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Abstract

A liquid-liquid extraction and liquid chromatography-elec-
trospray ionization tandem mass spectrometry (LC-MS/MS)
method to determine iodothyronines and thyronamines
(TAM) from cell culture media was developed. Thyroid hor-
mones (TH) are metabolized by sequential deiodination to
eventually yield thyronine (Ty), but can also be decarboxyl-
ated, resulting in TAM. The method presented here for ex-
traction of DMEM/F12 cell culture media is a fundamental
procedure for a precise determination of 9 TH and 6 TAM
from a single LC run. Analytes and internal standards (IS)
were extracted from DMEM/F12 (w/o phenol red) by liquid-
liquid extraction using isopropanol-TBME (30:70 v/v). Mea-
surement of THand TAM was performed during a 10-min run
time using '3C¢-Ty, 13C4-T3, 13C6-rT3, 13C6-3,3'T, and 2Hy-T:AM
as IS. Calibration curves covered 11 calibrators measured as
triplicates each for the analysis of the 9 TH and 6 TAM me-
tabolites, and the 5 IS were linear and reproducible in the
range of 0.12-120 nm (R? 0.991-0.999) for all calibrators. The
lower limit of quantification was 0.078-0.234 nM. Method
validation and robustness were demonstrated by the analy-
sis of precision, accuracy, process efficiency, matrix effects

andrecoveries, as well asintra- and interassay stability. These
parameters were investigated for high, middle and low con-
centrations of quality controls of all 9 TH and 6 TAM metabo-
lites. This validated, sensitive and interaction-free LC-MS/MS
method allows rapid analysis and accurate determination of
TH and TAM from DMEM/F12 (w/o phenol red) conditioned
media and seems to be easily transferable and applied to
commonly used buffers and cell culture media.
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Published by S. Karger AG, Basel

Introduction

The biologically active thyroid hormone (TH)
3,5,3'-triiodo-L-thyronine (T;) is the classic TH pivotal to
a wide variety of developmental, growth and metabolic
processes. T3 is only one of nine members of the thyro-
nine family, which differ in the number and/or position
of their iodine substituents. The reductive removal of io-
dide atoms from TH is catalyzed by three selenoproteins,
deiodinases type 1-3 (Diol, Dio2, Dio3), which are re-
sponsible for the phenolic ring deiodination (Diol and
Dio2) and/or tyrosyl ring deiodination (Diol and Dio3)
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[1]. Alternative pathways for TH metabolism are based
on conjugation of the 4'-phenolic group to functional res-
idues, e.g. sulfoconjugation or glucuronidation, or modi-
fications of the alanine side chain [2]. Side chain deami-
nation results in thyroacetic acids, whereas side chain de-
carboxylation generates the novel class of biologically
active metabolites called thyronamines (TAM; see ta-
ble 1). So far, only two representatives of TAM, namely
3-iodothyronamine (3-T;AM) and thyronamine (T(AM),
have been detected in vivo [3-5].

In recent years, various TAM and TH metabolites
have attracted increased attention because of their thyro-
mimetic and TH antagonistic effects [6-8]. These obser-
vations raised interest in the quantitative detection of the
wider spectrum of TH and TAM in serum, tissues and
various in vitro cell culture conditions. Classic TH con-
centrations are typically measured using antibody-based
immunoassays specific for an individual analyte, thus re-
quiring significant sample volumes and multiple assays
if the full spectrum of the TH and TAM family is of ana-
lytical interest. Technical advances in HPLC liquid chro-
matography and its subsequent combination with tan-
dem mass spectrometry (LC-MS/MS) provided a highly
sensitive method to measure part — most often the classic
metabolites — of the TH spectrum in human serum or
plasma and selected animal tissue specimens [4, 9-15].
This analytical technique identifies the molecule of inter-
est in a complex sample by its retention time (RT) and
the mass-to-charge ratios of parent and fragmentation
ions. In order to determine concentrations of the wider
spectrum of TH and TAM metabolites in cell culture me-
dia, in the absence or presence of fetal bovine serum, we
have developed and applied a liquid-liquid extraction
method for commonly used cell culture media. Preana-
lytical extraction of samples enriched the analytes of in-
terest and removed contaminants, resulting in better sig-
nal-to-noise ratios and simultaneously limiting memory
effects of the preanalytical column. In a single chromato-
graphic run, the extracted spectrum of TH and TAM me-
tabolites can then be unequivocally and concurrently
identified, and quantified by the new LC-MS/MS meth-
od presented.

