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Study of the occurrence and fate of thyroid hormones in aquatic environments requires a
highly sensitive method that is capable of detecting such compounds at sub-ng/L
concentrations. By using isotope-dilution UPLC-MS/MS, we developed a sensitive
method for quantifying thyroxine (T4), 3,3ʹ,5-triiodothyronine (T3), 3,3ʹ,5ʹ-
triiodothyronine (rT3), iodotyrosine (MIT), and 3,5-diiodotyrosine (DIT) in lake water and
sediment samples. MIT and DIT were first reported in aquatic environments in this study
andwere detected in all sediment andwater samples with concentrations of 0.01–1.1 ng/g
dw and 1.9–9.9 ng/L, respectively. T4 was only observed in sediment, with the measured
concentrations and frequency of <LOQ-0.07 ng/L and 87%, respectively. T3 and rT3 were
not found in this study. It was observed that the MIT/DIT ratios in sediment (2.4 ± 0.92)
were significantly higher than those in water (0.84 ± 0.18), and the MIT/DIT ratios
significantly correlated with DOC values in water samples, indicating that sorption to
organic C could be of important mechanism. In addition, aquaculture, livestock and poultry
farms probably were the important sources for the pollution of MIT, DIT, and T4 in
Taihu Lake.
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INTRODUCTION

The presence of endocrine disrupting compounds (EDCs) in the environment has attracted
increasing attention due to their potential hazards (Crisp et al., 1998; Chang et al., 2007; 2009;
Shen et al., 2018; 2020). So far most of work has focused on the disruption of chemicals with the
estrogen or androgen systems (Zhou et al., 2016). However, it has been reported unusual thyroid
gland development and ratios of circulating thyroid hormones in wild animal populations (Colborn,
2002). Also, in recent years studies have reported thyroidal activities in environmental samples. For
example, Jugan et al. (2009) reported thyroidal activities in rivers and wastewaters in France.
Quesada-García et al. (2012) detected thyroidal activities in fish feed extracts. Valdehita et al. (2014)
found thyroidal activities in broiler and poultry manure applied as agricultural amendment. All this
evidences the necessity of studying the environmental occurrences and risks of chemicals interacting
with thyroidal systems known as thyroid disrupting chemicals.

Thyroid hormones including thyroxine (T4) and 3,3ʹ,5-triiodothyronine (T3) exist in all
vertebrates and play a critical role in a wide variety of physiological functions such as
embryonic development, cell differentiation, metabolism, and the regulation of cell proliferation

Edited by:
Shuwen Yan,

Fudan University, China

Reviewed by:
Huajun Zhen,

East China University of Science and
Technology, China

Shuying Li,
Zhejiang University, China

Haifeng Zhang,
Research Center for Eco-

environmental Sciences (CAS), China

*Correspondence:
Hong Chang

changh@bjfu.edu.cn
Fuhong Sun

sunfhiae@126.com

Specialty section:
This article was submitted to
Toxicology, Pollution and the

Environment,
a section of the journal

Frontiers in Environmental Science

Received: 30 June 2021
Accepted: 12 August 2021
Published: 24 August 2021

Citation:
Zhang S, Zhang J, Chang H and Sun F
(2021) Thyroid Hormones in Sediment

and Water: Method Validation and
Detection in Taihu Lake of China.

Front. Environ. Sci. 9:733243.
doi: 10.3389/fenvs.2021.733243

Frontiers in Environmental Science | www.frontiersin.org August 2021 | Volume 9 | Article 7332431

ORIGINAL RESEARCH
published: 24 August 2021

doi: 10.3389/fenvs.2021.733243

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.733243&domain=pdf&date_stamp=2021-08-24
https://www.frontiersin.org/articles/10.3389/fenvs.2021.733243/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.733243/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.733243/full
http://creativecommons.org/licenses/by/4.0/
mailto:changh@bjfu.edu.cn
mailto:sunfhiae@126.com
https://doi.org/10.3389/fenvs.2021.733243
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.733243


