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Abstract
Purpose: Thyrotropin releasing hormone (TRH), a tripeptide hormone produced in the hypothalamus,
controls thyroid stimulating hormone (TSH) production from the pituitary gland and hence the production
of thyroid hormone. Extra-hypothalamic production and action of TRH has been detected, as has the
presence of a C-terminal cyclised derivative, histidyl-proline diketopiperazine (His-Pro DKP). This study
investigates the effects of these compounds on thyroglobulin release from thyroid follicular cells.

Methods: DKPs were identi�ed by chromatography and mass spectrometry. Expression of RNAs and
proteins were identi�ed in the FTRL-5 thyroid cell line and supernatant using RT-qPCR and
immunoblotting.

Results: We show that TRH is expressed by rat follicular thyroid cells, as is Pgpep1, the enzyme required
for removal of the N-terminal amino acid of TRH. The rate of His-Pro DKP production from the C-terminal
dipeptide of TRH is enhanced by thyroid extract in vitro. Both TRH and His-Pro DKP reduce thyroglobulin
release from thyroid follicular cells with the magnitude of this effect attenuated in the presence of TSH,
which also inhibits the expression of Pgpep1.

Conclusion: Collectively, these data indicate that TRH and its cyclised dipeptide derivative directly
regulate thyroid production within the thyroid gland, potentially in a manner dependent upon the activity
of the hypothalamic-pituitary-thyroid (HPT) axis. These �ndings provide further evidence that C-terminal
peptide derivatives of classical hormones possess intrinsic biological activities.

Introduction
Thyrotrophin releasing hormone (TRH) is produced in the hypothalamus and acts upon thyrotroph cells in
the anterior pituitary to stimulate thyroid stimulating hormone (TSH) production. The TSH travels in the
circulation and binds to receptors on thyroid follicular cells to stimulate the release of the T3 and T4
forms of thyroid hormone. Thyroid hormone regulates its own production in a classical endocrine
negative feedback loop known as the hypothalamic-pituitary-thyroid (HPT) axis. TRH is a tripeptide
hormone with the sequence pyroglutamyl-histidyl-proline-CONH2 (pGlu-His-Pro amide) which is cleaved
from the precursor peptide proTRH. TRH has a short half-life of 4–5 minutes [1] and can be metabolised
to form His-Pro amide which cyclises to form His-Pro diketopiperazine (His-Pro DKP, also referred to as
cyclo (His-Pro)). His-Pro DKP is more stable than TRH and can be found in concentrations signi�cantly
higher than TRH [2]. Rather than simply being an inactivation process to regulate TRH levels, His-Pro DKP
has been shown to be bioactive. It can inhibit both the release of prolactin from pituitary cells in culture
[3] and 2-deoxy-D-glucose-stimulated secretions from the exocrine pancreas [4]. Extrahypothalamic
expression of TRH has been documented, with TRH found to be expressed in the human thyroid gland [5],
in particular in the parafollicular cells [6], and TRH receptor expression was noted in both the follicular
and parafollicular cells [7]. Therefore, we set out to examine the processing of TRH into its cyclic C-
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terminal dipeptide, His-Pro DKP, and the ability of these peptides to act on follicular cells to in�uence the
rate of release of thyroid hormone, using the rat follicular cell line FRTL-5.

Our results indicate that FRTL-5 cells express TRH, the TRH receptor, and the enzyme required for the
formation of His-Pro amide, pyroglutamylpeptidase 1 (Pgpep1), from TRH. We con�rm that His-Pro amide
is readily converted to His-Pro DKP with kinetics enhanced by thyroid homogenate, and that both TRH
and His-Pro DKP can signi�cantly reduce the secretion of thyroglobulin by FRTL-5 cells. Furthermore,
Pgpep1 expression can be inhibited by TSH. Taken together, the results of this investigation point to a
new concept for the regulation of the HPT axis by TRH. The tripeptide sequence of TRH is required for the
activation of the thyroid hormone axis while the C-terminal dipeptide participates in the regulation of
hormone production at the thyroid gland, counterbalancing the overall stimulating activity of the
tripeptide to �ne tune the production of thyroid hormone, potentially depending on the status of activation
of the HPT axis. The evidence thus indicates that a dual mechanism exists for thyroid hormone
regulation by TRH and further supports the existence of more wide ranging activities of C-terminal
dipeptides derived from classical peptide hormones.

