency of the solution.
Certified reference material solutions (concentration of 1000 mg·L−1) in ampules were
ready for use immediately. ISTD (testosterone-d3) had a certified nominal concentration of
100·mg L−1, which was taken into account during the preparation of the diluted working
solutions. All the solutions were sonicated until the complete transparency of the solution.

2.4. Sample Preparation for ECD Quantitation

According to the optimised method, homogenised samples (100 mg) were weighted
into a centrifuge tube, 10 mL MeOH was added to each sample, and the tubes were shaken
with an orbital open-air shaker (Lab Companion, Billerica, MA, USA) for 25 min. The tubes
were then centrifuged at 3000 rpm (Andreas Hettich GmbH & Co., Tuttlingen, Germany)
and finally filtrated by using a cellulose acetate syringe filter (0.45 µm, (Gen-Lab Kft,
Budapest, Hungary)). Taking into account the indicated ECD content, the samples were
diluted further with MeOH if needed. In some cases, finding the suitable dilution posed a
challenge because the real amount differed significantly from the labeled value. Samples
were prepared in duplicate.

2.5. LC-DAD Quantitative ECD Analysis

Quantitative ECD analyses were carried out on an Agilent 1290 Infinity II LC system
(Agilent Technologies, Palo Alto, CA, USA), which consisted of a model G7167B injector,
G7120A high-speed pump, and G7117A DAD. For the separation, a Kinetex C18 RP column
(4.6 mm × 100 mm × 2.6 µm (Gen-Lab Kft, Budapest, Hungary)) was applied. The injection
volume was 3 µL. The following gradient program was applied with ultrapure H2O (mobile
phase (A)) and ACN (mobile phase (B)): 0 min 10% B, 7 min 95% B, 9 min 95%, 9.1 min
10% B. The re-equilibration time with the starting conditions was 3 min. The flow rate was
0.5 mL·min−1, and the column was kept at 40 ◦C. ECD was monitored at 254 nm. Instru-
ment control, data acquisition, and qualitative/quantitative data analysis were provided
by MassHunter software ver. B.08 (Agilent Technologies, Palo Alto, CA, USA).

2.6. Calibration and Quantification

External daily calibration was used for the quantitation of ECD from dietary supple-
ments. Five different concentrations (in the range of 1–50 µg·mL−1) were prepared from
the ECD stock solution using a volumetric flask and MeOH as a diluent. Solutions of
the prepared calibration series were injected into the LC-DAD system. The calibration
curves were constructed by plotting the peak area versus concentration of ECD expressed
in µg·mL−1, determining the linear regression equation and coefficient. For quantitative
purpose, the concentration of ECD was calculated considering the actual dilution, without
any further correction.

2.7. Sample Preparation of Prohibited Substances

Extraction steps for the prohibited compound analysis were carried out as published
in our previous study [19].

2.8. LC-MS/MS Qualitative Prohibited Substance Analysis

LC-MS/MS analyses were carried out on the same Agilent 1290 Infinity II LC system
as previously described, coupled to an Agilent 6495B triple quadrupole mass spectrometer
(Agilent Technologies, Palo Alto, CA, USA). Separation of 49 steroids was achieved with a
Zorbax Eclipse Plus C18, 2.1 × 50 mm × 1.8 µm column (Agilent Technologies, Palo Alto,
CA, USA). Injection volume was 1 µL. Gradient elution with H2O with 0.1% FA (eluent
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A) and MeOH with 0.1% FA (eluent B) was applied as follows: 0 min 30% B, 2 min 30% B,
3.5 min 65% B, 8 min 65% B, 10 min 100% B, 11 min 100% B, 11.01 min 30% B, 13 min 30% B.
The MS was applied in electron spray ionisation (ESI) mode. Sheet gas and auxiliary gas
temperature and flow were 210 ◦C and 350 ◦C, and 14 L·min−1 and 12 L·min−1, respectively.
Capillary voltage was 3000 V. Ionisation was carried out in negative mode for two SARMs
(LGD4033 and ostarine). For the other target analytes, a positive ionisation mode was
applied. MS/MS detection was carried out in dynamic MRM mode (dMRM). Optimised
MRM transitions with collision energies (CE) and retention times (RT) of each compound
are listed in Table 1. The same software was used as in the LC-DAD analysis.

Table 1. MRM transitions and CEs (expressed as eV) of target substances for LC-MS/MS analysis.
MRM 1 was used for primary identification; MRM 2 was selected as confirmatory transition. RT was
expressed in min.

