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ABSTRACT
Background: Ex vivo androgen prodrug conversion by blood esterases after oral androgen ester administration may result in an

overestimation of the measured blood androgens.

Objective: We investigated whether blood collection tubes with esterase inhibitors decreased the conversion of testosterone unde-

canoate (TU) and dimethandrolone undecanoate (DMAU) to their active metabolites, testosterone (T), and dimethandrolone (DMA),

providing a more accurate assessment of circulating T/DMA levels.

Methods: Blood was collected in tubes with/without esterase inhibitors from: (i) four healthy and four hypogonadal men receiving

no androgens and spiked ex vivo with TU/DMAU; (ii) four men taking oral TU (Andriol�); and (iii) eight hypogonadal men dosed

with oral 316 mg TU and 15 healthy men with 200 mg DMAU. T/DMA levels were measured by LC-MS/MS.

Results: Sodium fluoride (NaF, an esterase inhibitor) decreased measured T levels by 14.2% in men not receiving TU. Increasing

amounts of TU/DMAU added to blood collected into plain tubes resulted in a concentration-dependent overestimation of T/DMA that

was reduced by collecting blood into NaF tubes (by 30–85%), and keeping samples at 4 °C andminimizing time prior to centrifugation.

After oral TU/DMAU administration to men, when TU/DMAU levels were >15/10 ng/mL, respectively, blood collected in NaF tubes

yielded lowermeasured T concentrations by 15–30% and DMA by 22% due to an additional inhibitory effect of NaF on blood esterases.

Conclusion: NaF directly lowers plasma T/DMA levels measured by LC-MS/MS and also inhibits blood esterase activity. Overesti-

mation of T/DMA in blood collected in tubes without NaF after oral TU/DMAU administration is important for pharmacokinetics

studies in drug development clinical trials but may have limited impact in clinical practice/utilization because the differences

between measured and true androgen values are modest and the wide therapeutic androgen efficacy ranges obviate the need for

highly accurate androgen measurements during therapy.

INTRODUCTION
Liquid chromatography-tandem mass spectrometry (LC-MS/

MS) is the gold standard for measuring serum/plasma testos-

terone (T) because of improved method sensitivity, specificity,

accuracy, and precision (Taieb et al., 2003; Wang et al., 2004;

Rosner et al., 2007). Currently, laboratories are encouraged to

participate not only in proficiency testing but in accuracy-based

programs that allow laboratories to harmonize their measure-

ments to traceable standards and standardized methods (Vesper

& Thienpont, 2009). This allows patients to have their blood

samples measured in different laboratories using different meth-

ods but have similar T results (Vesper & Botelho, 2010). How-

ever, pre-analytic issues may result in inaccurate estimates of

circulating T levels. Such artifacts have been reported with

serum separator tubes, which have been shown to interfere with

T measurements (Wang et al., 2008).

Many current T replacement therapies formulated as injec-

tions and oral preparations are T esters. Ex vivo conversion of

these prodrugs to T by non-specific blood esterases after blood

collection may result in overestimation of circulating T levels.

Thus, in patients administered T esters, the measured T level

may not only reflect circulating T but also the ex vivo conversion

of the prodrug to the active androgen. This may confound hor-

mone level evaluations as has previously been shown in the

measurement of T enanthate (Wang et al., 2008) and T unde-

canoate (TU) (Lachance et al., 2015). Inaccurate estimation of

circulating T levels may lead physicians to make improper dose

adjustments in hypogonadal men treated with a T ester such as
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T enanthate, cypionate, and undecanoate because T levels in

blood that are typically collected in plain tubes may yield falsely

high T levels due to ex vivo conversion of T esters to T.

In this study, we evaluated whether commonly used additives

and anticoagulants in blood collection tubes prevent the esterase

action on androgen ester prodrugs and allow more accurate mea-

surement of circulating T in men treated with TU or DMAU. Oral

TU has been available for over 30 years in most of the world except

the United States (Skakkebaek et al., 1981; Schurmeyer et al., 1983;

Gooren, 1994). TU is also available as an intramuscular injectable

form (Schubert et al., 2004; Morgentaler et al., 2008; Wang et al.,

2010). Accurate assessment of T levels is required for monitoring

patients receiving T esters as replacement therapy since these

levels are used for dose titration and to assess the adequacy of T

replacement therapy (Matsumoto & Bremner, 2004). We also stud-

ied dimethandrolone undecanoate (DMAU, 7-alpha, 11-beta 19-

nortestosterone undecanoate), a modified androgen largely hydro-

lyzed in the liver to the active compound dimethandrolone (DMA),

that is being developed as a male hormonal contraceptive (Attardi

et al., 2006; Surampudi et al., 2014; Ayoub et al., 2016). Reliable

DMA levels are needed to predict and identify the lowest circulat-

ing concentration of this potential male contraceptive that will pro-

vide adequate androgenic action, spermatogenesis suppression,

and contraceptive efficacy. This report describes enhanced studies

on efforts to accurately measure active androgen product after dos-

ing with two oral androgen esters.