Materials and Methods

Reagents, Internal Standards, Calibrators and

Quality Control Samples

High-purity TH metabolites, T4AM, T3AM and rT;AM, were
provided by Dr. R. Thoma (Formula GmbH, Berlin, Germany),
who also purified 3-T;{AM by preparative HPLC. Synthesis of
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high-purity 3-T;AM and ToAM was performed by Dr. R. Smits
(ABX Advanced Biochemical Compounds, Radeberg, Germany).
3,5-T,AM and the internal standard (IS) H,-3-T;AM were kind-
ly provided by T.S. Scanlan (OHSU, Portland, Oreg., USA) [16].
Further IS, 13C5-T4, 13C6-T3, 13C5-1‘T3 and 13C6—3,3,-T2, were ob-
tained from Isosciences LLC (King of Prussia, Pa., USA). 1?°I-ra-
diolabelled T,, T; and rT; were purchased from PerkinElmer
(Hamburg, Germany). Water was purified by a Milli-Q water pu-
rification system from Millipore (Billerica, Mass., USA). Dimeth-
yl sulfoxide, TBME (tert-butyl methyl ether; CHROMASOLV®
Plus), methanol, formic acid, 2-propanol, acetonitrile (LC-MS
CHROMASOLYV) and HCI (37%) were purchased from Sigma-
Aldrich Chemie Gmbh (Munich, Germany). DMEM/F-12 (1:1
mixture of DMEM and Ham’s F-12, containing 15 mM HEPES
and 2.5 mM L-glutamine) without phenol red was purchased from
Life Technologies GmbH (Darmstadt, Germany).

Preparation of Quality Controls in Dulbecco’s Modified Eagle’s

Medium

IS mixture stock solution was prepared in methanol, using
13C6'T4, 13C6-T3, 13C6-I'T3, 13C6-3,3"T2 and 2H4-3-T1AM, each ata
concentration of 1 uM. Two stock solutions containing either TH
(T4, T3, I'T3, 3,3,-T2, 3,5-T2, 3’,5,—T2, 3-T1, 3’-T1 and To) or TAM
(T4AM, T3AM, r'T3AM, 3,5-T,AM, 3-T;AM and ToAM), each at a
concentration of 20 pM, were separately prepared in methanol and
stored at ~20°C in brown glass vials with screw tops. Using pure
DMEM/F12 without phenol red, we prepared several calibrators
(0.015, 0.030, 0.039, 0.059, 0.078, 0.117, 0.234, 0.469, 0.937, 1.875,
3.75, 7.5, 15, 30, 60, 120, 240 and 480 nM of both TH and TAM)
and in-house high- (80 nM), medium- (10 nM) and low- (0.75 nM)
concentration quality controls (HQAL, MQAL and LQAL, respec-
tively) of both TH and TAM for the assay.

Sample Preparation of TH and TAM for LC-MS/MS

Sample preparation was performed in 2.0-ml Eppendorf tubes.
Four hundred microliters of DMEM/F12 (w/o phenol red) was
spiked with ice-cold 10-pl IS solution, acidified with 5 pl of 30%
HCI, vortex mixed for 15 s and incubated for 30 min at 37°C in the
dark. Liquid-liquid extraction was performed by two subsequent
extractions, using 1 ml of freshly mixed 30/70 2-propanol/TBME
(v/v). The upper organic phases were combined in a 1.5-ml Ep-
pendorf tube, evaporated to dryness (Eppendorf concentrator
5301 at45°C), and reconstituted in 100 pl of 50/50 methanol/water
(v/v; containing 0.1% formic acid) by vortex-mixing for 20 s. Sam-
ples were centrifuged at 14,000 rpm for 5 min and stored at -20°C
until LC-MSMS investigation.