Compound
MRM 1 MRM 2

RT
Transition CE Transition CE

Ractopamine 302 > 164 15 302 > 284 10 0.86
β-ecdysterone 481 > 445 20 481 > 371 15 3.70

Anastrasole 294 > 225 25 - - 3.89
Adrenosterone 301 > 121 30 301 > 257 22 4.29

1,4-androstadiene-3,17-dione 285 > 121 20 285 > 147 10 4.63
19-norandrostendione 273 > 197 20 273 > 255 20 4.77

RAD 140 394 > 223 5 394 > 170 35 4.80
Trenbolone 271 > 253 20 271 > 199 25 4.81

9(10)-dehydronandrolone 273 > 161 25 273 > 135 30 4.89
Boldenone 287 > 121 20 287 > 135 20 4.91

Fluoxymesterone 337 > 281 20 337 > 241 25 4.98
Ostarine 388 > 118 35 388 > 269 20 5.02

Oxandrolone 289 > 229 20 289 > 121 25 5.06
Nandrolone 275 > 109 30 275 > 145 30 5.06

4(5)-androstene-3,17-dione 287 > 97 25 287 > 109 25 5.06
Metribolone 285 > 227 20 285 > 267 20 5.07

Methylclostebol 337 > 319 15 - - 5.07
Exemestane 297 > 121 25 297 > 279 10 5.10

Methandienone 301 > 121 20 301 > 149 20 5.16
4-androstene-3,6,17-trione 301 > 149 20 301 > 107 35 5.16

Gestrinone 309 > 199 30 309 > 241 15 5.25
Testosterone 289 > 97 25 289 > 109 25 5.38

1-androstendione 287 > 185 15 287 > 203 15 5.43
∆9(11)-methyltestosterone 301 > 283 20 301 > 147 25 5.46

LGD4033 383 > 267 20 383 > 337 5 5.63
Norclostebol 309 > 143 40 309 > 291 15 5.77
Mibolerone 303 > 149 30 303 > 117 50 5.77

3,5-androstadiene-7,17-dione (Arimistane) 285 > 81 30 285 > 107 25 5.77
17α-methyltestosterone 303 > 109 30 303 > 97 30 5.78

5α-androst-1-en-17β-ol-3-one (1-testosterone) 289 > 187 20 289 > 205 15 5.89
Methenolone 303 > 83 20 303 > 187 25 5.95

Epitestosterone 289 > 97 25 289 > 109 25 6.14
Bolasterone 317 > 97 25 317 > 107 40 6.19
Clostebol 323 > 143 25 323 > 131 30 6.20
Stanozolol 329 > 81 55 329 > 95 55 6.20

Tetrahydrogestrinone 313 > 199 35 313 > 159 25 6.58
Norethandrolone 303 > 285 15 303 > 109 30 6.68

Calusterone 317 > 97 25 317 > 123 20 6.72
Trenbolone acetate 313 > 253 20 313 > 271 15 6.80

Stenbolone 303 > 187 25 - - 7.27
Etiocholanolone 273 > 255 10 291 > 255 10 7.44

Norbolethone 317 > 299 15 317 > 245 20 7.65
Androsterone 273 > 255 10 291 > 273 10 7.74

Danazol 338 > 120 25 338 > 310 30 7.83
Methylstenbolone 317 > 201 20 317 > 145 35 8.53

Testosterone acetate 331 > 97 20 331 > 109 30 9.19
Testosterone propionate 345 > 97 20 345 > 109 30 9.99

GW501516 454 > 257 30 454 > 188 50 10.15
Testosterone-d3 (ISTD) 292 > 97 25 292 > 109 25 5.38
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2.9. Method Figures of Merit

The method figures of merit were determined based on Eurachem guidelines [28].
For the quantitation of ECD by means of LC-DAD limit of detection (LOD), the limit of
quantitation (LOQ), accuracy, selectivity, and repeatability were evaluated.

According to Magnusson et al. [28], the analysis of prohibited substances was consid-
ered as a limit test. Therefore, reporting limits (RL) and selectivity were assessed for all
investigated compounds. RL were determined from ten replicates of a calibrating mixture
at a lower concentration level (0.6–10 ng·g−1 or mL−1) from eleven different DS matrices,
including liquid and solid, simple, and complex ones. Selectivity was assessed by evaluat-
ing the presence of an interfering substance from the matrix and from the spiking mixture
as well.

3. Results and Discussion
3.1. Sample Preparation Optimisation for Quantitation of ECD

In order to achieve the most efficient extraction method for ECD, five types of solvents
or mixtures were tried, namely, ultrapure H2O, MeOH, ethanol (EtOH), 40:60 H2O:MeOH,
and 40:60 H2O:EtOH. No significant difference between the tested extraction solvents was
found, thus, MeOH was chosen to facilitate the filtration step.