MATERIAL AND METHODS

Research participants

Blood samples were collected from 97 healthy men aged

between 18 and 45 years who were screened by medical history

and physical examination. In addition, we studied eight hypogo-

nadal men (five with primary testicular dysfunction including two

with Klinefelter syndrome, three with hypogonadotropic hypogo-

nadism due to pituitary or hypothalamic diseases) who were

dosed with oral TU; four men from Canada who were on Andriol�

(oral TU) where the baseline T levels were not available; 15

healthy volunteers enrolled in a contraceptive clinical trial who

were screened by medical history, physical examination, normal

laboratory tests, serum T, and semen analyses within the fertile

male range who were dosed with oral DMAU. The demographics

of these three groups of volunteers are shown in Table 1.

Experimental and study design

Ex vivo spiking experiments to evaluate the effects of blood esterase

inhibitors on the conversion of TU/DMAU to T/DMA (Table 2A)

TU or DMAU in methanol was added to the various commer-

cially available blood collection tube types, some of which con-

tained esterase inhibitors (Table 2A). Venous blood, up to 60 mL,

was collected from healthy volunteers or hypogonadal men for

ex vivo studies. Two mL of aliquots of freshly collected whole

blood was transferred into different blood collection tubes, TU

was added to achieve a concentration of 30 to 1000 ng/mL

(methanol concentration was ≤ 1%) (Tables 2A and 3), and

DMAU was added to attain a concentration of 125 to 1000 ng/mL

(Tables 2A and 4). These concentrations were chosen because

they span the expected TU/DMAU Cmax (maximal concentration)

after dosing with oral TU/DMAU (Yin et al., 2012a,b; Surampudi

et al., 2014; Ayoub et al., 2017). Prior to centrifugation, the tubes

were held for 30 or 60 min at 4 °C or 60 min at room tempera-

ture (RT, 23 °C). These ex vivo experiments were repeated at least

twice with different concentrations of TU/DMAU added to blood

collection tubes. Tables 3 and 4 summarize data from representa-

tive experiments where the spiked concentrations of TU and

DMAU mimicked clinical concentrations after oral dosing.

Studies in healthy men not dosed with TU

Morning blood samples were collected from 97 healthy men

(18–45 years) into plain and NaF-EDTA tubes for each partici-

pant. * [Correction added on February 1, 2019, after online publi-

cation: Text referencing a clinical laboratory in Canada has been

deleted from this sentence.] The plain tubes were kept at RT and

the NaF-EDTA tubes kept at 4 °C, and both tubes were cen-

trifuged after 30 min. Blood in plain tubes was held at RT to allow

clot formation; blood collected in NaF-EDTA was held at 4 °C for

studies where maximal esterase inhibition was desired because

our ex vivo studies showed that keeping the tubes at 4 °C was

optimal for inhibition of esterase activity (Tables 3 and 4).

Single oral dosing of TU/DMAU studies in men

Eight hypogonadalmen participated in a clinical trial where a single

oral dose of 316 mg TU (molecular weight 456.7; conversion factor

1 ng/mL = 2.189 nmol/L) in a self-emulsifying drug delivery system

was administered immediately prior to a meal (Clinical Trial #

NCT02670343) and blood samples were drawn pre-dose (�30 and

0 min) and hourly for 12 h post-dose. Fifteen healthy men partici-

pated in a clinical trial where 200 mgDMAU (molecular weight 470.7,

conversion factor 1 ng/mL = 2.126 nmol/L) in castor oil/benzyl ben-

zoate or powder in a capsule (Clinical Trial #NCT01382069) was

administered by mouth after a meal. These healthy volunteers con-

sented to have extra blood samples drawn during their serial blood

draws (10 samples over 24 h) for the pharmacokinetics study. Sam-

ples collected in plain tubes were kept at room temperature, while all

other samples were kept at 4 °C for 30 min prior to centrifugation.

Four men (Quebec, Canada) who were taking a commercially

available oral TU (Andriol�) donated blood at about 4 and 5 h

after they took their morning dose. After blood collection, the

tubes were allowed to incubate at RT (plain and EDTA tubes) or

on ice (NaF-EDTA tube) for 30, 60, 120, or 180 min prior to cen-

trifugation. The serum or plasma was then separated and frozen

prior to analysis.

Table 1 Characteristics of the hypogonadal and healthy men (mean � SD)

Hypogonadal

men

Men taking

Andriol� Healthy men

No. of participants 8 4 15

Age (years) 47.3 � 11.6 58.3 � 2.8 34.8 � 8.0

Height (cm) 174.8 � 9.1 176.5 � 4.2 175.9 � 8.4

Weight (kg) 90.8 � 20.6 82.5 � 1.7 77.6 � 13.1

BMI (kg/m2) 30.0 � 7.1 26.5 � 1.3 25.0 � 3.0

Ethnicity N (%)

Not Hispanic or Latino 4 (50%) 4 (100%) 12 (80%)

Hispanic or Latino N 4 (50%) 0 (0%) 3 (20%)

Race N (%)

White 7 (87.5%) 4 (100%) 5 (33.3%)

Asian 1 (12.5%) 0 (0.0%) 3 (20.0%)

Black/African American 0 (0.0%) 0 (0.0%) 4 (26.7%)

Other 0 (0.0%) 0 (0.0%) 3 (20.0%)

Baseline T (ng/dL) 70 � 57 Not known 518 � 89
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For all the studies described, all participants signed informed

consent forms that were approved by an Internal Review Board.

