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Abstract

Testosterone (T) is the primary male sex hormone. In addition to the development of
secondary sex characteristics, testosterone has anabolic effects including increases in muscle
size and strength and increases in lean body mass, making it an attractive candidate to
enhance athletic performance. In the case of exogenous administration of testosterone, the
ratio of testosterone to its isomer, epitestosterone (E), is elevated. WADA has set a standard
for T/E ratios of 4.0 as indicative of possible exogenous testosterone administration.
Typically, a sample that screens for a T/E ratio above that threshold is then subjected to
quantitative confirmation by GC/MS. This methodology, however, can be limited due to
sensitivity issues as well as a limited number of qualifier ions that can be used for
unambiguous identification. We have developed a confirmation method which uses
liquid/liquid extraction, followed by room temperature Girard P derivatization, and analysis
using LC/MS-QToF. We observe a number of advantages over conventional GC/MS
analysis. Analysis time is decreased. Sensitivity is increased, resulting in limits of detection
of 2 and 0.5 ng/ml for testosterone and epitestosterone, respectively. The number of
diagnostic qualifier ions is also increased allowing more confident identification of the
analytes. Finally, while this method has been developed on a QToF instrument, it should be

easily transferable to any tandem LC/MS/MS system.

Materials and Methods

Sample Preparation

Three mL of synthetic urine (Dynatek, Lenexa, KS, USA) was added to a silanized glass test
tube containing 300 ng of ds-testosterone and 75 ng of ds-epitestosterone. After incubation

with B-glucuronidase from E. coli K12 (Roche, Indianapolis, IN, USA) and buffering, the
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samples were extracted with 6 mL of methyl tert-butyl ether (MTBE). The organic layer was
transferred to a silanized 13 x 100 mm glass tube and dried under a gentle stream of air at
40°C. Samples were reconstituted in 20 pL of methanol followed by 80 pL of 1M Girard’s
Reagent P in 50 mM ammonium acetate buffer (pH 4.2). Samples were then transferred to

auto sampler vials and 20 puL was injected after a 1-hr incubation time at room temperature.

LC-MS-MS

LC-MS-MS equipment consisted of an Agilent 1100 series HPLC connected to an Applied
Biosystems QStar-XL tandem MS equipped with a Turboionspray® (heated electrospray) ion
source. The HPLC column used was a Phenomenex Luna C18(2) column with 2.0 x 100 mm
dimensions and 3 micron particles with 1.0 x 10° A pore size. The column compartment was
heated to 50°C during the analysis. HPLC mobile phase A consisted of 0.1% formic acid in
MilliQ water and mobile phase B consisted of 0.1% formic acid in methanol. A mobile phase
flow rate of 350 pL/min was employed with the following gradient: After equilibration at
75% A, the mobile phase composition was ramped up to 95% B over 9 min and held for 1.5

min, followed by a return to 75% A over 0.5 min.

The mass spectrometer was operated in positive ion mode with source and fragmentation
conditions optimized for the analysis. For the first 2.5 min of the analytical run, flow was
diverted to waste via an automatic post-column switching valve to avoid excessive
contamination of the ion source with Girard’s Reagent P. The quasi molecular ions at m/z
422.3 (GRP derivatized testosterone and epitestosterone) and 425.3 (GRP derivatized ds-
testosterone and ds-epitestosterone) were fragmented at -46 V, which resulted in

approximately 10% of the precursor ion remaining after fragmentation.

Results

The structure of GRP derivatized testosterone is shown in Fig. 1A. Q-ToF mass spectra for
GRP derivatized testosterone and epitestosterone are shown in Figs. 2A and 2B.
Characteristic fragment ions dominate the mass spectra, such as, m/z 343 (loss of 79)
representing the loss of the pyridinium moiety (CsHsN) and resulting cyclization at C,4, and
m/z 315 (loss of 107) representing the loss of the pyridinium plus a carbon and an oxygen
(CsHsNO) with cyclization at the same C,4 position. On the lower MW end of the spectrum,
ions 80.05, 94.07, 109.08, 120.05, and 137.07 all represent typical fragments of the GP
hydrazone group.[1]
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Fig. 1. A. Chemical structure of GRP derivatized testosterone.

Fig. 3A shows an extracted ion chromatogram (m/z 315) of a low standard (5 ng/mL E and 20
ng/mL T). This shows clear chromatographic separation of the two isomers and baseline
resolution of each peak. The double peak at 6.88 and 7.23 is most likely the result of cis and
trans isomers of GRP derivatized testosterone, a phenomenon we have seen with other GRP
derivatized steroids.[2] An extracted real urine sample is shown in Fig. 3B. Endogenous

peaks at 7.68 and 7.95 are present, but show baseline separation from the analytes of interest

Method Validation

For method validation purposes, we evaluated linearity, specificity in relation to other
endogenous compounds, accuracy, and precision. To determine linearity, calibration curves
of 1-100 ng/mL E and 4-400 ng/mL T, respectively, were extracted and analyzed. In each
case, a 1/x weighted quadratic equation was used, resulting in r values of 0.999 for

testosterone and epitestosterone over 2 orders of magnitude.

Even though limits of detection (LODs) are typically defined by a 3:1 signal to noise ratio, for
this analysis, the LOD was reported as the lowest dilution that gave a signal to noise of 5:1
and met the WADA ion ratio criteria for qualitative confirmations[3] when compared to the
25E/100T standard. This resulted in an LOD of 0.5 ng/mL for E and 2.0 ng/mL for T. The
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limit of quantitation (LOQ) was determined to be the lowest point on the calibration curve, or
1.0 ng/mL for E and 4.0 ng/mL for T.