3.2. Method Figures of Merit for Quantitation of ECD

Method validation was performed by evaluating the main performance parameters:
linear dynamic range, linearity, LOD, LOQ, selectivity, repeatability, intermediate precision,
and accuracy.

Manufacturers typically use herbal extracts in DSs, with nearly-exclusively solid forms
on the market, mainly in capsule form. Thus, our validation samples were all solid (three
capsules, one tablet).

3.2.1. Linear Dynamic Range, Linearity, LOD, LOQ

The linear dynamic range was selected within 1–50 µg·mL−1. Linear regression
analysis was used to set up a calibration curve, including five points injected in triplicate.
The calibration curves showed excellent linearity over the entire range. LOD and LOQ
values were calculated according to the signal intensity of the ECD peak at the lowest
calibration concentration and baseline noise of a blank sample. The results are presented
in Table 2.

Table 2. Parameters of linearity (n = 3), LOD and LOQ, repeatability, intermediate precision, and
accuracy in terms of recovery (%) of quantitative analysis of ECD by means of LC-DAD.

Method Figures of Merit

linearity

concentration range
(µg/mL) 1.0–50.0

slope 6.51 ± 0.09

intercept 1.18 ± 0.23

correlation coefficient 0.9999

LOD (µg·g−1) 35

LOQ (µg·g−1) 115

intra-day precision (CV%)

sample 1 sample 2 sample 3 sample 4

day 1 (n = 6) 1.77 3.24 1.64 4.36
day 2 (n = 6) 3.40 1.63 3.20 4.93
day 3 (n = 6) 2.36 1.98 2.49 4.86

intermediate precision
(n = 18, CV%) 1.75 0.43 1.17 0.79

recovery (%)
70 91 90 90
73 91 93 100
71 93 93 97
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3.2.2. Selectivity

An evaluation of selectivity was performed to prove that the target component can
be separated from peaks from the solvent and matrix. Solvent blank, ECD solution, and
samples from different matrices were analysed. The ECD peak (RT = 3.88 min) can be
clearly distinguished from possible contaminants and components from the matrices.

3.2.3. Repeatability, Intermediate Precision

After determining the suitable dilution factors, samples were analysed (6-6 replicates
for each material). In order to determine inter-day precision, the samples were reanalysed
1, 2, and 3 days after sample preparation, while the samples were kept at 4 ◦C between each
measurement. Exact ECD contents were calculated using a freshly-prepared calibration.
Calculated method precisions and inter-day precisions are summarised in Table 2. Accord-
ing to the obtained values, the developed LC-DAD method has excellent repeatability. The
CV% in every case was lower than 5% (Table 2).

3.2.4. Accuracy

In different sample preparation sets, samples were spiked at three levels, namely, 80,
100, and 120% of ECD relative to their ECD content to perform a recovery study. The 100%
levels were prepared in six replicates, and all others in duplicate. Acceptance criteria of
recovery was determined in the range of 70–130%. The calculated recoveries (shown in
Table 2) are satisfactory for each sample, but it is notable that one of them is close to the
lowest acceptance limit. This is presumably due to its high herbal content, and thus it is
recommended to perform a recovery study in case of unknown or complex matrices.

In conclusion, the performance parameters of the method completely fulfill the re-
quirements that are related to quantitative analytical purposes.

3.3. Triple Quadrupole MS Analysis Optimisation

In order to achieve the best mass spectrometric identification of the target compounds,
a detailed MRM transition optimisation was carried out during LC-MS/MS method devel-
opment. The solutions of all 49 pure standards, including ECD and ISTD, were individually
injected in full scan acquisition mode to detect the most intensive parent ions. In general,
steroids and sterane structure compounds can be easily analysed using positive ionisation
mode. In contrast, in the case of some SARMs, namely, ostarine and LGD4033, negative
ionisation had to be used, likely due to their own specific trifluoromethyl functional group.
Parent ions were then further fragmented in product ion scan mode using different collision
energies (in the range of 5–40 eV) in order to select the appropriate CEs that provide the
most intensive transitions. In some special cases, mainly when the product ion had low
mass, higher CEs were also tested. The optimised MS parameters are summarised in Table 1.
Taking advantage of the dynamic MRM mode, the most intensive fragment was not always
selected as a parent ion, but the selectivity of the transitions was also considered. Two
MS/MS transitions were primarily chosen: the higher one as a quantifier transition, while
the one with a lower intensity was the confirmatory qualifier transition.