Analytic methods

T/TU (Shiraishi et al., 2008; Yin et al., 2012a,b) and DMA/

DMAU concentrations were measured by LC-MS/MS assays

previously described (Surampudi et al., 2014; Ayoub et al.,

2017). Briefly, levels of T/TU and DMA/ DMAU were measured

using a Shimadzu high-performance LC 20 series systems

(Columbia, MD) coupled to AB Sciex Triple Quad 5000 or 5500

mass spectrometer (Foster City, CA) and analyzed using the

turbo ion spray source in the positive mode. For T/TU assay,

serum/plasma samples were extracted with ethyl acetate: hex-

ane (3:2, volume:volume) and a Thermo Hypersil GOLD column

(Waltham, MA) was used with a gradient profile at a flow rate of

0.045 mL/min with a mobile phase of 2% methanol (MeOH)

and 98% water and 0.1% formic acid. The parent/product ions

for T/TU were monitored at m/z 289.2/109.0 and 457.5/97.1

and deuterated (D2) T and D21 TU at m/z 291.2/110.9 and

478.7/97.2, respectively. For the DMA assay, serum samples

were extracted twice with methyl tertiary-butyl ether/hexane

solution (volume: volume. 50:50). For DMAU measurements, 50

mcl of serum samples was treated with 200 mcl acetonitrile to

precipitate proteins before the solid-phase extraction using

WAX-55-65-20 mg columns (DPX Labs, Lexington, SC). Both

DMA and DMAU were separated using a Shimadzu HPLC LC20

system with a Thermo Hypersil GOLD column with a gradient

profile at a flow rate of 0.08 mL/min and a mobile phase A of

MeOH and an aqueous solution of 2%MeOH H2O containing

0.1% formic acid as mobile phase B. DMAU and DMA were

monitored with transitions m/z 471.3/169.2 for DMAU, m/z

476.4/169.2 for d5-DMAU, 303.6/109.0 for DMA, and 308.3/93.1

for d5-DMA. The within-run and between-run precision was

2.2–9.3% and 3.3–10.2% for T; 3.4–11.8% and 7.6–10.4% for TU;

4.1–8.5% and 12.6–13.3% for DMA; and 6.1–8.1% and 9.9–11.7%

for DMAU, respectively. Accuracy ranged from 102.2% to

110.2% for T; 88.3–108.3% for TU; 91.6–100.1% for DMA; and

96.2–102.2% for DMAU at the ranges measured. The lower limit

of quantification is 2.0 ng/dL for T, 2.0 ng/mL for TU, 0.5 ng/

mL for DMA, and 1.0 ng/mL for DMAU. The T LC-MS/MS

method was certified by CDC Laboratory Hormone Standardiza-

tion (HoSt) Program (Vesper et al., 2008).

Table 2 (A) Ex vivo spiking experiment designa. (B) In vivo blood sample collection from men at baseline or after dosing with TU or DMAU

BDb catalog number 367812 367841 367729 367587 367922 366420 Comments

Anticoagulant used in

tubes (mg/tube)

Plain K2EDTA
c (3.6 mg) NaF NaF- Na2EDTA (6 mg) NaF- K2Oxalate (8 mg) P800d Blood collection tubes

with dried

anticoagulant and NaF

NaF (mg/tube) 0 mg 0 mg 30 mg 3 mg 10 mg 0 mg

Spiked with appropriate

amounts of TU/DMAU

to give 0 to 1000 ng/mL

TU/DMAU in about

20 mcl of methanol

50 to 60 mL blood drawn

from volunteer; 2 mL

blood added to each tube.

Final NaF concentration

(mg/mL blood)

Tubes with blood at

4 or 23 °C for 30

or 60 min

15 mg/mL 1.5 mg/mL 5 mg/mL

Draw Volume (mL blood) 4 mL 2 mL 7 mL 2 mL 4 mL 2 mL Comments

Anticoagulant used

in tubes (mg)

Plain K2EDTA (3.6 mg) NaF NaF- Na2EDTA (6 mg) NaF- K2Oxalate (8 mg) P800 Blood collection tubes with

dried anticoagulant and

NaF as commercially

available (BD)

NaF (mg) 0 mg 0 mg 30 mg 3 mg 10 mg 0 mg

Blood from men drawn

from into tube by set

volume by vacuum

Tubes with blood at 4 or

23 °C for 30 or 60 min

After standing at room temperature (RT, 23 °C) or in ice water (4 °C for 30 or 60 min, the tubes were centrifuged, serum or plasma collected and stored at �20 °C
until assayed for T or DMA. aFor ex vivo spiking studies (Tables 3 and 4), 2 mL of blood was added to each tube and not necessarily filled to their nominal draw volume,

the final NaF concentration may not match the concentration present in the clinical setting. bBD—Becton Dickinson & Company (Franklin Lakes, NJ). cEDTA—
Ethylenediaminetetraacetic acid. dBD proprietary mixture including protease, esterase, and DPP-IV inhibitors.
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Statistical analysis

Ex vivo data are presented in Tables 3 and 4 as an average of the

duplicate tubes. Percent difference compared to average plain tube

value with no ester added was calculated for all conditions and all

tubes. For data from multiple samples, normality of the data distri-

bution was assessed by visual means (histogram and cumulative

probability plots) and Shapiro–Wilk test. Data for normally dis-

tributed variables were presented as mean and 95% confidence

interval (CI) and median (25th, 75th percentile) were shown for

non-normally distributed data such as Cavg and Cmax for T/DMA

(Ghasemi & Zahediasl, 2012). Graphic presentation for the 24-h

pharmacokinetics studies used geometric mean and 95% confi-

dence interval (95% CI). For samples collected during pharmacoki-

netic studies, the area under the 12/24-h T/DMA concentration

curve (AUC)was calculated using the trapezoidalmethod. The aver-

age concentration over 12/24 h (Cavg) was calculated by AUC

divided by 12/24 h. Comparison between different tube types for

steroid levels from the same draw was performed using Wilcoxon

signed rank test. Ap value of <0.05was considered significant.