Accuracy was assessed by fortifying quality control samples at three concentrations for each
analyte. Synthetic urine was fortified with epitestosterone at 2, 10, and 50 ng/mL.
Testosterone was fortified at 8, 40, and 200 ng/mL. Mean quantitation results of all quality
control samples were within 15% of target for all concentrations of testosterone and

epitestosterone.

In addition to calibration standards and quality control samples, we wanted to determine the
specificity of this method in relation to other endogenous compounds that could interfere with
T and E. The sample depicted in Fig. 3B was extracted and analyzed in triplicate to compare
this method to traditional GC/MS analysis. The results from this experiment revealed T and E
concentrations of 30.4 £ 0.9 ng/mL (S.D.; N=3) and 29.0 + 0.2 ng/mL (S.D.; N=3),
respectively, resulting in a T/E ratio of 1.05 £ 0.03 (S.D.; N=3). This compares quite
favorably with the T/E ratio of 1.03 for this urine pool established by traditional GC/MS
analysis. We have also analyzed approximately 15 athlete samples using this method and
none of them have shown any confounding effects due to either the urine matrix or

endogenous, related compounds.
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Fig. 2. A. ToF product mass spectra of testosterone at 7.23 min.

Discussion

We have developed an LC/MS/MS method for the quantitative determination of testosterone
to epitestosterone ratios that utilizes Girard Reagent P derivatization and quadrupole/time of
flight mass spectrometric analysis. It makes use of the previously seldom utilized GRP
reagent as a derivatization tool for dramatically increasing the ability to identify and quantify
poorly ionizing compounds such as steroids.[1,4,5] This method offers several advantages
over traditional confirmation by TMS derivatization and analysis by GC/MS, including
analysis speed, improved limits of detection and quantification, ease of derivatization, and the

number of unambiguous diagnostic ions in the mass spectra.

111



In: W Schanzer, H Geyer, A Gotzmann, U Mareck (eds.) Recent Advances In Doping Analysis (16). Sport und Buch Strauf} - Kéin 2008

I +TOF Product (422.3): Experiment 2, 8.066 to 8.139 min from TE_Valid_080328_5... Max. 33.6 counts
a=3.56417939976491870e-004, t0=-2.12203601165674630e+000

34 343.2402

30

315.2454

251
£ 20
>
8
! 163.0883
g 151
o 151.0875
= 135.0914__

10

123.0923
5] 422.2740
108.0799 | _137.0706
0’ \‘\ ‘M,H‘\ .\m‘ I M’m ol e L ‘ ‘
100 150 200 250 300 350 400 450
m/z, amu

B. ToF product mass spectra of epitestosterone at 8.1 min.

Two of the most significant advantages attributable to this derivatization are the high
sensitivity of the assay and the quality of the mass spectra afforded by both the tandem
LC/MS analysis and the GRP derivatization. As mentioned above and seen in Figs. 2A and
2B, the number of diagnostic qualification ions is also very useful. While additional peaks are
present in Fig. 3B at 7.68 and 7.95 min., both of these have ion ratios that differ significantly
from T and E. Unlike a quadrupole instrument, the QToF mass spectrometer detection system
generates full “scan” data with high mass acuracy, while at the same time maintaining
relatively high sensitivity, eliminating the need to choose between the sensitivity afforded by

selected MRM transitions and the information provided by a full product scan.

Other improvements include the reduction in analysis time, from 25 min. to 15 min, and the
chromatography of this method compared to traditional GC/MS analysis. In our experience,
epitestosterone in particular can be subject to interference from other endogenous steroids,
especially when it is present in low concentrations. In addition to affecting quantitation, the
ion ratios can also be impacted, making it difficult to achieve the requirements set forth by
WADA for qualitative confirmations.[3]
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Fig. 3. A. Extracted product ion chromatogram at m/z 315.2 of a calibration standard
extracted from synthetic urine containing 5 ng/mL epitestosterone and 20 ng/mL testosterone.
GRP derivatized testosterone and epitestosterone elute at 7.23 and 8.10 min., respectively.

Note the minor peak at 6.9 min due to a stereoisomer of derivatized testosterone.

Finally, limits of detection and quantification are improved in this method. With LODs of 2
and 0.5 and LOQs of 4 and 1 for T and E, respectively, this method clearly outperforms the
GC/MS method as we use it in this lab for both quantitation at these low concentrations as

well as unambiguous qualitative identification.

This method should contribute to the growing use of LC/MS for the identification of steroids
for doping control.[6-9] Although this method was developed using a QToF instrument, we
believe that this method should be readily applicable to other tandem LC/MS systems, as the
dynamic range and sensitivity of tandem quadrupole systems should at least equal and

possibly exceed the results presented in this manuscript.
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Fig. 3. B. Extracted product ion chromatogram at m/z 315.2 of an extracted, derivatized
pooled urine sample. Testosterone and Epitestosterone elute at 7.27 and 8.13 min.,
respectively. Again, note the minor peak at 6.9 min. representing the stereoisomer of
derivatized testosterone. Endogenous peaks at 7.68 and 7.95 are baseline separated from

testosterone and Epitestosterone and have different major product ion ratios (data not shown).
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