3.4. Method Figures of Merit for Limit Test of Prohibited Substances

The optimised method for detecting banned compounds from S1 and S4 classes in
DSs was validated as a limit test. During validation measurements, samples not spiked
and samples spiked at two concentration levels with the mixture containing all target
compounds were analysed (10 replicates of each). Altogether, 11 considerably diverse DSs
were examined in order to demonstrate the applicability for all types of DSs. Since all the
investigated steroids are structurally quite similar, the appropriate selectivity of the method
was one of the key points. As a result of the well-designed chromatographic method and the
optimisation of the MRM transitions, all of the critical pairs (mainly isomers, compounds
with similar RT, and/or same MRM transitions) could be distinguished with a selectivity
factor (α) greater than 1.5. Reporting limits were determined for each target compound
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in accordance with the following acceptance criteria: ∆RT < 0.1 min, α > 1.5, signal to
noise ratio (S/N) > 3, transition ion ratios between 70–130%. The determined RLs mainly
varied between 0.6–10 ng·g−1 or mL−1, which is lower than previously determined in DSs.
Overall, the obtained results clearly show the efficiency of the developed analytical method.

3.5. Analysis of ECD-Containing DSs

Our analytical methods were optimised according to two different scopes: exact
quantitation of ECD with excellent linearity and accuracy on one hand, and limit test for
prohibited AASs (S1), hormones and metabolic modulators (S4), with the lowest possible
limit of detection, by means of optimised LC-MS/MS, on the other. In total, 21 different
ECD-containing DSs from 10 brands were analysed. The results are shown in Table 3. In
most cases, the measured ECD content was noticeably lower than as they were labeled.
For one brand (E), the ECD content in both measured batches was roughly in accordance
with those on the label. In most samples, the measured and labeled ECD content was not
even in the same order of magnitude. Furthermore, the ECD content of different batches
from the same brand differed extremely from each other. In the case of brand “A”, the
coefficient of variation (CV%) of the measured ECD content was higher than 80%. In brand
“I”, the target compound in one batch was not even detected, while the measured amount
of ECD in the other one was barely more than half of its label (Figure 1). However, the ECD
content was not defined on the label of brand “H”, while the same amount of ECD was
found in the blue capsules of the two analysed batches. The highest amount of ECD in
terms of mg/capsule was observed in brand “F”, precisely 34.1 mg/capsule. At the same
time, 25% of the samples contained a prohibited substance from the WADA S1 class. In two
batches of brand “A”, 4(5)-androstene-3,17-dione was present, while in the third one there
was not any detectable prohibited substance. Unfortunately, even batches of brand “H”
were identical considering the ECD content. In batch “2”, 1,4-androstene-3,17-dione was
detected, while the other one was free of contamination. In the analysed batch of brand
“J1” other than ECD (Figure 2a), 1,4-androstene-3,17-dione and 4(5)-androstene-3,17-dione
were found (Figure 2b–d). No correlation between the source (product bought by the
Laboratory or the Authority) and real composition of the product was found, including
the concentration of the active compound and contaminations as well. Our findings were
partially in accordance with previously-reported results [10].

Table 3. Detailed list of analysed products, including name sample type, description, lot number,
source, daily dose, labeled ECD content, and results. Each product was encoded with an uppercase
letter from “A” to “J”. In addition, consecutive numbers were assigned to different batches. In the
case of product “H”, there were daily packs, containing 4 different types of capsules and tablets.

Sample
Code Sample Type Product Description Source

Detected
WADA-Prohibited

Substances
(S1, S4)

ECD
Content
(mg·g−1)

Measured ECD
Content (mg)

Per·Capsule or
Tablet

Labeled ECD
Content (mg)
Per Capsule

or Tablet

Daily
Dose

A1

capsule Dietary supplement with
Cyanotis arachnoidea extract

webshop n.d. 52.5 23.6

135 3
A2 webshop 4(5)-androstene-

3,17-dione 13.2 8.2

A3 NFCSO 4(5)-androstene-
3,17-dione 7.98 4.9

B1 capsule Dietary supplement with
Rhaponticum carthamoides extract webshop n.d. 27.6 9.3 200 3 × 1

C1 capsule Dietary supplement with
Rhaponticum carthamoides extract webshop n.d. 8.03 4.7 300 1

D1 capsule Dietary supplement with
Rhaponticum carthamoides extract webshop n.d. n.d. n.d. 200 1

E1 capsule Dietary supplement with with
Maca extract, L-arginine,

L-ornithine hydrochloride and zink

webshop n.d. 3.41 3.4
2.5 2–3

E2 capsule NFCSO n.d. 2.51 2.5
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Table 3. Cont.