RESULTS

Ex vivo experiments to evaluate the effects of esterase

inhibitors in blood on the measurement of T/DMA and

conversion of TU/DMAU to T/DMA

Impact of blood collected in tubes with NaF on measured plasma T

concentration

In the absence of TU, collecting blood into tubes containing

NaF consistently reduced measured T levels. The decrease in

measured T concentration was related to the final NaF

concentration: NaF tube with final NaF concentration of 15 mg/

mL showed a decrease of �23 to �27% (Table 3, Experiment 1);

the NaF-Oxalate tube with NaF at 10 mg/mL had changes of �2

to �11%; and the NaF-EDTA tube with NaF at 1.5 mg/mL had

Table 3 Measured T levels after addition of TU to different blood collection tubes to yield a concentration of 0, 300, and 600 ng/mL from healthy mena

Incubation time

(min) – temperature

TU 0 ng/mL TU 300 ng/mL TU 600 ng/mL

T (ng/dL)

% difference

vs. Plainb T (ng/dL)

% difference vs.

no TU added T (ng/dL)

% difference vs.

no TU added

Experiment 1

Plain 30 – 4 °C 349.5 412.0 +17.9 455.5 +30.3
30 – RT 353.0 505.0 +43.1 814.0 +130.6

NaF (15 mg/mL) 30 – 4 °C 271.0 �22.5 269.5 �0.6 336.5 +24.2
30 – RT 259.0 �26.6 301.5 +16.4 360.0 +39.0

P-800 30 – 4 °C 323.5 �7.4 384.0 +18.7 374.5 +15.8
30 – RT 329.5 �6.7 467.0 +41.7 643.0 +95.1

Experiment 2

Plain 30 – 4 °C 437.5 624.5 +42.7 541.0 +23.7
60 – 4 °C 420.5 741.5 +76.3 794.0 +88.8
60 – RT 407.5 984.0 +141.5 1515.0 +271.8

K2EDTA (1.8 mg/mL) 30 – 4 °C 443.5 +1.4 534.5 +20.5 539.5 +21.6
60 – 4 °C 454.5 +8.1 521.5 +14.7 669.5 +47.3
60 – RT 481.0 +18.0 1105.0 +129.7 1765.0 +266.9

NaF (1.5 mg/mL) +
Na2EDTA (3 mg/mL)

30 – 4 °C 414.0 �5.4 443.0 +7.0 482.5 +16.5
60 – 4 °C 411.0 �2.3 497.0 +20.9 654.5 +59.2
60 – RT 447.5 +9.8 705.0 +57.5 1235.0 +176.0

NaF (5 mg/mL) +
K2Oxalate (4 mg/mL)

30 – 4 °C 391.5 �10.5 387.5 �1.0 438.0 +11.9
60 – 4 °C 380.5 �9.5 435.0 +14.3 494.0 +29.8
60 – RT 399.5 �2.0 717.0 +79.5 1085.0 +171.6

P800 30 – 4 °C 435.5 �0.5 492.5 +13.1 515.0 +18.3
60 – 4 °C 476.0 +13.2 491.5 +3.3 582.0 +22.3
60 – RT 428.0 +5.0 860.0 +100.9 1380.0 +222.4

aNote that for the ex vivo spiking studies, 2 mL blood was added to each tube. Thus, the tubes were not filled to their nominal draw volume, so the final NaF concen-

tration does not match the concentration present in the clinical setting (see Table 2). The results from duplicate tubes were averaged. b% difference vs. plain—relative

difference vs. plain tube kept at same conditions.

Table 4 DMA levels (ng/mL) after addition of known amounts of DMAU in

blood collected in different tubes from healthy mena

Incubation

time

(min) –
temperature

DMAU concentration

300 ng/mL 600 ng/mL

DMA

(ng/mL)

% difference

vs. Plainb

DMA

(ng/mL)

% difference

vs. Plain

Plain 30 – 4 °C 3.3 1.5

60 – 4 °C 5.9 4.3

60 – RT 8.4 14.5

K2EDTA

(1.8 mg/mL)

30 – 4 °C 1.4 �56.1 1.2 �17.1

60 – 4 °C 1.4 �76.5 2.3 �46.4

60 – RT 9.7 +15.2 16.5 +13.4
NaF (1.5

mg/mL) +
Na2EDTA

(3 mg/mL)

30 – 4 °C 0.6 �80.6 1 �30.0

60 – 4 °C 1.3 �77.3 2.4 �43.5

60 – RT LLOQ – 10.2 �29.4

NaF (5

mg/mL) +
K2Oxalate

(4 mg/mL)

30 – 4 °C LLOQ – 0.9 �38.7

60 – 4 °C 1 �82.2 1.2 �72.7

60 – RT 5.7 �31.9 9.6 �34.1

P800 30 – 4 °C 0.7 �78.1 0.9 �42.5

60 – 4 °C 0.9 �84.2 1.4 �67.1

60 – RT 6.7 �20.6 10.8 �25.9

aNote that for the ex vivo spiking studies, 2 mL blood was added to each tube.