(Yamanaka et al., 2007). Several studies have reported the
potential ecotoxicological effects of these compounds on fish.
It has been reported that the addition of T3/T4 to feed in
aquaculture could cause the abnormal bone development for
larva fish, such as the caudal fin and skull abnormalities (Faustino
and Power, 1998; 1999; 2001). For amphibians, the
morphological changes are directly regulated by thyroid
hormones. It is noteworthy that there is the absence of
endogenous circulating thyroid hormones before the
morphological changes, and thus environmental exposure of
T4/T3 may induce the early occurrence of metamorphosis
(Tata, 2006; Brown and Cai, 2007; Maher et al., 2016).

T4 and T3 are secreted about 90 and 8 µg/day, respectively, in
normal euthyroid individuals (Gnocchi et al., 2016). Different
formulations of medicine T4 are also widely applied for
hypothyroidism with non-trivial amounts worldwide (Ledeţi
et al., 2016). In the period of 2007–2011, the aggregate sum of
the various brands of T4 is the third most prescribed
pharmaceutical in Canada (Rotermann et al., 2015). Thus,
both natural T4/T3 and synthetic medicines contribute to the
occurrence of T4/T3 in the environment. Besides T4 and T3, their
precursor compounds, e.g., iodotyrosine (MIT) and 3,5-
diiodotyrosine (DIT), are necessary to be simultaneously
quantified. MIT and DIT are also naturally secreted by
humans and animals and enter the receiving waters along with
T4 and T3. In addition, MIT and DIT are the characteristic
hydrolysis products of cascoiodine (Wang et al., 2008), which is
widely used in aquaculture and livestock and poultry breeding to
regulate growth and development of animals. MIT and DIT are
recently discovered to be the substrates of a specific iodotyrosine
dehalogenase enzyme (DEHAL1), and that DEHAL1 deficiency
induces iodine wasting. Several genetic defects of this enzyme, as
well as its inhibition by xenobiotics, are known to be associated
with primary hypothyroidism (Moreno et al., 2008). MIT and
DIT assay is under consideration as a clinical test in neonatal
screening and/or in the evaluation of potential endocrine
disruptors (Borsò et al., 2020). These observations raised

interest in the quantitative detection of the wider spectrum of
thyroid hormones (includingMIT and DIT) in serum, tissues and
various environmental matrices. Furthermore, T4 is generated by
coupling two DIT residues while T3 is the generated by coupling
one DIT with one MIT in organisms. Some phenolic pollutants
such as chlorophenols and estradiol were reported to produce
cross-coupled or polymerization products in both organisms and
the environment (Pang et al., 2014; Ashrap et al., 2017; Zhong
et al., 2019). It is possible that MIT and DIT are combined to
generate T4 or T3 in the environment, and further research is
necessary.

In this study, we developed an isotope-dilution UPLC-MS/MS
method that allows the simultaneous analysis of MIT, DIT,
T4, T3 and its isomer its isomer 3,3ʹ,5ʹ-triiodothyronine
(rT3) (Figure 1). We then applied this method to
investigate the occurrence of each thyroid hormones in
sediment and water samples from Taihu Lake of China.
This study provided the first analytical method that
included MIT and DIT in lake water and sediment
samples and provided the first evidence for the occurrence
of MIT and DIT in aquatic environments.

MATERIALS AND METHODS

Chemicals and Reagents
MIT (purity >95%), DIT (purity >95%), rT3 (purity >95%), T4
(purity >95%), 13C6-MIT (purity >98%), 13C6-T3 (purity >98%),
and 13C6-T4 (purity >98%) were obtained fromToronto Research
Chemicals (Downsview, ON, Canada). T3 (purity >97%) was
obtained from Sigma Aldrich (Oakville, ON, Canada). LC-MS
grade methanol and ethyl acetate (EtOAc) were obtained from
Merck (Darmstadt, Germany). Ultrapure water was produced
through the Milli-Q purification system (Millipore, Billerica,
United States) at conductivity of 18.2Ω·cm−1. Sodium
hydroxide and hydrochloric acid were purchased from Xilong
Scientific Co., Ltd. (Chengdu, China).