LC-MS/MS Analysis

For the measurement of TH, TAM and IS analytes, a HSS PFP
2.5 pm 3.0 x 100-mm column (Waters, Milford, Mass., USA)
maintained at 40°C was used for separation by an 1260 quater-
nary HPLC system (Agilent Technologies GmbH, Waldbronn,
Germany) directly coupled to a mass spectrometer QTrap 6500
(AB SCIEX Germany GmbH, Darmstadt, Germany) fitted with a
Turbo Spray IonDrive. The PAL HTC-xt auto-sampler (CTC
Analytics AG, Zwingen, Switzerland) used wash 1 solution of
25/25/25/25 water/acetonitrile/2-propanol/methanol  (v/v/v/v)
and wash 2 solution of 50/50 water/methanol (v/v). A 20-pl sample
volume was injected at an HPLC flow rate of 0.9 ml/min. The
HPLC solvents consisted of 0.1% (v/v) formic acid in H,O (eluent

Rathmann/Rijntjes/Lietzow/Kohrle



Table 1. Analyte-specific relative retention times and tandem mass spectrometer working parameters for IS, TH and TAM

No. Analyte IS Relative PI Pro 1 Pro 2 DP, CE, CXP,
reference RT £ SD (m/z) (m/z) (m/z) eV eV eV
13C,-3,5,3',5'-T, 13C4-T4 1 783.6  738.0 611.0 106 33 20 (1) oH
13C4-3,5,3'-T; BC-T, 0.930+0.001  657.7 6118  203.1 80 30 20 P
13Ce-3,3' 51T,  BCe-Ty 1.063£0.003  657.7  611.6 5140 166 33 22 @ )
13C-3,3"-T, BC-T, 0.967+0.002 531.8 4857  359.0 116 29 18 AN
’H,-3-T;AM ’H,-T)AM 1 359.9  342.8 216.1 81 17 12 /
1 T 0.757+0.001 2740  215.1 118.1 51 25 6 ® @
2 3T, 0.840+0.002  399.9 3539  341.0 96 23 14
3 3T, 0.895+0.001  399.9  341.0  353.9 131 29 14 .
4 35T, 0.846+0.003 5258  479.8  353.0 91 27 18 3 .
5 33T, BC-T, 0.967+0.002 5258 4799 3819 116 27 18 coo
6 3,5-T, 1.007+0.002 5258  508.8  466.8 146 23 18 T oH
7 3,53-T, 0.929+0.001  651.7 6056  478.9 131 33 24 ~
8  33.5T, 1.062£0.003 6517 6058 4789 130 47 9 @ )
9 3535-T, 0.999+0.001  777.6 7316 6047 121 37 28
7N
10 3,535 -T,AM 1.248+0.002 7336 7165 3358 156 29 28 Qb
11 3,53-T;AM 1.130£0.002  607.7  590.7 2099 141 25 24 m @
12 335rT5AM o oy 135420004 6077 5907 209.9 136 23 22 ~
13 3,5-T,AM a1 1.000+0.002  481.8 4649  337.8 121 21 18
14  3-T,AM 1.000£0.000 3558 3389  212.1 91 15 10
15 ToAM 0.865+0.001  230.0 2130  108.8 11 15 12 NHS

The circled iodine atoms can be replaced by hydrogen, giving rise to the various thyronines (upper figure) or TAM (lower figure)
metabolites. m/z = Mass-to-charge ratio; PI = precursor ion; Pro = product ion; DP = declustering potential; CE = collision energy;

CXP = collision cell exit potential.

A)and 0.1% (v/v) formic acid in methanol (eluent B). The total run
time of the gradient program was 10 min and is described in on-
line supplementary figure 1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000430840).

The MS was operated in electrospray positive ionization low-
mass mode, system control and data acquisition were conducted
by Analyst 1.6.2, and data were processed using the Multiquant
2.1.1 software provided with the instrument. Nitrogen was used
as the nebulizing and collision gas. The instrument settings were
as follows: source temperature, 600°C; curtain gas, 45; lonSpray
gas 1, 55; TonSpray gas 2, 70, and IonSpray voltage, 4,500 V. Sam-
ple analysis was recorded in the multiple reaction monitoring
(MRM) mode of the instrument, with a dwell time of 10-15 ms.
MRM transitions were individually optimized for each single
analyte (table 1). The entrance potential was set to 10 V for all
transitions.

Method Validation

The assay was validated according to the US Food and Drug
Administration (FDA) guidelines, determining the most impor-
tant test characteristics, such as selectivity, accuracy, precision, re-
covery, matrix effect (ME), linearity, lower limit of detection
(LLOD) and lower limit of quantification (LLOQ) [17].