Thus, the tubes were not filled to their nominal draw volume, so the final NaF

concentration does not match the concentration present in the clinical setting

(see Table 2). The results from duplicate tubes were averaged. b% difference vs.

plain—relative difference vs. Plain tube kept at same conditions.
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changes of �5 to +10% (Table 3, Experiment 2). Table S1 reveals

that addition of increasing amounts of NaF (up to 20-fold higher

than in commercial tubes) to serum or aqueous solution did not

affect the measured T concentration by LC-MS/MS suggesting

the cellular component of blood (i.e., partitioning effect) is

important for NaF effects on measured T.

We also tested the effect of matrix (serum from plain tubes or

plasma from NaF-EDTA tubes) on both the T and DMA LC-MS/

MS assays. Ion suppression was less in plasma than serum for

the T assay and similar in plasma and serum for the DMA assay

(Table S2). Since standards and internal standards (deuterated

steroids) were formulated in the same matrix as the samples, the

effect of the matrix did not impact the analyte concentration

measurements.

Ex vivo addition of TU to blood samples collected in different blood

collection tubes

Blood from four hypogonadal men (prior to administration of

oral TU) was aliquoted into duplicate plain tubes with known

amounts of TU (to yield a final concentration of 30 to 1000 ng/

mL) and left at 4 °C or RT for 30/60 min. At baseline, average

serum T was 26.0 � 6.2 ng/dL (1 ng/dL = 0.0347 nmol/L), and

substantial overestimation of T was observed due to the conver-

sion of TU to T in blood, which was dependent on the amount of

TU added (TU added 30 ng/mL, T measured 48.9 � 5.1 ng/dL;

TU 100 ng/mL, T 89.49 � 4.9 ng/dL; TU 300 ng/mL, T

242 � 15.2 ng/dL; and TU 1000 ng/mL, T 578.5 � 66.6 ng/dL

representing up to a 22-fold increase from baseline at the highest

TU concentration). The ex vivo conversion of androgen prodrugs

requires blood cells; when 500 ng/mL TU was added to two

serum samples or an aqueous solution, the measured T levels did

not increase after incubation with different amounts of NaF

(Table S1, Experiments 1 and 2).

Overestimation of measured T levels +24 to 272% was

observed when increasing amounts of TU were added to plain

tubes and were substantially diminished in NaF-containing and

P800 tubes (Table 3, Experiments 1 and 2). The ex vivo conver-

sion is both time and temperature dependent. As shown in

Table 3, Experiment 2, the addition of TU to a concentration of

300 ng/mL in blood collected in plain tubes increased measured

T levels by 43% to 76% after 30 and 60 min at 4 °C, respectively,
and by 142% after 1-h incubation at RT. This overestimation was

reduced to 7% (30 min at 4 °C) when the blood was collected in

NaF-EDTA tube. This inhibition of conversion of TU to T was

incomplete and followed this blood collection tube order: NaF>
NaF-Oxalate> NaF-EDTA > P800 tubes.

Ex vivo addition of DMAU to blood samples in different collection

tubes

When DMA (final concentration 5 to 50 ng/mL) or DMAU (fi-

nal concentration 300 to 600 ng/mL) was added to blood sam-

ples from four healthy men collected in plain or NaF-EDTA

tubes, both DMA and DMAU measured were lower in the tube

with NaF-EDTA (average DMA �12.1% and DMAU �34.5%).

However, when DMA was added to aqueous solution and levels

of DMA were measured in the presence of increasing amount of

NaF (0 to 200 mg/mL about 20-fold higher than concentrations

in NaF-EDTA tubes), no change in measured DMA levels was

observed (Table S1, Experiment 4). In addition, there was no

conversion of DMAU to DMA in serum suggesting that the

presence of blood cellular component is required for the action

of NaF on measured DMA levels (Table S1, Experiment 3).

Increasing amounts of DMAU (final concentration of 0, 125,

250, 500, and 1000 ng/mL; were added to plain and NaF-con-

taining tubes (NaF concentration 15 mg/mL blood) and allowed

to stand for 60 min at RT, and DMA (molecular weight 302.5,

1 ng/mL = 3.31 nmol/L) levels increased progressively (1.57,

2.79, 5.54, and 8.82 ng/mL) depending on the amount of DMAU

added, but the conversion of DMAU to DMA was reduced in NaF

tubes by 72%, 61.3%, 54.3%, and 48.8%, respectively. NaF par-

tially prevented hydrolysis of DMAU to DMA similar to the data

shown with TU.

In another experiment, DMAU (300 and 600 ng/mL final con-

centration in the tube) was added to five different blood collection

tube types and kept at 23 °C or at 4° for 30 or 60 min prior to cen-

trifugation. Again, the highest levels of DMA were in plain and

EDTA tubes. DMA levels were lower with tubes containing NaF

(NaF-Oxalate and NaF-EDTA) or esterase inhibitors (P800) for all

doses andconditions indicating thatDMAUconversion intoDMA,

ex vivo, canbepartially blockedbyesterase inhibitors (Table 4).