FIGURE 1 | Structures of the target thyroid hormones.
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Sample Collection
Thirty pairs of sediment and water samples were collected in
October 2019 from Taihu Lake of China. The sampling sites are
shown in Figure 2. Sediment samples (upper 20–30 cm) were
collected at the lake bottomwith a stainless-steel grab sampler, and
water samples (upper 50 cm) were collected with a stainless-steel
vertical sampler. All water samples were collected in precleaned 4-L
amber glass bottles. The samples were sealed without a headspace
and transported to the laboratory within 6 h of collection. Water
samples were filtered and extracted immediately, and sediment
samples were stored at −20°C until further analyses.

Sample Preparation
Glass fiber pads (GF/F, 0.7 μm, Whatman, Maidstone,
United Kingdom) were used for filtering water samples to
remove suspended materials. The target thyroid hormones were
extracted from water samples with Waters Oasis HLB extraction
cartridges (500 mg, 6 cc). Prior to extraction, isotope-labelled
standards (13C6-MIT, 13C6-T3, and

13C6-T4) were added into
water samples at concentrations of 100 ng/L as surrogates to
compensate for losses and matrix effects, and then water
samples were acidified to pH∼2.5. The HLB cartridges were
preconditioned with 6 ml of EtOAc, 6 ml of methanol, and
6 ml of distilled water (pH 2.5), and then water samples were
loaded at a flow rate of 5–10 ml/min. After rinsed with 10 ml
of acidified water, the cartridges were dried and eluted with
6 ml of EtOAc. The extracts were evaporated under a gentle
stream of nitrogen to dryness and reconstituted with 200 μl of
methanol for UPLC-ESI-MS/MS analysis.

For sediment samples, they were freeze-dried and grinded to
pass through 100 mesh sieve. Prior to extraction, sediment
samples were spiked with 20 ng of each surrogates (13C6-MIT,
13C6-T3, and

13C6-T4) and were ultrasonically extracted with
20 ml of mixture of methanol and EtOAc (1:1, v:v). The eluent
was evaporated to dryness and reconstituted with 200 ml of
distilled water. The subsequent purified steps followed the
same procedure as for the water samples described above.

UPLC-MS/MS Analysis
The LC apparatus was an ACQUITY Ultra Performance LC
system (Waters, Milford, MA, United States). Separation was
carried out on a Waters BEH C18 column (100 mm × 2.1 mm,
1.7 μmparticle size). The column wasmaintained at 35°C, and the
flow rate and injection volume were 0.3 ml/min and 2 μl,
respectively. Aqueous (0.1%) acetic acid (A) and 0.1% acetic
acid in methanol (B) were used as the mobile phases. The initial
gradient of 10% B was held for 3 min, and then increased to 50%
at 6 min, 90% at 10 min, and then to 100% at 10.5 min. After that
the column was washed with 100% B for 2 min, then the column
was re-equilibrated with the initial mobile phase composition for
4 min before the next injection.

Mass spectrometry was performed using a Waters Xevo TQ-
XS Triple Quadrupole Mass Spectrometer equipped with an
electrospray ionization source in positive ion mode. A flow
injection of a standard solution of each compound was used
to find the optimum conditions in the ESI source and the average
parameters selected were: source temperature 150°C; desolvation
temperature 500°C; capillary voltage 3.2 kV; desolvation gas flow

FIGURE 2 | Occurrence and distribution of the thyroid hormones detected in 30 pairs of water (left) and sediment samples (right) from Taihu Lake.
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1000 L/h and cone gas flow 150 L/h. Quantitative analysis of the
target thyroid hormones was performed in multi-selected
reaction monitoring (MRM). In the MRM transitions, the
dwell times were automatically selected. Data acquisition was
performed with MassLynx 4.2 (Micromass, Manchester,
United Kingdom). The MRM transitions, cone and collision
energy of target thyroid hormones were listed in Table 1.