Materials And Methods
His-Pro amide and His-Pro DKP were obtained from Bachem Ltd, Hamburg, Germany. The identity and
homogeneity of the synthetic peptides were con�rmed by mass spectrometry and high pressure liquid
chromatography (HPLC).

An expression plasmid containing a human glutaminyl cyclase cDNA was a gift from CERM [8] and was
distributed through the da Vinci European BioBank [9]. Expressed protein was puri�ed by the Queen Mary
University of London protein puri�cation facility. The methods used have been described previously [8].

Time course cyclisation of dipeptide amides
Synthetic peptides (10 mg) were incubated at 37ºC in 1 ml of PBS containing 10 mM phosphate at pH
7.2. Aliquots of the reaction mixtures (100 µl) were removed at intervals and the DKP generated was
resolved from the dipeptide amide by HPLC. To improve the chromatography of histidine-containing
peptides, the pH of each sample was raised above neutrality before injection into the column (C18
Microbondapak, 15 x 0.5 cm). The elution was performed at a �ow rate of 1ml/ min using a mobile phase
of 0.1% tri�uoracetic acid (TFA)-doped water and acetonitrile doped with 0.1% TFA in a linear gradient
over 30 min. The samples were frozen at -80ºC to prevent adventitious cyclisation taking place during
storage. The identity of DKP produced was con�rmed by co-chromatography with the corresponding
synthetic peptide and by mass spectrometry.

Enzyme-catalysed cyclisation was performed at 37oC in the presence of a preparation of glutamine
cyclase (50 µl of a solution containing 2 mg protein/ ml of 10 mM phosphate) and incubation was
carried out under the conditions described for the enzyme-free reaction.
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Time course incubation of dipeptide amides was also performed together with an extract of pig thyroid.
To prepare the extract, the tissue (10 mg) was homogenised in 7 ml of PBS and the suspension
centrifuged at 5000 rpm for 5 min. The supernatant was decanted and incubation of peptides (2 ml of a
solution containing 10 mg of peptide in PBS) was carried out together with 2 ml of the enzyme
supernatant. Aliquots (400 µl) were taken at different time intervals and cyclisation terminated by
freezing. The amounts of DKP and dipeptide amide were assigned from their optical densities at 220 nm
after resolution of the peptides by HPLC.

FRTL-5 cell culture
The thyroid rat cell line FRTL-5 (ATCC CRL 8305) was cultured in Nutrient Mixture F-12 Coon’s
modi�cation (F6636) supplemented with sodium bicarbonate (2.68 g/l, S5761), insulin (10 µg/ml,
91077C), hydrocortisone (10 nM, H0888), transferrin (5 µg/ ml, T8158), Gly-His-Lys acetate (10 ng/ ml,
G1887), somatostatin (10 ng/ ml, S9129), 5% Foetal Bovine Serum and optionally TSH (10 mU/ ml,
609385, Calbiochem). This formulation was named 6H media with, and 5H media without, TSH [10]

RT-PCR and real time quantitative PCR
RNA was harvested from FRTL-5 cells using an RNeasy mini kit (Qiagen) and converted to cDNA using a
QuantiTect Reverse Transcription Kit (Qiagen). Amplicons were puri�ed using a QIAquick gel extraction kit
(Qiagen) and sequenced by Euro�ns. QPCR was performed with SYBR green using a KAPA SYBR kit and
samples were run on a Stratagene MX3000 cycler and analysed using MXPro software. GAPDH was used
as a control. Primers used were: GAPDH forward (F) TGCACCACCAACTGCTTAG, reverse (R)
GGATGCAGGGATGATGTTC; rat proTRH F ATTCTCGTGGAAAGACCTCCAGC, R
GACATCTGAGAACCAGGAATCCA; rat TRH-R1 F AGATGTTTCAACAGCACCGTTTC, R
TCTGTGCTAAAGCGGTCTGACTC; rat TRH-R2 F GGTTCTTCCTGGTGGATCTCAAT, R
GAGCAGTACCAGTGTGCGGTAAG; rat Pgpep1 F TAGAGAAACTGGGCCTTGGG, R
ACCGGCAATTATCCAGTCCT.