Studies in healthy men not dosed with TU

To better characterize the impact of NaF on T levels, blood

was collected from 97 healthy young men into NaF-EDTA tubes

and plain tubes. The mean T concentrations in the serum and

NaF-EDTA plasma were 585 � 17.3 ng/dL and 504 � 15.8 ng/

dL, respectively, and the geometric means were 559 and 478 ng/

dL, respectively, demonstrating a 14.2% reduction in T levels

measured in NaF-EDTA plasma compared to serum that was

uniform across the eugonadal range of T concentrations (Fig. 1).

In vivo (oral dosing) experiments

Differences in measured T levels in blood collected in different tubes

after oral administration of TU

Concentrations of TU and T after a single dose of TU at all

time-points for each blood collection tube are presented in

Fig. 2A. TU levels appeared to be similar in blood samples col-

lected in all tubes. Similar to the ex vivo studies, serum T levels

in samples collected in plain tubes were higher compared with

all other tubes containing variable concentrations of NaF, but

differences were only significant at peak T levels (for NaF-Oxa-

late, NaF-EDTA, and NaF tubes p = 0.012, p = 0.036, and

p = 0.069 at 2 h and p = 0.012 for all tubes at 3 h, respectively).

The T Cavg and Cmax over the 12 h were significantly lower in

tubes containing NaF compared to serum collected in plain

tubes (Fig. 2B). However, the TU Cavg and Cmax collected in the

plain and NaF-containing tubes were similar over the 12-h per-

iod with only blood collected in NaF-Oxalate being lower when

compared to plain tube (p = 0.04).

A plot of the difference between T concentrations from plain

and NaF-EDTA collection tubes vs. average TU concentration

revealed that higher TU concentrations (above 15 ng/mL) were

associated with an increased difference between the measured T

concentrations (Fig. 2C). Whereas at TU concentrations below

15 ng/mL, the mean difference in T concentrations from the two

types of collection tubes was close to 0%, as identified by a

regression relation (Fig. 2C inset). At higher TU concentrations,

the average difference was > 15% reaching as high as 30%.
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The conversion of TU to T continued for up to 180 min after

blood was collected from men who were taking oral TU

(Andriol�) with the extent of conversion greater in the plain and

EDTA tubes, which were incubated at RT, than in the NaF-EDTA

tubes, which were kept in ice (Table 5). While the increase in T

concentration between 30 and 60 min of incubation was about

7% in all 3 tube types, by the end of 180 min of incubation in the

plain and EDTA tubes, the T concentrations had increased sub-

stantially more (30–40%) compared to the NaF-EDTA tubes

(about 8%).

Differences in measured DMA in blood collected by different tubes

after oral administration of DMAU

When DMAU was administered to healthy male volunteers,

peak DMA and DMAU concentrations (4, 6, and 8 h) were lower

in samples collected in tubes with NaF but not tubes with P800

compared to plain tubes (Fig. 3A). Both DMAU and DMA Cavg

(Fig. 3A) and Cmax (data not shown) levels were lower in tubes

with NaF-Oxalate and NaF-EDTA (p = 0.043 for all tests) and

lowest in tubes with higher concentration of NaF (p = 0.018 and

p = 0.028 for DMAU and DMA, respectively) compared with

plain tubes (Fig. 3B). A plot of the difference between DMA con-

centrations from plain and NaF-EDTA collection tubes vs. aver-

age DMAU concentration showed that unlike TU, higher DMAU

concentrations (above 10 ng/mL) were not associated with an

increased difference between the DMA concentrations (Fig. 3C).

The difference between the plain and NaF-EDTA maintained

constant about + 22%. When DMAU concentrations were below

10 ng/mL (Fig. 3C inset), the mean difference in DMA concen-

trations from the two types of collection tubes averaged close to

0%.

DISCUSSION
Non-specific esterases in liver, tissue, and blood cellular com-

ponents hydrolyze inactive steroid esters (e.g., androgen pro-

drugs) into a biologically active form. The use of ester prodrugs

for oral administration of androgens allows greater systemic

bioavailability and a longer half-life than the active moiety

(Behre, 2004). However, when blood samples are collected, the

prodrug in the sample can continue to undergo hydrolysis,

ex vivo, by non-specific esterases present in the blood (mainly in

red and white blood cells) thus leading to overestimation of cir-

culating androgen levels (Williams, 1985). We studied different

blood collection tubes with esterase inhibitors to determine

whether androgens can be more accurately measured when the

ex vivo conversion of the prodrug (androgen esters) to the drug

(androgens) are inhibited.