LC-MS/MS Analysis of TH Metabolites

System Suitability and Chromatographic Stability

System suitability experiments were performed by injecting an
aqueous standard mixture of TH and TAM (100 nM) at the start of
each batch during the method validation. The carryover effect of
the auto-sampler was evaluated by injecting a sequence of solu-
tions of blank (water), aqueous standard, mobile phase, blank (wa-
ter) and extracted standard equivalent to the highest standard in
the calibration range. As per the acceptance criteria, the response
in the blank should not be greater than 20% of the LLOQ response
[18].

To verify the robustness of the proposed HPLC method, a col-
umn method validation kit, consisting of 3 analytical columns,
each derived from a different batch, was tested under various cali-
brator concentrations to confirm the full separation of TH and
TAM metabolites. Each column was individually tested and the
relative RT and peak resolution investigated.

Linearity Studies

Matrix-based calibration curves for both TH and TAM me-
tabolites were constructed using pure DMEM/F12 w/o phenol red.
One hundred microliters of the TAM (20 uM) and 100 pl of the TH
(20 um) stock solutions were mixed; this solution was used as the
starting calibrator solution and when used at 19.2 ul in 400 ul
DMEM/F12 w/o phenol red gave a concentration of 480 nM. The
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starting calibrator solution was serial diluted 1:1 or 1:2 with ice-
cold methanol. The linearity was assessed by analysis of four linear
curves containing eleven calibrators in triplicate and ranging from
0.117 to 120 nM (n =2) or 0.078 to 80 nM (n = 2). The ratio of area
under the curve (AUC) response for analyte and IS was used for
regression analysis. For each calibration curve a coefficient of de-
termination was calculated by using least square weighted (1/x?)
linear regression.

Lower Limit of Detection or Quantification

The LLOQ was calculated as the minimum concentration at
which each TH and TAM can be reliably quantified with a preci-
sion <20%, signal-to-noise ratio (5/N) >10 and an accuracy within
the range of 80-120%. The LLOD was calculated as the smallest
detectable peak above baseline noise (here conservatively set as
S/N >6:1). The deviation of standards other than LLOQ from nom-
inal concentration should not to be more than +15.0%.

Selectivity

The selectivity of the method towards endogenous DMEM/F12
w/o phenol red matrix components was assessed in 5 measure-
ments of blank extracted DMEM/F12 w/o phenol red. This was
done to estimate the extent to which endogenous components
contribute towards interference at the RT of the analytes and IS.

Precision and Accuracy

Interassay precision and accuracy were assessed on HQAL,
MQAL and LQAL samples, in each performed in triplicate for 10
different days (n = 10). To determine intra-assay accuracy and pre-
cision, ten samples of HQAL, MQAL and LQAL were extracted
and analyzed on the same day. The precision of the method was
determined by calculating the percent coefficient of variation (CV)
for each TH and TAM concentration from HQAL, MQAL and
LQAL samples. The deviation at each concentration level from the
nominal concentration was expected to be within +15.0% except
LLOQ, for which it should be within +20.0%.

Recovery, Matrix Effect and Process Efficiency

The process efficiency (PE), relative recovery (RE) and ME of
DMEMY/F12 extraction were assessed at 3 different TH and TAM
concentrations (0.75, 10 and 80 nM) in triplicate over 10 different
days. On each day further triplicates were made of the standards
spiked into the neat resuspension buffer (hence without DMEM/
F12) and were not extracted. The PE was calculated by the ratio of
the mean area response of extracted samples spiked before extrac-
tion (SB) to that with mean area of neat standard solutions (SN) at
each TH and TAM concentration [(SB/SN) x 100] [19]. ME was
calculated using the postextraction addition technique, the ratio of
the mean area response of extracted samples spiked after extrac-
tion SA and that of SN [(SA/SN) x 100] [20, 21]. The RE was cal-
culated as the mean area response of [(SB/SA) x 100] [19].

