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Abstract

Thyroid hormones are essential hormones for regulating growth and development in humans and
wildlife. Methods to monitor precise and low levels of these hormones in serum and tissues are
needed to assess overall health, whether from disease considerations or possibly from
environmental contaminant exposures. Common and routine methods typically rely upon radio-
immunoassays, which can be expensive, and typically only measure T4 and T3, which can be a
limitation in fully evaluating impacts on thyroid regulation. In this study we developed an liquid
chromatography-tandem mass spectrometry method for the simultaneous analysis of five thyroid
hormones including thyroxine (T4), 3,3',5-triidothyronine (T3), 3,3',5'-triiodothyronine (rT3;
reverse T3), 3,3'-diiodothyronine (3,3'-T2), and 3,5-diiodothyronine (3,5-T2) in serum samples.
The LC/MS-MS parameters were optimized and calibrated over a wide concentration range (1.0 to
500 ng/mL) with on-column detection limits of 1.5-7.0 pg. Using spiked bovine serum samples,
mean method recoveries were calculated to be 81.3-111.9 % with RSDs of 1.2-9.6 % at spiking
levels ranging from 10 to 100 ng/mL. This method was compared with measurements made by
standard RIAs and to measurements made in a serum Standard Reference Material (SRM 1951b).
Development of this method expands the capacity to measure thyroid hormones by including a
larger suite of thyroid hormones, and has promising applications for measuring catabolism of
thyroid hormones in vitro.
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Introduction

The thyroid hormones, thyroxine (T4) and 3,3',5-triidothyronine (T3) (Chemical structure
shown in Fig. 1), are tyrosine-based hormones produced by the thyroid gland. Synthesis of
all circulating T4, and a small percentage of circulating T3, occurs on thyoglobulin
molecules located within the thyroid in most mammals. In healthy human subjects, total
serum T4 (including both protein bound and unbound) is present at about a 60-fold higher
concentration than total T3. T3 is often referred to as the “active” hormone, and most T3 is
produced by biotransformation (i.e. deiodination) of T4 (called the pro-hormone) by
intracellular enzymes in peripheral tissues [1]. T4 and T3 are important in regulating a
number of biological processes, including growth and development, carbohydrate
metabolism, oxygen consumption, protein synthesis and fetal neurodevelopment [2].
Biotransformation of T4 also produces the inactive metabolite 3,5',3"-triidothyronine (rT3)
[2] (Fig.1), which may inhibit thyroid production through feedback mechanisms [3,4]. Thus,
the molar ratio of T3 to rT3 is an important diagnostic marker for the metabolism and
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function of thyroid hormones in clinical chemistry. Further cleavage of iodine atoms from
T3 and T3 (regulated by cellular enzymes) results in the formation of several distinct
diiodothyronines: 3,5-diiodothyronine (3,5-T2), 3,3'-diiodothyronine (3,3'-T2) and 3',5'-
diiodothyronine (3',5'-T2) [4] (Chemical structures shown in Fig. 1). Although the absolute
contribution of T, isomers to the physiological function in humans is unclear, experimental
data raise the possibility that T2 isomers may have many kinds of biological activities in
different tissues [4, 5]. For example, the isomer 3,5-T2 has selective thyromimetic activity
and can suppress thyroid stimulating hormone (TSH) levels [6]. In animals, the 3,3'-T2 and
3,5-T2 isomers induce a dose-dependent increase in resting metabolic rate, an increase
accompanied by a parallel increase in the oxidative capacity of metabolically active tissues
such as liver, skeletal muscle, brown adipose tissue, and heart [7, 8].

Therefore, regulating the levels of T4, T3, rT3, and T2 isomers is an integral component of
thyroid hormone (TH) homeostasis, which is important in understanding metabolism and
function of thyroid hormones at the cellular level. Having the capacity to measure the
different thyroid hormone analogues (from diodothyronine via triodothyronine via
thyroxine) in serum and tissues can provide a better diagnostic tool and may explain other
T4/T3-influenced metabolic abnormalities. In addition, methods for monitoring these
hormones can be utilized to measure catalytic activity of enzymes (i.e. deiodinases) which
facilitate thyroid hormone catalysis in tissues and provide more information on cellular
metabolomicsA broad range of legacy and emerging environmental chemicals such as
polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and furans (PCDD/
Fs), and brominated flame retardants (BFRs), have similar chemical structures to thyroid
hormones and are known to impact thyroid regulation. Because they are similar in structure,
these contaminants can competitively bind to serum thyroid hormone proteins, and may
produce complex effects on thyroid hormone signaling [9-11]. Thus, the measurement of a
full suite of thyroid hormone levels in human and animal tissues provides useful information
to assess thyroid function, to monitor and diagnose hyper- or hypo-thyroidism, to adjust
thyroid medications, and to understand the endocrine-disrupting effects of environmental
chemicals.