We first assessed the effect of NaF, a known esterase inhibitor

(Dufer et al., 1984; Yourno, 1986; Cohn et al., 1987), on the mea-

surement of T by LC-MS/MS. Our ex vivo experiments demon-

strated that when measuring T levels from blood samples that

do not contain TU, T levels were underestimated in tubes con-

taining NaF. The greatest underestimation of T concentrations

was seen in tubes with the highest concentration of NaF. Our

data are consistent with our prior studies that measured T levels

in blood collected in tubes containing NaF and demonstrate that

T levels are underestimated by about 15–20 percent (Shiraishi

et al., 2008; Wang et al., 2008). In this study, we demonstrated

that collecting blood in NaF-EDTA tubes from 97 healthy men

resulted in an underestimation of T levels by about 14.2% across

the adult male range. This underestimation is not due to NaF

interference with LC-MS/MS detection, since adding NaF to

either an aqueous solution or serum containing T did not

decrease the measured T level. Similarly, when DMA was added

to blood (but not aqueous solution) with NaF, DMA levels mea-

sured were similarly lower (about 12%). We confirmed that the

lower concentrations of T/DMA measured in NaF-EDTA plasma

compared to serum by LC-MS/MS are not due to the effect of

the matrix on the measurement because the plasma did not

show more ion suppression than serum. The interference by

NaF appeared to require the presence of blood components sug-

gesting that NaF may complex with blood components prevent-

ing the accurate measurement of androgens after separation of

blood components by LC-MS/MS assays. This underestimation

of T/DMA levels in serum/plasma gives rise to inaccurate values

when blood is collected in tubes containing NaF. Consequently,

tubes containing NaF should not be used for collection of blood

for measurement of T (and probably of other androgenic ster-

oids) in clinical practice in the absence of T or androgen esters

prodrugs.

We then compared blood collected in tubes with and without

NaF as an esterase inhibitor (Dufer et al., 1984; Yourno, 1986;

Cohn et al., 1987) or a tube with proprietary proteinase and ester-

ase inhibitors (P800) on conversion of TU/DMAU to T /DMA

ex vivo. The P800 tube decreased hydrolysis of steroid esters

ex vivo but was not as effective as tubes containing different con-

centrations of NaF and is unlikely to be adopted for steroid mea-

surements in routine clinical practice due to cost and limited

availability. We previously demonstrated that non-specific

esterases in blood cells can convert the T ester, T enanthate, to T

in blood and may affect the accuracy of the measured T concen-

tration (Wang et al., 2008). When TU added to blood was allowed

to stand at RT, the T concentration measured in the serum was

higher than the initial T concentration (Lachance et al., 2015).

The results of our earlier study showing that TU added to blood

had little effect on T measurements were erroneous and were

probably due to the insolubility of TU in aqueous solutions

(Wang et al., 2008, 2018; Lachance et al., 2015). All our ex vivo

spiking experiments showed significant concentration-
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Figure 1 Difference between T levels measured in serum (blood collected

into plain tubes) and plasma (blood collected in NaF-EDTA tubes) expressed

as a percent of the plain tube assay results against the concentration of

serum T measured from blood collected in plain tubes. The mean difference

between plasma and serum was �14.2%.
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Figure 2 (A) TU and T concentrations (geometric mean and 95% CI) time profiles for blood collected in plain, NaF-ETDA, NaF-Oxalate and NaF-containing

tube during the 12 h after oral administration of TU to 8 hypogonadal men. (B) Average (Cavg) and maximum (Cmax) TU and T concentrations during the

12 h after oral administration of TU to 8 hypogonadal men with blood collected in NaF-Oxalate, NaF-EDTA, NaF, and P800 tubes compared to plain tubes.

(The box represents the 25 and 75 percentile and the whiskers 10 and 90 percentile, the solid line in the box is the median, and the dotted line the mean).

(C) Difference in T concentrations measured from blood collected in plain vs. NaF-EDTA tubes in relation to the corresponding average TU concentrations.

Regression line for segment, TU < 15 ng/mL (y = �0.010x + 0.070) and segment TU ≥ 15 ng/mL (y = 0.000259x + 0.148). Inset showed expanded x-axis

for lower concentration of TU. The NaF, NaF-EDTA, and NaF-Oxalate tubes were kept at 4 °C, and the plain tubes were kept at room temperature for

30 min prior to processing.

Table 5 Mean percent change (95% CI) in T concentration over time in blood collected into different tubes from four men taking oral TU (Andriol�)

Tube type Incubation condition

Increase in T concentration vs. 30 min samplea

60 min 120 min 180 min

Plain Room temperature 6.4% (1.6%, 11.1%) 18.3% (9.6%, 27.0%) 29.9% (15.2%, 44.5%)

K2EDTA (3.6 mg) Room temperature 7.4%b (�2.4%, 17.2%) 20.9% (4.4%, 37.4%) 42.3% (18.9%, 65.8%)

NaF(3 mg) - Na2EDTA (6 mg) 4°C 6.7% (�2.8%, 16.3%) 5.8% (1.8%, 9.9%) 7.7% (2.3%, 13.2%)

aT concentration in the 30-min sample was used as baseline. bT concentration were also measured in EDTA tubes centrifuged immediately after collection. There was a

9.2% increase in T level at 30 min compared to the samples that were centrifuged immediately after collection.
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Figure 3 (A) DMAU and DMA concentrations (geometric mean and 95% CI) in blood collected in NaF-Oxalate, NaF-EDTA, NaF, and P800 tubes compared

to plain tubes during the 24 h after oral administration of DMAU to 15 healthy men. Not all men had blood collected in all the different blood collection

tubes. (B) Average (Cavg) of DMAU and DMA concentrations during the 24 h after oral administration of DMAU to 15 healthy men with blood collected in

NaF-Oxalate, NaF-EDTA, NaF, and P800 tubes compared to plain tubes. (The box represents the 25 and 75 percentile and the whiskers 10 and 90 per-

centile, the solid line in the box is the median, and the dotted line the mean). (C) Difference in DMA concentrations measured from blood collected in plain

vs. NaF-EDTA tubes in relation to the corresponding average DMAU concentrations. Regression line for segment, DMAU< 10 ng/mL (y = �6.4 + 2.79x)

and high segment DMAU ≥ 10 ng/mL (y = �22.2�0.01x). Inset showed expanded x-axis for lower concentration of DMAU. Samples collected in plain

tubes were kept at room temperature, while all other samples were kept at 4 °C for 60 min prior to processing.
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dependent ester hydrolysis when steroid esters (TU and DMAU)

were added to the blood, resulting in increased measured T or

DMA. The amount of hydrolysis was also influenced by the type

of blood collection tube selected as NaF diminished this hydroly-

sis by binding to the active form of non-specific esterases,

thereby preventing the enzyme from acting on substrates such as

the androgen esters (Haugen & Suttie, 1974; Huang et al., 2016).