Method Comparison and Application

The recovery values for Ty, T3 and rT;, derived from our pro-
posed LC-MS/MS method, were compared with the extraction yield
of the ?°I-labelled Ty, T or rT3, respectively, from DMEM/F12 w/o
phenol red following our presented liquid-liquid extraction proto-
col. The %1 was counted using a y-counter (1277 Gammamaster,
LKB Wallac, Turku, Finland). The recovery was calculated as the
counts per minute (cpm) after extraction/cpm total counts.
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The proposed LC-MS/MS method was applied to medium
(DMEM,; Biochrom GmbH, Berlin, Germany) containing 1.5 g/1
glucose, 1% glutamine, 0.5% DMSO, 100 IU/ml penicillin G, 100
IU/ml streptomycin, 100 nM Na,SeO; with or without 100 nM T,
for 24 h (n = 3). The primary hepatocytes were isolated from
3-month-old adult C57BL/6 N male mice. Animal care and ex-
periments were performed in accordance with the institutional
guidelines of the German Federal Law and local authorities of
Berlin. The mice were sacrificed and livers were initially perfused
with a calcium-free Earle’s Balanced Salt Solution (Gibco, Life
Technologies, Carlsbad, Calif., USA) containing 50 mM EGTA,
and subsequently digested with 0.3 mg/ml type II collagenase
(Worthington Biochemical Co., Lakewood N.]J., USA) in Hanks’
balanced salt solution (Biochrom GmbH) via the inferior vena
cava to isolate hepatocytes. A total of 4 x 10 cells/well were seed-
ed on collagen-coated 6-well plates. Cells were cultured in medi-
um as described above but with 10% fetal calf serum (FCS) and
4.5 g/l glucose. Before the start of the experiment, the cells were
FCS starved/1% bovine serum albumin (BSA) supplemented for
24 h.

Results

System Suitability and General Characterization of

the LC-MS/MS Method

Carryover from a methanol-based 100-nM TH and
TAM calibrator mixture (10 pl injected) to subsequently
measured neat water blank was not observed. The injec-
tion served additionally as a quality control for chromato-
graphic separation of analytes (online suppl. fig. 1) for the
following analytical run. To calculate the relative RT, the
absolute RT of the analyte is divided by the RT of the cor-
responding IS reference (n = 123). For thyronines the IS
reference RT is 1*C¢-T, (RT 5.48-5.67 min), whereas *H,-
T, AM is the reference for TAM (RT 5.71-5.87 min). The
relative RT of all IS, TH and TAM remained very consis-
tent, with CV <0.4% for any analyte (table 1). 3-T;AM
and 3,5-T,AM have a similar RT, but specific ion frag-
ment selectivity of the mass spectrometer is sufficient for
an individual and precise quantification of the peaks. No
crosstalk for 3-TAM, which might occur due to deiodin-
ation, was observed after injecting high 3,5-T,AM con-
centrations. Maximum sensitivity for the calibrators and
the IS was achieved by monitoring the fragmentation of
single-charged molecule ions (analyte + H*) with m/z
transitions as described in table 1 (see also online suppl.
fig. 2). The most intense peak was used for quantification,
except for *C¢-3,3'-T5, 3,3'-T, and 3-T,AM. The slightly
less intense peak was chosen for reliable quantification of
the latter analytes to overcome the background signals at
the LLOQ. The IS were used to minimize any analytical
variation due to solvent evaporation, column integrity
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Table 2. Interday validation outcome for TH and TAM extraction

Interday  Linear regression HQAL (80 nm) MQAL (10 nM) LQAL (0.75 nM) LLOQ, LLOD,
(n=10)/ pPM pM
e related IS R? range mean CV, accuracy, mean CV, accuracy, mean CV,  accuracy,