Most clinical laboratories routinely measure free or total T4 and T3 by automated
radioimmunoassay Kits [12-14]. Diiodothyronines have also been measured by using
immunoassays (IA) [8]. RIA or IA approaches have high sensitivity, but can sometimes lack
specificity for thyroid hormones [15-20] due to either endogenous factors (e.g., abnormal
binding proteins, dialyzable protein binding competitors, heterophile antibodies,
autoantibodies) or in vitro factors (free fatty acids, assay antibodies, analogs, intrinsic
dilution). Mass spectrometry (MS) could be a superb detection method for thyroid hormones
with high specificity in comparison to RIA or |A. Methods based on gas chromatography/
mass spectrometry (GC/MS) with selected ion monitoring (SIM) have been developed to
measure total T4 and T3, but they require laborious sample cleanup and derivatization
[21-23]. The iodine speciation methods by liquid chromatography-inductively coupled
plasma-mass spectrometry (LC-1CP-MS) showed high sensitivity [24-26] for the
measurement of thyroid hormones by monitoring the single isotope of iodine . However, this
method monitors iodine alone and doesn't provide a molecular ion or fragment, allowing for
the possibility of co-elution with other iodine containing molecules. Liquid chromatography
(LC) coupled to MS in single ion monitoring mode, or tandem mass spectrometry (MS/MS)
in multiple reaction monitoring (MRM) mode, have been used to detect total or free T4 or
T3 [22, 27-35]. Thus these methods all have some limitations to direct measurements of a
suite of thyroid hormones. In this study we investigated the mass spectrometric
characteristics of a suite of five different thyroid hormones, including T4, T3, rT3, 3,5-T2
and 3,3'-T2, and report on a method for the simultaneous analysis of these thyroid hormones
in serum samples using a solid phase extraction cleanup and a liquid chromatography-
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tandem mass spectrometry analysis. This method can be used to measure thyroid hormones
in animal tissues and serum samples and provide more knowledge on active and inactive
hormones present in biological samples.

Experimental

Chemicals and materials

3,3',5,5'-Tetraiodo-L-thyronine (L-thyroxine, T4) with purity of > 98% (HPLC), 3,3',5-
triiodothyroxine (T3) with purity of > 97%, and 3,5-diiodo-L-thyronine (3,5-T2) with purity
of 95% were purchased from Sigma-Aldrich (St. Louis, MO, USA). 3,3',5'-triiodothyronine
(reverse T3, rT3) and 3,3'-diiodo-L-thyronine (3,3'-T2) with purity of 95% were purchased
from USBiological (Swampscott, MA, USA). 13Cg-labelled L-thyroxine (13Cg-T4) with
purity of 99% was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA,
USA). SampliQ solid phase extraction (SPE) cartridges (3 mL, 60 mg of OPT polymer)
were purchased from Agilent technologies (Santa Clara, CA, US). Bovine serum GIBCO™
was a product of New Zealand (Invitrogen Corporation, Grand Island, NY, USA). L-
Ascorbic acid (Viltamicc, ACS Reagent) and DL-Dithiothreitol (for molecular biology,
minimum 99% titration) were from Sigma-Aldrich Co. (St Louis, MO, USA), and
anhydrous granular citric acid (GR, ACS) and acetic acid was from Em Science, A division
of EM Industries, Inc. (Gibbstown, NJ, USA). Methanol (GR ACS) was from EMD
Chemicals Inc. (Gibbstown, NJ, USA). Water was purified by a Milli-Q water purification
system from Millipore Corporation (Billerica, MA, USA). Human serum Standard
Reference Material® (SRM) 1951b (Lipids in Frozen Human Serum) was from the National
Institute of Standard & Technology (Gaithersburg, MD, USA).