While the results differed slightly between TU and DMAU, NaF-

Oxalate or NaF-EDTA appeared to deliver the most consistent

results in all experiments. These findings are consistent with pre-

viously conducted studies (Lachance et al., 2015).

There are two factors, aside from the T/DMA level in the circu-

lation, that influence the measured T/DMA levels when blood is

collected in NaF-containing tubes from a man who received oral

TU/DMAU. First, there is the NaF interference of LC-MS/MS

assay which decreases the measured T/DMA concentrations

(�14% for T and about �12% for DMA). Second, there is the NaF

inhibition of esterases that decreases the ex vivo conversion of

TU/DMAU to T/DMA which may further reduce the measured

T/DMA levels. These factors cannot be experimentally distin-

guished but appear to collectively influence measured T/DMA

concentrations such that levels in serum from blood collected

into plain tubes are higher than in blood collected into tubes

with NaF both ex vivo and in vivo. After dosing with TU/DMAU,

the ex vivo conversion of TU to T is dependent on the TU levels

in circulation, whereas ex vivo conversion of DMAU to DMA

appeared to be more constant and not dependent on DMAU

levels. The reason for this difference in responses for TU and

DMAU is not known.

Other factors that significantly impact the amount of ex vivo

hydrolysis include temperature and duration that the test sam-

ple is allowed to stand before centrifugation to obtain serum or

plasma. In plain and EDTA tubes kept at room temperature,

hydrolysis persists for at least 180 min post-collection. Keeping

the NaF-EDTA tubes at 4 °C substantially reduced the hydroly-

sis. This implies that the samples with anticoagulants should be

processed as quickly as possible and if they need to be kept

longer prior to centrifugation they should be kept at 4 °C.

When blood is collected from men who have been orally dosed

with TU/DMAU, the differences among plain and NaF-contain-

ing tubes were often small and not significant except at the peak

prodrug/drug concentrations. While these differences with

blood collection tubes led to statistically significant differences

in Cavg and Cmax calculations for T/DMA, the relevance depends

on how the results are going to be used in a clinical setting. In

most instances, clinicians use the measured T levels (in concert

with symptoms of hypogonadism) to monitor response to treat-

ment and adjust the T dose to within the broad physiological T

range. If the sampling is near the T ester trough concentration,

then the method of sample collection is unlikely to impact the

result. However, if the sampling is near TU Cmax, then the over-

estimation may be significant (e.g., >15%) unless blood is col-

lected in tubes with esterase inhibitors. For clinical trials in drug

development in which the T levels are used as a measure of effi-

cacy by regulatory bodies, the consistent use of the appropriate

type of tube with relevant validation of reference ranges can be

important. Hence, in efficacy studies of oral TU, the most appro-

priate blood collection tube is one containing NaF when TU

concentrations are high as has been noted by Lachance et al.

(2015). Overestimation of T may have a clinical impact on

hypogonadal men who are replaced with oral TU and whose T

concentrations are based on blood collected into, for example,

plain tubes. However, when we take into consideration the tar-

geted therapeutic range of T replacement, prevention of ex vivo

conversion of TU to T is clinically important only for T levels

near the upper or lower reference range to allow for appropriate

dose adjustment. Furthermore, when blood is collected at a time

point that reflects the average concentration of T after oral TU

(i.e., about 5 h post-dose), TU concentrations are low and would

not foster clinically significant ex vivo synthesis of T (Yin et al.,

2012a,b).

In contrast to oral TU, the collection of blood in plain tubes

after DMAU administration allows relatively accurate quantifica-

tion of DMA/DMAU levels. There is no reference or efficacy

range for DMA levels, but in order to minimize the potential for

post-collection hydrolysis, we suggest that once blood has clot-

ted, the samples be processed as soon as possible. The clinical

response to DMAU administration can be guided by serum DMA

levels that have to be determined in clinical studies.

CONCLUSION
Overestimation of circulating steroid levels after addition of

steroid ester is likely caused by ex vivo hydrolysis of the ester in

the blood collection tube and is significantly diminished in tubes

containing NaF. However, NaF also directly decreases the levels

of T and DMA measured by LC-MS/MS even without the

Figure 3 (Continued).
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presence of the ester. The overestimation due to hydrolysis can

also be decreased by minimizing the time tubes, which are held

prior to sample processing and by cooling of samples prior to

processing (centrifugation). The differences in T observed in

in vivo studies after oral administration of TU/DMAU was great-

est around the time of peak prodrug concentrations. During

pharmacokinetics studies, these differences may be important

for regulatory approval because post-collection conversion may

lead an overestimation of average or peak androgen levels. How-

ever, the impact on clinical therapeutics for TU/DMAU may not

be as relevant when blood is collected into a consistent tube type

because of the wide therapeutic T/DMA window.
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