RESULTS AND DISCUSSION

Analytical Procedure and Method
Performance
The five thyroid hormones were simultaneously analyzed by MS/
MS in theMRMmode. The two abundant MRM transitions, cone

voltage and collision energies, were optimized for each analyte by
infusing the standard solutions into the mass spectrometer
(Table 1). All of the precursor ions were protonated molecular
ions [(M + H)+]. Under MS/MS conditions, the protonated
molecular ions lost water and carbon monoxide,
corresponding to a mass loss of 46 Da, yielding [M +
H-H2O-CO]

+ ions for all target thyroid hormones. At high
collision energy, T4, T3 and rT3 showed losses of 127 Da,
corresponding to the loss of HI. No loss of HI was observed
in the spectrum of MIT and DIT, suggesting that the losses of HI
in T4, T3 and rT3 spectrums were more likely to occur on the
phenolic rings. For MIT, the other abundant product ion was the
result of loss of water from the protonated molecule at low
collision energy. In the case of DIT, the other abundant ion at
m/z 289.9 was produced by the cleavage of benzene ring.
Chromatographic separation was performed on a BEH C18
column. Methanol and the addition of acetic acid in the
mobile phases increased the retention of target thyroid
hormones to the column, improving the chromatographic
behavior of the analytes (Figure 3).

This study used the isotope dilution method for quantifying
the target analytes. The use of such method allowed to correct the
losses of analytes during sample pretreatment, and to compensate
for matrix effects from different samples and variations in
instrumental signals between injections. The recovery
experiments were conducted using pooled water and sediment
samples from Taihu Lake. Analyte addition was made with the
criterion of at least three times the original concentration that was
determined prior to the fortification experiment. As shown in
Table 2, the recoveries of all target analytes were 84–102% in
sediment and 87–101% in water. The relative standard deviation
(RSD) values were less than 19% in all of the spiked samples. The
extent of signal suppression and enhancement in the UPLC-ESI/
MS/MS detection was evaluated by spiking extracts of the pooled
water and sediment samples with a standard solution. The matrix
effect observed with each analyte was calculated using the
percentage signal intensity in the sample matrix versus the
signal for the same concentration in methanol. The response
ratios for all target analytes in pooled water and sediment samples
were 25–30% and 40–51%, respectively (Table 2). Based on a
signal-to-noise ratio of 10, the limit of quantifications (LOQs) for

TABLE 1 | Optimized instrumental and MRM conditions of the target thyroid hormones.

Analyte CAS MW mass MRM transition Cone (V) Ce (eV) Internal standard

T4 51-48-9 776.87 777.6 > 731.7a 66 24 13C6-T4
777.6 > 604.7b 66 44 —

T3 6893-2-3 650.97 651.7 > 605.8 56 22 13C6-T3
651.7 > 478.9 56 30 —

rT3 5817-39-0 650.97 651.7 > 605.8 56 22 13C6-T3
651.7 > 478.9 56 30 —

MIT 70-78-0 307.09 307.9 > 290.9 30 12 13C6-MIT
307.9 > 261.9 30 16 —

DIT 300-39-0 432.98 433.8 > 387.8 46 18 13C6-MIT
433.8 > 289.9 46 18 —

For all the compounds,
aThe first MRM transition used for quantification.
bThe second MRM transition used for verification.

FIGURE 3 | UPLC-MS/MS chromatograms of the target thyroid
hormones in standard solutions.
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target thyroid hormones in water and sediment samples were
0.08–0.1 ng/L and 0.008–0.01 ng/g dw, respectively. To our
knowledge, only one study has previously reported the
detection of T4 and T3 in surface water, and the LOQs of T4
(0.6 ng/L), T3 (0.9 ng/L) and rT3 (3.2 ng/L) (Svanfelt et al., 2010)
are lower than the present study.