Standard stock solutions of all target analytes were prepared in methanol. Working solutions
of all target analytes were prepared in a solvent mixture of methanol and water (v/v, 50/50)
with various levels of 2, 10, 20, 100, 200, 500, and 1000 ng/mL. 13C-T4 was prepared in the
mixture of methanol and water (v/v, 50/50) at a concentration of 100 ng/mL. Standard
solutions were aliquoted into 0.5 mL volumes and were mixed with 0.5 mL of 100 ng/

mL 13C-T4 solution, yielding a set of seven levels of calibration standards with the mass
ratios of all unlabeled target analytes to 13C-T4 ranging from 0.01 to 10. A protection
solution to prevent degradation of thyroid hormones during the sample process was prepared
containing the antioxidants ascorbic acid, citric acid and dithiothreitol at concentrations of
25 g/L in water.

Sample Preparation

An aliquot of 0.5 mL of thawed serum was placed into a 10-mL glass centrifuge tube. 120
pL of protection solution containing ascorbic acid, citric acid and dithiothreitol was added to
prevent the potential conversions of thyroid hormones [29]. One milliliter of acetone was
added to the centrifuge tube and mixed thoroughly and then allowed to sit for at least 30 min
to deproteinate the serum. 250 pL of 13Cg-T4 (100 pg/uL) was spiked into each sample as an
internal standard for quantification of all five thyroid hormones. After vortex mixing, all the
samples were centrifuged at 3500 rpm for 5 min at 25°C. The supernatants were transferred
to another 4-mL brown glass vial and the precipitates in the test tube were extracted twice
more by using 1.0 mL of a mixture of acetone and water (v/v: 1:1). All the supernatants and
the extracts were combined and the solution volume was reduced to 1.0 mL by evaporation
under a N5 current. The concentrated extracts were loaded into the SampliQ solid phase
extraction (SPE) cartridges, which were preconditioned sequentially with 3.0 mL of
methanol and 5.0 mL of distilled water. The cartridges were first washed with 3.0 mL of
30% methanol in water, and then the target compounds and internal surrogate were eluted by
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4.0 mL of 0.1% acetic acid in methanol. The eluent was collected in 4.0 mL amber glass
vials and the volume was reduced to 200 puL under N, for instrumental analysis.

Instrumental Analysis

Instrumental analysis were performed using an Agilent 6410 Triple Quad tandem mass
spectrometer (LC-MS-MS) system equipped with Agilent 1200 Series Binary Pump SL and
Agilent 1200 Autosampler. The injection volume for LC/MS/MS analysis was 5 uL. Data
acquisition and analysis were performed using Agilent MassHunter Workstation software.
For LC separation, 0.1% acetic acid and 10 mM ammonia acetate in deionized water was
used as the aqueous mobile phase (A), and 0.1% acetic acid in methanol was used as the
organic mobile phase (B). Three LC columns were examined, including Zorbax Eclipse
XDB-C18 RRHT column (1.8 um, 50 mm x 4.6 mm) (Agilent Technologies, Santa Clara,
CA, US), Synergi 2.5 p Polar-RP 100 A (2.5 um, 50mm x 2.0 mm) (Phenomenex, Torrance,
CA, US), and Restek Ultra 1I™ Biphenyl (5 um, 50 x 2.1 mm) (Restek Cooperation,
Bellefonte, PA, USA). The column temperature was set at 30°C and the flow rate was 0.25
mL/min. The LC gradient procedure and initial mobile phase compositions were varied to
determine the optimal LC separation conditions. MS/MS responses of target analytes were
evaluated by electrospray ionization (ESI) in both positive ion and negative ion modes,
using the multiple reaction monitoring (MRM) mode. Nitrogen gas served as the nebulizer,
dry and collision gas. The parameters settings included gas temperature at 350°C, gas flow
of 11 L/min, nebulizer of 50 psi and capillary voltage of 4000 V by following instrumental
parameters guidelines. Both fragmentor and collision energy were optimized for each
compound by infusion of 1 ng/mL of the standard solutions in the mixture of methanol and
water (1:1, v/v) at a flow rate of 0.25 mL/min. Two sets of tandem mass spectrometry
parameters (Table 1) were established in positive ion mode and negative ion mode. The
protonated molecule [M+H]* from ESI in positive ion mode, or the deprotonated molecule
[M-H]- from ESI in negative ion mode, was selected for collision induced dissociation.
From the MS/MS spectra of each analyte, the two most intensive products ions were
selected as MRM transitions for quantification and confirmation purposes. Since 13C-
labelled T3, rT3 and T2 were not commercially available at the initiation of this study, and
considering the similar chemical structures of all five thyroid hormones (Figure 1), we
quantified the five target analytes by the internal standard 13C-T4.