His-Pro DKP and TRH modulation of thyroglobulin release
FRTL-5 cells were cultured in 5H or 6H media for 72 hr in 24 well plates at a density of 105 cells per well in
1 ml media prior to the secretion assay. Cells were washed three times with PBS (1 ml) to remove serum
traces and were treated with1 µM His-Pro DKP (4003655.0050, Bachem) or 3 µM TRH (P1319, Sigma
Aldrich) in 5H, 6H or serum free media (all supplemented with 0.01% bovine serum albumin (BSA) to act
as a western blotting loading control) from 5 min to 24 hr. The reactions were terminated by placing the
tissue culture plates on ice. Media (500 µl) were collected from each well, centrifuged at 1500 g to remove
detached cells and cell debris and 10 µl aliquots were mixed with 6X Laemmli buffer in a SDS-PAGE gel
for immunoblot analysis.

Protein electrophoresis and immunoblot
10 µl of supernatants mixed with 2 µl 6X SDS-PAGE were boiled for 5 min and loaded in a NuPAGE 4–
12% Bis-Tris Gel 1mm, 15 well (NPO323, Thermo�sher). Electrophoresis was set at 20 volts for 20 hr
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followed by 100 volts for 2 hr. Wet transfer from gel to Nitrocellulose blotting membrane (10600002, GE
Health Care) was set at 20 volts for 20 hr. Membranes were blocked with 5% semi-skim milk in PBS-Triton
X100 (0.05%) for 1 hr and incubated with primary antibodies 1:104 thyroglobulin (156008, Abcam)
produced in rabbit and 1:10000 Monoclonal Anti-BSA antibody produced in mouse (B2901, Sigma
Aldrich). The latter was used as a loading control. After 3 washes of 5 min with PBS-Triton X100,
secondary antibodies (Goat anti-rabbit (925-32211 800CW, Licor) and Goat anti-mouse (L 925-68070
680RD, Licor)), at a 1:5000 dilution, were incubated with the membrane for 30 min, membranes were
washed three times in PBS-Triton X100, twice in PBS and then scanned in a near infrared scanner
(Odyssey, Licor).

Statistical analysis

Three biological replicates or more for each condition were included in each experiment which was
replicated twice. A Kruskal-Wallis test was used for statistics and p-values below 0.05 were considered
statistically signi�cant.

Results

FRTL-5 cells express TRH, TRH receptors and Pgpep1
To characterise the FRTL-5 cell line, which was our model for a thyroid follicular cell, RNA was harvested
and subjected to RT-PCR with primers speci�c for TRH and the rat TRH receptor isoforms 1 and 2. We
were able to detect products with primers against proTRH and TRH-R2, but not TRH-R1 (Fig. 1a), and
these amplicons were sequenced and gave 100% identity with their expected gene product (data not
shown). These data suggest that rat follicular cells can both produce and respond to TRH. In order to
form His-Pro amide from TRH, the N-terminal pyroglutamyl amino acid has to be cleaved from the
tripeptide and this is catalysed by the enzyme Pgpep1 [11]. RT-PCR detected a speci�c product for this
gene in FRTL-5 cells (Fig. 1b) and the amplicon was con�rmed as having 100% identity (data not shown).

Cyclisation of His-Pro amide
FRTL-5 cells, by expressing TRH and Pgpep1, have the ability to produce His-Pro amide. We next
investigated the conversion of His-Pro amide into His-Pro DKP by incubating His-Pro amide in 10mM
phosphate pH 7.2 over a 12 hr time course. HPLC analysis of the conversion of His-Pro amide to form
His-Pro DKP showed that cyclisation took place reproducibly with kinetics corresponding to a half-life of
2 hr (Fig. 2a). At each stage in the reaction, the decline in dipeptide amide could be accounted for by the
increase in DKP formed. During incubation for 24 hr at neutral pH, there was no evidence for hydrolysis of
His-Pro amide to form His-Pro COOH. These data indicate that cyclisation can occur spontaneously. An
enzyme that can speci�cally catalyse the formation of His-Pro DKP has not been identi�ed but the
mechanism catalysed by such a putative dipeptide cyclase might be expected to be shared with
glutaminyl cyclase [12] since it would catalyse the condensation of adjacent NH2 and CONH2 groups. The
addition of glutaminyl cyclase to the reaction signi�cantly increased the rate of cyclisation of His-Pro
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amide (Fig. 2b). The rate of cyclisation of the enzyme-catalysed reaction at 37oC was signi�cantly
greater, with a half-life of less than 10 min. Time course incubations of His-Pro amide were also carried
out in the presence of a homogenate of porcine thyroid gland. Aliquots were removed at intervals and the
DKP generated was estimated after resolution of the peptides by HPLC. Formation of His-Pro DKP took
place more rapidly in the presence of the thyroid extract than in its absence (Fig. 2c).