Concentrations of Target Thyroid
Hormones
As shown in Figure 2 and Table 3, MIT and DIT were detected in
all sediment and water samples. MIT was detected with
0.01–1.1 ng/g dw in sediment and 1.9–9.9 ng/L in water, and
DIT was 0.06–0.33 ng/g dw and 4.1–9.6 ng/L, respectively. T4 was
only observed in sediment, with the measured concentrations and
frequency of <LOQ-0.07 ng/L and 87%, respectively. T3 and rT3
were not found in this study. To our knowledge, the present study
is the first one that reports such a contamination of surface water
by MIT and DIT which are important for sustaining thyroid
hormone synthesis in organisms and humans. One study
reported 0.8–1.7 ng/ml of urinary MIT and DIT in euthyroid
people, but much higher of MIT (316 ng/ml) and DIT (129 ng/
ml) were measured in DEHAL1 deficient humans. It has been
reported that some algae species can form MIT and DIT which
are probably bound to proteins (Shah et al., 2005). Thus, in
addition to human/animal excretion, algae may be a potential
source for MIT and DIT contamination. It requires further
research on whether algae species from Taihu Lake are able to
metabolize MIT and DIT. Besides, MIT and DIT are the
characteristic hydrolysis products of cascoiodine (Wang et al.,
2008), which is widely used in aquaculture and livestock and

poultry breeding to regulate the growth and development of
animals (Yu, 2004), and thus the addition of cascoiodine in
the feed maybe another source of MIT and DIT found in
Taihu Lake. In the present study, T4 was found in sediment
but not water. This is on one hand due to the different sediment/
water partition [the log Kow of T4: 4.12 (Li et al., 2014)]. On the
other hand, combination of T4 with protein compounds would
probably make it prone to sorption onto sediment. It has been
reported that the mean daily urinary excretion of free T4 and T3
by healthy humans are 1.4 and 0.63 μg (Faber et al., 1981),
respectively, while that for fecal T4 (probably in the sorbed
form to proteins) amounts to 20 μg (Svanfelt et al., 2010).
Protein compounds not only exist in organisms but also are
ubiquitous in aquatic environment. Xia et al. (2013) reported that
both bovine albumin from animal and soy peptone from plant
could combine with perfluoroalkyl substances and affect their
bioaccumulation by Daphnia magna in water. Thus, the protein
compounds in sediment from Taihu Lake possibly help T4 sorb
onto sediment, which needs further researches. T3 is naturally
less produced compared with T4 (Faber et al., 1981). T4 is
generated by coupling two DIT residues while T3 is generated
by coupling one DIT with one MIT in organisms. But thyroid
peroxidase is much more efficient at combining of two DIT
residues and thus generation of T4 occurs much more readily,
explaining why T4 excretion is much higher than that of T3. Also,
T4 is a widely used medicine with more than 400 different
formulations worldwide, but synthetic T3 is relatively less
applied (Brown and Wong, 2017). These can partly explain
the “non-detection” of T3 in this study.

The concentration ratios of MIT/DIT in water and sediment
samples from Taihu Lake are given in Figure 4. It is interesting to

TABLE 2 | Recoveries (%), matrix effects and limits of quantitation (LOQ) of the target thyroid hormones from sediment and water samples (n � 5).

Analyte Sediment Water

Recovery ± RSDa Matrix effect (%) LOQ (ng/g dw) Recovery ± RSD Matrix effect (%) LOQ (ng/L)

T4 102 ± 12 40 ± 12 0.01 101 ± 11 25 ± 5 0.08
T3 101 ± 11 48 ± 13 0.008 92 ± 19 27 ± 12 0.08
rT3 91 ± 9 45 ± 6 0.008 103 ± 17 25 ± 2 0.08
MIT 84 ± 14 51 ± 14 0.01 87 ± 10 30 ± 10 0.1
DIT 99 ± 16 40 ± 12 0.01 101 ± 7 29 ± 11 0.08

aSpiked concentrations at 25 ng/L of each thyroid hormones for water samples and 2 ng/g dw for sediment samples.