Sample
Code Sample Type Product Description Source

Detected
WADA-Prohibited

Substances
(S1, S4)

ECD
Content
(mg·g−1)

Measured ECD
Content (mg)

Per·Capsule or
Tablet

Labeled ECD
Content (mg)
Per Capsule

or Tablet

Daily
Dose

F1 capsule
Dietary supplement with

Spinacia oleracea extract and
L-leucinnal

webshop n.d. 39 34.1 100 1–2

G1 capsule Dietary supplement with
Cyanotis vaga extract webshop n.d. 96.8 26.9 250 4

H1/1 capsule

Dietary supplement with
Cyanotis vaga and other herbal

extracts, vitamins, minerals,
amino acids and substances with

anabolic effect

NFCSO

n.d. n.d. n.d. not defined 1
H1/2 capsule n.d. 28.5 18.5 not defined 3
H1/3 tablet n.d. n.d. n.d. not defined 3
H1/4 tablet n.d. n.d. n.d. not defined 1
H2/1 capsule

webshop

n.d. n.d. n.d. not defined 1

H2/2 capsule 1,4-androstene-
3,17-dione 29.9 19.4 not defined 3

H2/3 tablet n.d. n.d. n.d. not defined 3
H2/4 tablet n.d. n.d. n.d. not defined 1

I1 capsule Dietary supplement with Spinacia
oleracea and Yam extracts,

gamma-oryzanol and vitamins

webshop n.d. n.d. n.d. 25 3

I2 capsule NFCSO n.d. 14.2 14.2 25 3

J1 tablet Dietary supplement with
Leuzea carthamoides extract webshop

4(5)-androstene-
3,17-dione,

1,4-androstene-
3,17-dione

1.08 10.8 15 2–4
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Figure 2. LC-MS/MS chromatograms of sample “J1”. (a–c) MRM transitions and ratios of ECD, 1,4-
androstene-3,17-dione and 4(5)-androstene-3,17-dione, respectively, in sample blank. (d) TIC chro-
matogram and dMRM chromatogram of sample spiked at RL concentration of the mixture of 47 
prohibited substances and ECD. 
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ity of this substance is that ECD is still legally available, although included in the Moni-
toring Program. Hence, two analytical methods were optimised according to two different 
scopes. For the quantitation of ECD by means of LC-DAD, a simple and efficient sample 
preparation was developed, with significantly lower LOD and shorter runtime, as previ-
ously reported with the same technique [27]. The limit test for thoroughly selected 47 
WADA-prohibited steroids (S1), hormones, and metabolic modulators (S4) by means of 
LC-MS/MS was validated with cumbersome dietary supplements, allowing lower report-
ing limits than previously published in DSs, which is of great importance considering the 
zero tolerance of these banned substances in human samples during doping control anal-
ysis. Serious discrepancies were explored on the labelling of supplements containing 
ECD, including the lack of active compounds and the presence of prohibited substances. 
The developed methods provide outstanding support for athletes regarding food-supple-
ment safety. 
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Figure 2. LC-MS/MS chromatograms of sample “J1”. (a–c) MRM transitions and ratios of ECD,
1,4-androstene-3,17-dione and 4(5)-androstene-3,17-dione, respectively, in sample blank. (d) TIC
chromatogram and dMRM chromatogram of sample spiked at RL concentration of the mixture of
47 prohibited substances and ECD.

4. Conclusions

The work aimed to scrutinise ECD-containing dietary supplements, which are widely
used by both professional and amateur athletes. The reason for the great popularity of this
substance is that ECD is still legally available, although included in the Monitoring Program.
Hence, two analytical methods were optimised according to two different scopes. For the
quantitation of ECD by means of LC-DAD, a simple and efficient sample preparation was
developed, with significantly lower LOD and shorter runtime, as previously reported
with the same technique [27]. The limit test for thoroughly selected 47 WADA-prohibited
steroids (S1), hormones, and metabolic modulators (S4) by means of LC-MS/MS was
validated with cumbersome dietary supplements, allowing lower reporting limits than
previously published in DSs, which is of great importance considering the zero tolerance
of these banned substances in human samples during doping control analysis. Serious
discrepancies were explored on the labelling of supplements containing ECD, including
the lack of active compounds and the presence of prohibited substances. The developed
methods provide outstanding support for athletes regarding food-supplement safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations10040242/s1, Table S1: A detailed list of reference
standards used, including compound name, WADA class, supplier, type, purity, and the applied
method for detection.
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