Effect of TRH and His-Pro DKP on thyroglobulin release in
FRTL-5 cells
Monolayer FRTL-5 cells do not produce thyroid hormone [13], so to investigate whether TRH or His-Pro
DKP could affect follicular cell function, secretion of the precursor molecule thyroglobulin into the media
was assayed in the presence (6H media) or absence (5H media) of TSH. In the absence of TSH, TRH
signi�cantly inhibited the release of thyroglobulin, eliciting a greater than 50% reduction in thyroglobulin
release at a concentration of 3µM after 15 minutes incubation (Fig. 3a). Given the short half-life of TRH, it
was possible that a metabolite of TRH was responsible for this effect. To test this theory, the cells were
incubated with His-Pro DKP. It was observed that when the cells were treated in the absence of TSH, His-
Pro DKP inhibited thyroglobulin release to a similar degree to the inhibition observed with TRH. When the
cells were grown in the presence of TSH, a signi�cant decrease in thyroglobulin accumulation was again
observed, but to a lesser degree than seen in its absence (Fig. 3b). The inhibition of thyroglobulin trelease
by His-Pro DKP was observed at concentrations as low as 0.01mM (supplemental Fig. 1).

The ability of TRH and His-Pro DKP to inhibit thyroglobulin secretion, and by inference thyroid hormone
production, might indicate the existence of a local mechanism to acutely regulate the thyroid hormone
axis. The data from Fig. 3 suggest that TSH concentrations could affect this mechanism, perhaps in part
by regulating the production of His-Pro DKP. As mentioned above, the identity of a dipeptide cyclase that
can produce His-Pro DKP from His-Pro amide is not known; however, it is known that Pgpep1 converts
TRH to His-Pro amide. Expression levels of Pgpep1 in FRTL-5 cells were analysed by real time PCR and
indicated a signi�cant decrease in the presence of TSH down to 20% of control levels (Fig. 4).

Discussion
TRH has a well-recognised role in the pituitary to stimulate the production of TSH [14], but it has also
been detected outside the hypothalamus and pituitary, with proposed roles in tissues such as the
pancreas, brain, testis, prostate, ovary and duodenum [15, 16]. Here we show that TRH and its receptor,
the TRH-R2 isoform, are expressed in rat follicular cells, strengthening the idea that the thyroid is a source
of TRH [5, 6]. The observation that FRTL-5 cells express Pgpep1 suggests that follicular cells are the
source of the TRH-like dipeptides found in the thyroid. His-Pro amide spontaneously cyclises to DKP and
this is accelerated in the presence of thyroid homogenate. Whilst this does not prove the existence of a
speci�c enzyme in the homogenate, and could be due to the ionic conditions present in the extract, it is
reasonable to predict that a glutaminyl cyclase-like enzyme is expressed there and it would be of interest
to isolate it.
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The results from TRH and His-Pro DKP treatment of FRTL-5 are consistent with a view that the
‘secondary’ biological activities exhibited by hormone amides result from their C-terminal dipeptides.
Indeed, His-Pro DKP has been shown to act as an inhibitor of prolactin release from pituitary cells in vitro
[3] while its parent peptide TRH ful�ls a key role in the regulation of thyroid hormones [14]. The action of
TRH within the HPT axis, however, may not be limited to the well-known pathway in which TRH regulates
the release of TSH from the pituitary. We observed that TRH inhibited thyroglobulin release in cultured
thyroid cells, which is in harmony with previous reports that TRH reduced the levels of cyclic AMP in
thyroid slices [17, 18]. Taken together, the evidence supports a view that the TRH that is endogenous in
the thyroid, or its DKP, may participate in the control of thyroid activity. His-Pro DKP was found to be as
potent as TRH in inhibiting the release of thyroglobulin. Thus, the ability to inhibit thyroglobulin release
appears to be an intrinsic property not only of TRH but also its C-terminal dipeptide.