TABLE 3 | Detection frequencies and concentrations of thyroid hormones in water and sediment samples from Taihu Lake.

Analyte Sediment Water

Detection
frequencies

Meana (ng/g dw) Range (ng/g dw) Detection frequencies (%) Mean (ng/L) Range (ng/L)

T4 87% 0.04 <LOQ-0.07 — <LOQ <LOQ
T3 — <LOQ <LOQ — <LOQ <LOQ
rT3 — <LOQ <LOQ — <LOQ <LOQ
MIT 100% 0.2 0.01–1.1 100% 4.5 1.9–9.9
DIT 100% 0.1 0.06–0.33 100% 5.5 4.1–9.6

aMean value were arithmetic mean.
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find that the MIT/DIT ratios in sediment (2.4 ± 0.92) is
significantly higher than those in water (0.84 ± 0.18) (p <
0.001), and the different sorption behavior between them
should be the major reason. The pH, clay content, and organic
C content in the environment can affect their sorption onto
suspended particles and sediment. In this study, MIT and DIT
would be in neutral or anionic forms in these samples at the
measured pH values of 7.59–9.26, indicating that sorption to
organic C could be the dominant sorption mechanism. Similar
phenomenon has been reported for the sorption of hydrophilic
sulfonamide antibiotics in freshwater-sediment microcosms
(Carstens et al., 2013). Furthermore, as one of important
components of organic C, protein compounds readily
combined with DIT compared to MIT, which possibly
increased sorption and binding of DIT residues to sediment
by producing nonextractable sediment-bound residue or
transformation products (such as T4). Figure 5 showed a
significant correlation between the MIT/DIT ratios and DOC
values in water samples (R2 � 0.3684, p < 0.001), also indicating
that sorption to organic C could be of important mechanism for
their sorption to the solid phases.

As shown in Figure 2, the total concentrations of detected
thyroid hormones were 6.2–18 ng/L in water and 0.15–1.5 ng/g
dw in sediment. The total concentrations of detected thyroid
hormones in the eastern area (sites 22, 23 and 24) were relatively
higher than those in other areas of Taihu Lake. This was probably
due to the usage of cascoiodine in the feedstuff in the aquaculture
and livestock and poultry breeding in the eastern area which used
to have lots of crab, fish, livestock and poultry farms. Cascoiodine
is widely used as synthetic thyroxine additives to regulate the
growth and development of animals (Yu, 2004), and it can be
hydrolyzed into MIT, DIT, and T4 under alkaline conditions
(Wang et al., 2007). In comparison, relatively low concentrations
of thyroid hormones were found in the northwestern area of
Taihu Lake (including Zhushan Bay, Meiliang Bay, and Gonghu

Bay) where relatively heavy contamination has been reported
(Zhao et al., 2019). Thus, MIT and DIT may be a possible
indicator of wastewater input from aquaculture and livestock
and poultry breeding, and deserve more future study.

CONCLUSION

We developed a sensitive method for monitoring MIT, DIT, rT3,
T3, and T4 in sediment and water using UPLC-MS/MS, and then
30 pairs of water and sediment samples were analyzed to reveal
their occurrence and distributions in Taihu Lake. MIT and DIT,
which are important for sustaining thyroid hormone synthesis in
organisms and humans, were first reported in surface water. T4
was only observed in sediment. T3 and rT3 were not found in this
study. Aquaculture, livestock and poultry farms probably were
the important sources for the ubiquitous pollution of MIT, DIT,
and T4. Sorption to organic C could be of important mechanism
based on the observations of higher MIT/DIT ratios in sediment
than in water and a significant correlation between the MIT/DIT
ratios and DOC values in water samples.
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