(n=4) conc.,nM % % conc.,nM % % conc.,nM % %
To 3C-3,3"-T,  0.996-0.999  82.97 7.9 103.7 11.41 9.8 114.1 2.29 33.0 296.2 - -
3-T, B3C-3,3-T, 0.991-0.997  80.17 50 100.2 10.20 55 102.0 0.79 13.7  102.8 78 30
3T, 3C-3,3"-T, 0.994-0.998  80.47 53 100.6 10.36 48 103.6 0.78 8.7 101.1 39 15
3,5-T, B3Ce-3,3"-T, 0.997-0.999  77.36 4.9 96.7 10.33 54 1033 0.77 8.5 100.4 78 30
3,3'-T, 13Ce-33"-T, 0.997-0.998  79.76 5.7 99.7 10.34 6.6 103.4 0.77 8.9 100.5 78 15
35T, 3Ce-3,3"-T,  0.994-0.998  80.70 6.7 100.9 10.43 7.7 1043 0.77 9.5 100.5 78 30
T, BCe-Ts 0.998-0.999  78.91 8.1 98.6 10.24 7.6 102.4 0.77 7.7 100.1 78 15
rT; BCe-1T5 0.994-0.999  83.08 52 1039 10.36 6.6 103.6 0.79 8.6 103.0 78 15
T, BCq-Ty 0.995-0.998  75.28 122 941 9.99 1.0 999 0.75 108 977 78 15
T,AM ’H,-3-T,AM 0.994-0.997  90.56 120 1132 11.08 112 1108 0.82 10.9  106.7 234 78
T;AM ’H,-3-TIAM 0.998-0.999  85.68 7.2 107.1 10.90 89 109.0 0.82 10.1  106.0 39 15
rT;AM H,-3-T)AM 0.998-0.998  88.25 64 1103 11.41 72 1141 0.85 9.6 110.3 78 15
3,5-T,AM  ?H,-3-T)AM 0.997-0.998  85.23 51 106.5 10.98 7.3 109.8 0.82 7.9 106.9 78 15
3-T)AM  H,-3-T)AM 0.997-0.999  84.28 4.6 1054 10.92 7.1 1092 0.82 8.5 105.8 78 15
ToAM ’H,-3-T)AM  0.994-0.998  85.11 48 106.4 10.96 6.6 109.6 0.87 10.1 1123 78 59

R? = Coefficient of determination; mean conc. = mean determined concentration. DMEM/F12 contains approximately 1.54 nM T, as endogenous back-

ground concentration.

and ionization efficiency of analytes. The related IS for
the TH and TAM used to establish the calibration curves
are listed in table 2. The structurally identical IS for the
corresponding analytes elute at the same RT; therefore,
quantitative errors resulting from potential ion suppres-
sion are compensated via IS for Ty, T3, T3, 3,3"-T, and
3-T;AM. For all analytes without a structural identical IS,
we have chosen the most similar IS in terms of structure
and functional groups.

Linearity and LLOQ

The chosen related IS were used to establish calibra-
tion curves for each analyte, resulting in linear regression
curves over the working range of 0.117-120 nM with a
coefficient of determination of at least R >0.991 (table 2).
The LLOD of DMEM/F12 w/o phenol red extracted ana-
lytes was identified in the range of 15-78 pM, whereas the
LLOQ ranged from 39 to 234 pM (table 2).

Accuracy and Precision

The intra- and interbatch precision and accuracy were
measured for several concentrations of TH and TAM an-
alytes (HQAL, MQAL and LQAL). The within-run CVs
were all <6.4% (table 3), whereas the between-run CVs
were <13.7%, except for Ty with 33.0% (table 2). The
interday batch analysis of the LQAL revealed an endog-

LC-MS/MS Analysis of TH Metabolites

enous concentration of 1.54 nM for T, that is present in
the matrix (DMEM/F12 w/o phenol red; table 2). The ac-
curacy values for the interday batch analysis were within
96.7-113.2% for all analytes except T (table 2), whereas
intraday accuracy ranged from 89.0 to 119.2% for all ana-
lytes except T (table 3).

Recovery, Matrix Effect and Process Efficiency

The PE, ME and recovery data at HQAL, MQAL and
LQAL concentrations are presented in table 4. The recov-
eries for all TAM, TH and IS were in the range of 80-
101%. Matching these findings were the recoveries of the
12°]-labelled T4, T3 and r'T3, which ranged between 91 and
94%. The ME were between 77 and 105%, resulting in
solid PE from 70 to 101%, except for T, which is present
in the matrix at a nanomolar concentration.

Method Applied to Cell Culture Media Containing

Stripped FCS

The transferability of our presented LC-MS/MS meth-
od was investigated via extracting 400 ul of 10% stripped
(hormone reduced) FCS in DMEM/F12 w/o phenol red.
The established calibration curves were linear (R? 0.991-
0.998) over the concentration range 0of 0.117 to 120 nM for
all TH and TAM (T,AM ranges from 0.23 to 120 nm;
online suppl. table 1). The accuracy of determination of
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Table 3. Intraday validation outcome for TH and TAM extraction

Intraday (n = 10)/ HQAL (80 nMm) MQAL (10 nm) LQAL (0.75 nm)
el mean conc., CV, accuracy, mean conc., CV, accuracy, mean conc., CV, accuracy,
nM % % nM % % nM % %