Method calibration and application

The method precision and accuracy were evaluated by using bovine serum samples as a
matrix. A 0.5 mL aliquot of bovine serum was spiked with five thyroid hormones at three
levels: 10, 50 and 100 ng/mL. At each spiked level, triplicate experiments were performed
by using the optimized sample preparation and instrumental analytical method. Thyroid
hormones in bovine serum samples were also measured by radioimmunoassay (RIA) [36,
37] at the Duke University Hospital Clinical Laboratories and the RIA results were used to
compare with the results from the optimized SPE procedure and LC-ESI-MS/MS method.
The method was also used to measure thyroid hormones in a human serum Standard
Reference Material (SRM 1951B), and the results were compared with published results in a
previous study [29].

Results and discussion

LC separation

Three LC columns were tested for the separation of the five target hormones. At the start of
the experiments, a long LC gradient procedure was applied in order to test chromatographic
resolution of the five thyroid hormones in each of the three LC columns. The LC pump was
ramped from 40% B to 80% B in 30 min, and then to 100% B in 5 min, and back to 40 % B
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in 5 min, and then maintained for 10 min. The total LC run time for one sample analysis was
50 min. Total ion current chromatographs from the three LC columns showed that three LC
columns could all supply good baseline resolution of all five thyroid hormones. Compared
with that from Synergi 2.5 p Polar-RP 100 A column, both the Allure® Biphenyl column
and Zorbax Eclipse XDB-C18 RRHT column could resolve all five thyroid hormones, but
both columns were found to retain the hormones for longer times resulting in longer elution
times (28 and 24 minutes, respectively) with wider peaks. The Allure® Biphenyl phase in
Restek Ultra 1™ Biphenyl column provided highly effective separation of all five thyroid
hormones. However, n-n interactions resulted in the widening peaks, which may decrease
the instrumental sensitivities for quantitative analysis. The Synergi 2.5 p Polar-RP 100 A
column separated all target analytes in 12 minutes, but resulted in a tailing peak for the first
eluting hormone, 3,5-T2, using this gradient mobile phase. Due to the shorter elution times
on the Synergi 2.5 p Polar-RP 100 A column, we further optimized the mobile phase to
improve the peak shape and resolution of 3,5-T2. The final modified LC gradient program
developed was as follows: The LC pump was ramped from 50% B to 80% B in 10 min, and
to 100 % B in 5 min, and then back to 40 % B in 1 min, and maintained for 9 min. The total
run time is then only 25 min to complete a sample analysis. By using this modified LC
program, sharper peaks for 3,5-T2 and all other four hormones were obtained, and the
baseline separation of all five thyroid hormones were completed within a fairly short time
(10 min) (Fig. 2A). A Synergy polar RP LC column was previously reported to separate rTs,
T3 and T4 within three minutes [35] and the measurement of T3 or T4 was finished over ten
minutes by using Zorbax Eclipse XDB-C18 RRHT column [28, 29]. Since the study by Yue
et al. [35] focused on the measurement only two thyroid hormones (T3 and/or T4 only), they
were able to detect and resolve these two hormones in a short run time; however, inclusion
of the full suite of 5 thyroid hormones requires a longer LC run. Thus here, we selected the
Synergy polar RP column and used a 25 min LC gradient program to simultaneously
monitor 3,5-T2, 3,3'-T2, T3, rT3 and T4 based on the faster analysis time and good peak
resolution.