This observation is not unique to TRH; many peptide hormones and all hormone-releasing peptides
terminate their peptide chain in an alpha-CONH2 group which is essential for their biological activity.
Fragments from the C-terminus of these peptides retain the CONH2 group and it is notable that some
have been reported to exhibit an activity distinct from the activity of the parent peptide. For example, the
C-terminal fragments of oxytocin possess neuroactivity in the brain distinct from the uterotonic activity of
the parent hormone [19] and C-terminal fragments of alpha-melanotropin (alpha-MSH) inhibit the release
of alpha-MSH and modify the immune response [20–22]. Similarly, it has been shown that the C-terminal
dipeptide of beta-endorphin can inhibit the �ring of neurones in the brain stem [23]. Evidence is thus
accumulating to indicate that the activity induced by peptide hormones is maintained within
physiological limits by opposing mechanisms involving synchronisation of 'activation' and 'inhibition'. It
is notable that this dual mechanism concept is in line with the well known bidirectional transmission of
signals in the CNS where onward transmission takes place at post synaptic receptors but is balanced by
inhibition at the presynaptic receptor, thereby consistent with a common evolutionary origin for the
central and peripheral processes.

In cell culture, it was apparent that an inverse relationship existed between the degree of inhibition of
thyroglobulin release and the concentration of TSH in the cell supernatant, that is, maximum inhibition of
thyroglobulin release was observed in the absence of TSH. Furthermore, Pgpep1 expression was inhibited
by TSH, and consequently it could be hypothesised that the inhibitory activity of TRH and its C-terminal
dipeptide would be effective during the hyperthyroid state when TSH levels are at a minimum. On the
other hand, in the presence of TSH the inhibitory activity of His-Pro DKP was diminished and, it is
predicted, so too would be its production, and consequently the inhibition it produces may not have an
adverse effect on the hypothyroid state. Overall, the antagonist activity of TRH and its dipeptide in the
thyroid appears to be synchronised with the agonist activity of TSH and may serve to limit thyroid
production in an acute manner with faster kinetics than are achieved by the long range negative feedback
of the thyroid axis achieved by elevated thyroid levels inhibiting TRH production at the hypothalamus. In
support of this is the observation that the concentrations of TRH-related peptides present in the thyroid
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are much greater in hyperthyroid, when TSH expression would be suppressed, compared with hypothyroid
tissues [24].

The mode of action of TRH and His-Pro DKP in the thyroid are unknown, with TRH acting potentially in an
autocrine or paracrine manner, given its expression by follicular as well as parafollicular cells. The
expression of its receptor in follicular cells indicates the potential for direct action, but there is no known
receptor for His-Pro DKP, despite the identi�cation of binding sites in the liver [25], and it could be acting
in an intracrine manner (Fig. 5). A number of tripeptides structurally related to TRH occur in endocrine
tissues and in some cases the 'TRH-like' peptides are accompanied by TRH [5, 26–29]. Given that TRH is
known to lose its N-terminal pyroglutamyl residue in the presence of Pgpep1, it was anticipated that
peptides with structures related to TRH would also be susceptible to loss of their N-terminal residue and
give rise to the corresponding dipeptide amide. pGlu-Glu-Pro amide and pGlu-Phe-Pro amide have been
detected in the prostate and the testis, respectively, and the dipeptide amides are also predicted to cyclise
to the corresponding DKP [30, 31]. It will be interesting to identify a function for Glu-Pro DKP and Phe-Pro
DKP in their respective tissues.

In summary, we show that a cyclic dipeptide formed from TRH exhibits a potent activity in inhibiting the
release of thyroglobulin from follicular thyroid cells, suggesting that these TRH-derived compounds may
play a signi�cant role in the inhibitory regulation of the thyroid axis. This inhibitory process taking place
directly at the target site of TRH in the thyroid would be rapid and, in this respect, complements the
known central mechanism for regulation of thyroid activity by providing an acute, rapid mechanism for
�ne tuning hormone production compared to the slow response of the negative feedback loop in the axis.
These data, together with previous observations that a series of tripeptides with structures related to TRH
occur in endocrine tissues and can give rise to DKPs, suggest that the dynamic control of the principal
activity of a peptide by the opposing activity of its C-terminal peptide is a widespread and
underappreciated aspect of peptide hormone biology.
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Figure 3
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