T, 82.61 3.7 103.3 12.62 2.1 126.2 2.93 1.9 391.1
3-T, 77.08 2.7 96.4 10.62 1.9 106.2 0.82 4.1 108.7
3'—T1 73.07 2.6 91.3 10.23 2.9 102.3 0.82 3.9 109.7
3,5-T, 71.71 1.6 89.6 10.16 3.1 101.6 0.80 2.7 106.6
3,3"-T, 73.67 2.7 92.1 9.94 2.9 99.4 0.79 3.6 104.7
3',5'-T, 75.24 2.3 94.0 10.51 3.3 105.1 0.81 3.9 107.8
Ts 71.21 2.4 89.0 9.70 3.0 97.0 0.76 3.1 100.7
rTs 78.45 2.3 98.1 10.36 2.6 103.6 0.77 3.1 102.4
T, 72.20 2.0 90.2 9.62 4.1 96.2 0.72 6.4 96.5
T,AM 90.07 4.6 112.6 11.60 2.5 116.0 0.89 5.1 119.2
T;AM 84.32 1.8 105.4 11.34 2.5 113.4 0.88 3.5 116.7
rT;AM 83.66 2.1 104.6 11.35 2.9 113.5 0.86 4.5 114.0
3,5-T,AM 83.55 2.0 104.4 11.25 2.2 112.5 0.86 3.5 115.2
3-T,AM 82.72 2.6 103.4 11.31 2.8 113.1 0.88 3.1 117.3
ToAM 88.76 1.2 111.0 11.50 1.5 115.0 1.02 3.9 111.2

R?= Coefficient of determination; mean conc. = mean determined concentration. DMEM/F12 contains approximately 1.54 nM T,

as endogenous background concentration.

QALs were 88.4-111.7% with an interbatch precision
from 1.7-10.0% for all TH and TAM, except T due to the
endogenous matrix content. The PE, ME and RE were in
the same range as those for the DMEM/F12 w/o FCS
(online suppl. table 2).

Method Applied to Cell Culture Media after

Incubation with Primary Hepatocytes

The LC-MS/MS method was applied to investigate the
appearance of TH metabolites in culture media after in-
cubation of T3 with primary hepatocytes as a model for
cellular deiodinase activity. A 24-hour incubation of 100
nM T resulted in deiodination of T5 into 3,3'-T, (1.59 +
0.20 nM) and its further metabolites 3-T; (8.16 £ 0.55 nM)
and T, (2.04 = 0.06 nM). The initial 100 nM T concentra-
tion was reduced to 36.25 (+ 1.82) nM. The preliminary
findings of extracted hepatocyte homogenates indicate
that 44% of the initial T; added was bound to or taken up
by the hepatocytes. The endogenous TH metabolite con-
centrations in the control group treated with DMSO were
below the LLOD. These findings indicate that the prima-
ry hepatocytes exhibit an effective phenolic and tyrosyl
ring deiodination capacity.
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Discussion

Liquid chromatography mass spectrometry is becom-
ing increasingly important as a major tool for the precise
and simultaneous analysis of a broad range of biological
molecules. The use of MS/MS and stable isotope IS per-
mits the development of highly sensitive and specific as-
says [22-24]. Here, we report the validation of the first
high-performance stable isotope dilution LC-MS/MS
method to measure 9 TH and 6 TAM from a single cell
culture media sample using a simple and fast liquid-liquid
extraction. Compared to the cell homogenate LC-MS/MS
method from Piehl et al. [9] (LLOQ 250-5,000 pM) we
were able to increase the LLOD and LLOQ, and therefore
the sensitivity of all TH and TAM up to 64-fold. In addi-
tion, for the first time the full separation of all TH was
achieved within a significantly reduced chromatographic
run time from 29 min down to 10 min (online suppl. fig. 1)
[9]. Our experience underlines that the herein performed
usage of structurally identical or, if not available, at least
similar IS for TH or TAM is very beneficial. The appropri-
ate IS can compensate for the alteration of analytes in com-
plex matrices during sample preparation, adhesion effects
or ion suppression during electrospray ionization during
the MS measurement by coelution from the LC [12].
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Table 4. PE, ME and RE for the IS, TH and TAM extraction