MS/MS spectra characteristics and parameters optimization

Under positive ion mode, protonated molecules [M+H]* at m/z 777.7 for T4, m/z 651.8 for
T3 and rT3, and m/z 525.6 for 3,5-T2 and 3,3'-T2, respectively, were selected as the
precursor ions for further fragmentation. ESI-MS/MS spectra in positive ion mode
demonstrated that the dominant fragment ion of T4 was m/z 731.5 (Fig. 3A1), for T3 and
rT3 the dominant fragment ion was m/z 605.9 (Fig. 3A2 and A3), and for 3,5-T2 and 3,3'-T2
the dominant fragment ion was m/z 479.6 (Fig.3A4 and A5). These most abundant ions, [M
+H-HCOOH]*, represent the loss of HCOOH in all thyroid hormone isomers. The second
dominant ion was m/z 633.7 for T4, corresponding to [M+H-HIO]* or [M+H-H3IN]* (Fig.
3A1). Similarly, the second most abundant fragment ions for both T3 and rT3, (m/z 507.9),
and for 3,5-T2 and 3,3'-T2, (m/z 381.8) also represented two possible compositional losses
of either HIO or H3IN for these isomers (Fig. 3A2- A5). However, the relative abundance of
m/z 507.9 from T3 was lower than that from rT3, and the relative abundance of m/z 381.8 in
3,5-T2 was lower than that from 3,3’-T2. The mass spectrometric characteristics of the two
T3 isomers and the two T2 isomers in this study are similar to previous observations [38,
39]. Also interesting to note, when CE values increased from 20 v to 35 v, m/z 478.7, [M+H-
ClO,]*, became the second most abundant fragment ion for T3. Therefore, in this study we
selected a different secondary transition for T3 (Table 1).

Under negative ion mode, deprotonated molecules [M-H]" at m/z 775.9 for T4, m/z 649.9 for
T3 and rT3, and m/z 523.9 for 3,5-T2 and 3,3'-T2, respectively, were selected as the
precursor ions for further fragmentation. ESI-MS/MS spectra in negative ion mode
demonstrated that the dominant fragment ion for T4 was m/z 604.9, [M-H-CIO,]", (Fig. 3
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B1), for T3 it was m/z 632.9, [M-H-NH3]", (Fig. 3 B2), and for 3,5-T2 and 3,3'-T2 it was m/
2 506.5 [M-H-NH3]" (Fig. 3 B4 and B5). In the case of rT3, when CE values increased to 35
v, it was observed that m/z 604.8 become a dominant fragment ion, and this was selected as
the primary transition for rT3 (Table 1) to differentiate the two isomers. The second
dominant ion was m/z 574.8 for T4 (Fig. 3B1), and m/z 126.8 [I], for T3, rT3, 3,5-T2 and
3,3'-T2, respectively, (Fig. 3B2 to B5). These fragments were then chosen as the secondary
transitions (Table 1). However, the relative abundance of m/z 126.8 from T3 and 3,5-T2 was
higher than those from rT3 and 3,3'-T2, respectively.

lodination substitution patterns on the aromatic rings of thyroid hormone isomers resulted in
the varied mass spectrometric patterns of the two T3 isomers and the two T2 isomers. This
phenomenon was also observed in previous studies [38, 39]. From chemical structures of
these isomers (Fig. 1) and varied fragmentation patterns (Fig. 3 A2 to A5, B2 to B5), iodine
atoms in outer aromatic rings of rT3 and 3,3’-T2 isomers may favor the formation of [M+H-
HIO]* or [M+H-H3IN]* ions in positive ion mode, contrasted with T3 and 3,5-T2, which
may inhibit the loss of iodine in negative ion mode. The varied patterns of MS/MS fragment
ions of both isomer pairs of 3,5-T2 and 3,3"-T2 and rT3 and T3 were used to differentiate T3
from rT3, 3,5-T2 from 3,3'-T2 by direct ESI-/MS/MS without LC separation [38, 39].
However, co-existing fragment ions in MS/MS spectra of T2 and T3 isomers could interfere
with the accurate quantification for these isomers. The interference between two T2 isomers
and between two T3 isomers was eliminated by the LC separation in this study, however, the
characteristic patterns of MS/MS spectra of T3 and rT3, were used to set different MRM
transitions for T3 and rT3 (Table 1). .