HQAL (80 nMm) MQAL (10 nMm) LQAL (0.75 nm)
PE ME RE PE ME RE PE ME RE

n=9

13Ce-Ty 85+6 91+8 88+7 82+6 96+7 87+8 81+4 97+6 84+5
13Cq-Ts 86+9 90+18 88+9 85+7 99+12 88+10 83+4 99+10 84+5
13C4-rT; 86+6 91+13 90+9 83+6 93+10 9010 79+5 9349 86+6
13C4-3,3'-T, 89+7 92+12 9149 87+4 9849 91+9 85+3 96+5 88+5
’H,-3-T,AM 90+10 93+18 93+8 88+6 97+13 93+9 85+5 95+10 9046
n=10

Ty 70+16 77419 80+9 80+16 97+23 85+10 209+97 226+96 9249
3-T, 84+15 87+14 88+7 86+13 97+16 89+9 84+11 97+14 8749
3T, 87+13 89+13 89+6 90+15 98+15 93+9 84+10 93+12 90+5
3,5-T, 84+14 88+13 88+6 87+14 98+14 90+9 83+11 94+ 14 88+6
3,3'-T, 90+12 91+8 90+6 94+16 101+14 95+10 88+9 96+12 92+7
3'.5'-T, 90+11 9249 92+5 91+15 96+13 96+10 85+10 92+11 93+7
T, 91+13 91+13 90+6 93+17 101+15 93+11 89+11 99+12 90+7
T 92+12 91+11 90+6 94+15 101+15 94+10 89+11 100+15 90+7
T, 91+11 9346 92+6 94+17 99+14 96+11 89+12 94+13 9549
T,AM 96+14 96+15 97+8 97+16 97+16 101+10 96+18 99422 98+13
T;AM 95+13 94+12 93+6 100+18 104+16 98+11 96+12 100+ 14 97+8
rT;AM 95+13 93+13 92+7 101420 105+17 96+13 94+12 100+12 94+10
3,5-T,AM 89+13 90+13 89+5 91+16 99+16 9449 88+12 97+13 91+6
3-T|AM 89+13 90+13 90+5 91+14 99+14 94+9 86+10 95+13 9146
T,AM 83+14 85+15 84+6 85+14 98+16 87+9 85+19 101+16 84+8

All values are percentages (+SD). DMEM/F12 contains approximately 1.54 nM T, as endogenous background concentration, the

findings for the PE and ME of this analyte are confounded.

Recent LC-MS/MS investigations of TH or TAM were
based on direct injection of diluted cell lysates and/or cell
culture media (w/o FCS) without analyte extraction [25-
27]. Sample preparation (solid-phase extraction, SPE, lig-
uid-liquid extraction or online SPE) prior to LC-MS/MS
analysis can improve solid and high RE with a minor ME,
while preventing accelerated deterioration of analytical
columns and contamination of the LC-MS/MS system.
Here we have shown a validated LC-MS/MS method, fol-
lowing the FDA guidelines [17], and successfully trans-
ferred the method to extract all TH, except T, and TAM
from DMEM/F12 containing 10% TH-depleted FCS. The
residual TH metabolites in culture media or TH-depleted
FCS influences the ME and PE. The existence and role of
T, in cell culture media (T is also described in humans
[28]) has yet to be studied in any detail. We could also
show that proteins are fully separated from the TH/TAM/
IS by the liquid-liquid extraction (online suppl. fig. 3)
since RE of TH and TAM remain high (online suppl. ta-
ble 1S). In addition, we could prove a good correlation
between our LC-MS/MS assay recovery (T3, rT5 and T,)

LC-MS/MS Analysis of TH Metabolites

and the radiolabeled iodine tracer recovery of T3, rT5 and
T, from DMEM/F12 in the absence or presence of 10%
FCS, resulting in 91-94% return of tracers. Preliminary
tracer experiments using RPMI 1640 and Coons F12 both
with or without 10% FCS revealed >90% return of the trac-
er after extraction. The incubation of 100 nM T5in DMEM
on primary hepatocytes shows that the preanalytical ex-
traction method and the LC-MS/MS procedure can be ap-
plied to identify the appearance of TH metabolites. This
supports our idea that the presented method can very eas-
ily be transferable to any other cell culture media/buffer
system, since DMEM/F12 + 10% stripped FCS most likely
represents one of the more complex matrices, but of
course this needs to be tested before application.
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