The optimum fragmentor and CE voltages generally increased with increasing number of
iodine atoms attached to the thyroid hormones (Table 1 and Fig. 1). This suggests that the
greater the number of iodine atoms that are attached, the higher the energy needed to
fragment the protonated molecules [M+H]*, or deprotonated molecules [M-H]", to obtain
valuable MS/MS for identifying and quantifying these hormones. The trend was similar to
that of tandem mass spectra of PBDEs [40], which have similar chemical structures to
thyroid hormones. The reason is that enthalpy of formation of these chemicals, like PBDE,
increases with an increasing number of halogens on the phenyl ring [41].

Instrumental Calibration

After LC-MS/MS conditions were established, the instrument was calibrated by a set of
calibration standard solutions. The results showed good linearity (R%: 0.997 to 0.9995) for
LC-ESI-MS/MS method within the range of 1.0 to 500 ng/mL in positive ion mode and
50-500 ng/mL in negative ion mode. The instrumental detection limits were calculated,
using three time the signal-to-noise ratio, as 0.34-1.4 ng/mL (on column 1.5-7.0 pg) in
positive ion mode and 4.9-14.6 ng/mL (24.5-73.0 pg) in negative ion mode (Table 2). The
LC-ESI-/MS/MS method in negative ion mode had 7 to 43 times higher detection limits than
in positive ion mode. For positive ion mode, the T3 detection limit was 1.5 pg, which is
similar to the value of 1.0 pg reported for total T3 in serum samples [29]. The detection limit
of T4 was 2.5 pg using this method, which is slightly lower than the 6 pg value reported for
total T4 measurements in serum samples from a previous study [22]. Negative ion mode was
used to measure total T4 and T3 in serum samples with detection limits of 15 pg in one
study [30], which is much lower than our data (Table 2), but they also indicated that
negative ion mode had lower sensitivity than positive ion mode (Table 2). Tai et al. [28]
applied LC-MS in both positive and negative ion modes to measure T4 in human serum
without specifying which ionization mode had higher sensitivity. In this study, it was found
that positive ion mode has much higher sensitivity than negative ion mode and the positive
ion mode was then selected for application in all subsequent analyses.
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Method recoveries in spiked serum matrix

In spiked bovine serum samples, the recoveries of all five thyroid hormones ranged from
81.3t0 111.9 % with RSDs of 1.2-9.6%, which were calculated from concentration data
shown in Table 3, indicating that the sample preparation method and LC-ESI-MS/MS
conditions employed in this study are reliable to measure thyroid hormones. For the sample
preparation method, deproteinated serum samples were cleaned-up by SampliQ SPE
cartridge, which is simple and effective method for the purification and enrichment of
thyroid hormones in serum samples, and also allowed reducing the final sample to 200 puL
for LC-ESI-MS/MS analysis to enhance detection abilities for lower levels of detection for
thyroid hormones. The data in Table 3 shows that no interferences were observed in the
measurement of all five thyroid hormones in bovine serum samples by LC-ESI-/MS/MS in
positive ion mode in one LC retention time channel (from 1 to 11 min). Also, no matrix
enhanced and/or inhibitory effects were found based on the analysis of post treated bovine
serum samples spiked with the five hormones at levels of 50 ng/mL each.

Comparison with RIA

Levels of thyroid hormones in bovine serum samples were analyzed using both the
developed LC-ESI-MS/MS method and a standard RIA method used in clinical laboratories.
Both results are reported in Table 4. From the LC-ESI-MS/MS analysis, T3 levels were 3.74
+ 0.34 ng/mL, T4 levels were 83.6 £5.41 ng/mL, and the levels of 3,5-T2, 3,3’-T2 and rT3
were lower than the method detection limits (Table 4). RIA methods reported a value of 3.24
+0.21 ng/mL of T3 and 104.0 + 4.58 ng/mL of T4 in the same sample of bovine serum
(Table 4). T4 levels measured by RIA are higher than those measured using our LC-ESI-
MS/MS method in this study. Although RIA could supply fast measurement of T4 and T3
with good sensitivity and excellent precision there could have been a few inaccuracies
caused by interferences from endogenous immunoglobulins/antibodies in the RIA [42],
which could lead to a falsely high or low result. A recent study showed free thyroid hormone
concentrations measured by LC-ESI-MS/MS correlate to a greater degree with thyroid-
stimulating hormone values compared to concentrations measured by immunoassay across
the patient populations [43]. This study went on to suggest that LC-ESI-MS/MS is a more
reliable, specific and attractive technique compared to immunoassays for the measurement
of thyroid hormones not only for clinical disease diagnosis, but also for the study on subtle
effects of environmental chemicals on thyroid function.

Analysis of human serum SRM

A human serum Standard Reference Material (NIST SRM 1951b, Lipids in Frozen Human
Serum) was also analyzed for the suite of thyroid hormones. Tai et al [29] reported on values
for T3 in this material. As shown in Fig 2B, both T3 and T4 were detected, while 3,5-T2,
3,3'-T2 and rT3 were lower than our method detection limits. The mean concentration of T3
was 1.21 £ 0.1 ng/mL (Table 4). Although NIST has no reported levels for thyroid
hormones in this human serum Standard Reference Material, Tai et al. [29] reported mean
T3 levels of 0.912 ng/mL with RSDs of 2.63 %. The slight differences in measurements
between these two LC-ESI-MS-MS studies could be due to differences in the sources of the
T3 standards used. A value of 77.5+1.1 (n=3) ng/mL of T4 and an RSD of 1.4 % was
measured in SRM 1951b. T4 levels have not been previously reported for this SRM.

Conclusions

The method developed in this study used solid phase extraction for sample preparation and
LC-ESI-MS/MS to measure five different thyroid hormones in serum samples. SPE and
tandem mass spectrometry eliminated complex sample matrix interferences and
demonstrated high method sensitivity and specificity. The method showed good accuracy
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and precision based on the analysis of five thyroid hormones, at three different
concentrations, spiked into bovine serum samples. The method also showed comparable
results with a routine RIA methodFuture research will incorporate 13C-labelled T3, rT3 and
T2 internal standards as they become commercially available. . This method holds great
promise for evaluating catalytic activity of endogenous deiodinases in tissues which
metabolize thyroid hormones via a deiodination route. Furthermore, this method could be
used to examine effects of environmental contaminants on thyroid hormone regulation along
multiple pathways.
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Fig. 1.
Chemical structure of thyroid hormones
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Fig. 2.
Total ion current chromatograph by using the LC-ESI-/MS/MS method in positive ion
mode. A: 50 ng/mL standard; B: human serum sample
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Fig. 3.

MS/MS spectra of five thyroid hormone isomers with fragmentor set at 120 v for 3,5-T2,
3,3°-T2, T3 and rT3 and 160 v for T4, and CE values set at 25 v for all compounds. A1-A5
from positive ion mode, B1-B5 from negative ion mode
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MS/MS parameters and MRM transitions in both positive and negative modes

Table 1

Compounds detected (1.0-11 min) | MRM transitions Fragmentor (V) | CE (V)

Positive ion mode

3,3-T20r 3,5-T2 525.6-479.6 (0)2 120 20

(Q)b 120 20

525.6-381.8 (C)

T3orrT3 651.8-605.9 (Q) 120 20
651.8-507.9 (C IT3) 120 20
651.8-478.7 (C T3) 120 35

13C4-T4 783.8-737.8 (Q) 160 25

T4 777.7-7315 (Q) 160 25
777.7-633.7 (C) 160 35

Negative ion mode

3,3-T2or 3,5-T2 523.9-506.5 (Q) 120 15
523.9-126.8 (C) 120 25

T3orrT3 649.9-632.9 (Q Ty) 120 15

3 649.9-604.8 (Q IT3) 160 35
649.9-126.8 (C) 160 35

13C-T4 782.0-611.0 (Q) 160 20

T4 775.9-604.9 (Q) 160 20
775.9-574.8 (C) 160 30

a T
Q quantitation ions

b N
C confirmation ions
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Table 2

Page 15

On-column method detection limits (pg) for total T4 and T3 in this study and reported by other researchers

Positive ion mode (pg)  Negative ion mode (pg)  References
35-T2 35 245 This study
33-T2 45 715 This study
T3 15 73.0 This study
3 7.0 68.5 This study
T4 25 68.5 This study
T4 DL 6 15 E{e Blraba?dfrﬁze;t]al.[ZZ]
. opley et al.
%ZLOE (?% ?ection) Soukhova et al.[30]
T3 1 15 Soukhova et al.[30]

Tai et al.[29]

a N
DL detection limits

bQL quantification limits
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