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Abstract

High Performance Liquid Chromatography coupled to Tandem Mass Spectrometry (HPLC-
MS/MS) is a versatile analytical technique widely applied in chemistry, biology, laboratory
medicine, and biochemistry. This integrated system combines liquid chromatography with
tandem mass spectrometry, facilitating the effective separation, identification, and
quantification of compounds within complex mixtures. The significance of HPLC-MS/MS
extends to various fields, including pharmaceuticals, environmental analysis, and metabolites
analysis. This research focused on the application of HPLC-MS/MS for the quantification of
thyroid hormones (TH), such as 3,5,3’-triiodothyronine (T3) and thyroxine (T4), along with
their metabolites. TH play crucial roles in growth processes, development, and energy
metabolism, motivating a comprehensive exploration of their dynamics in different

physiological and pathological processes.

The study is organized around four investigations utilizing HPLC-MS/MS as a pivotal
instrument with unique pre-analytical approaches and analytical methods to explore diverse
matrices. Firstly, the research unveiled neurocognitive dynamics in adult-onset
hypothyroidism, employing a rodent pharmacological model. Using an HPLC-MS/MS method,
we quantified the total fraction of T3 and T4 in serum samples, validating the experimental
plan and providing insights into the impact of various replacement strategies on neurocognitive
and neurobiological alterations. Secondly, the thesis delved into TH dynamics in diabetic
retinopathy, utilizing HPLC-MS/MS to detect and quantify T3 and T4 in plasma and retina
samples from a type 2 diabetes mouse model. This shed light on potential mechanisms,
including T3-dependent microRNA/gene regulatory circuits and mitochondrial function.
Thirdly, the study addressed iodine dynamics and the role of enzyme dehalogenase 1
(DEHALL), employing a Dehall KO mouse model. With an adapted method using a
derivatization process, our HPLC-MS/MS analysis was able to quantify precursors MIT and
DIT in different iodine-supplementation conditions, enhancing understanding of iodine
recycling and its consequences. Finally, the thesis investigated DEHALI gene mutations in
congenital hypothyroidism, using HPLC-MS/MS to measure MIT and DIT levels in serum and

urine of patients from different Sudanese families.

The findings from the pharmacologically induced hypothyroidism model underscored the
necessity and sufficiency of levothyroxine (L-T4) alone to restore memory and

neuroprogenitors levels to the euthyroid state, challenging the hypothetical impact on



neurogenetic pathways of alternative replacement treatments, such as those implying the use
of the metabolite TIAM. Subsequently, we revealed the existence of a local low T3 state
(LT3S) in the diabetic retina. This highlighted the TH-dependent response to hyperglycemia-
induced stress, unveiling a complex temporal dynamic influencing retinal responses in diabetic
retinopathy. Through the development of a new optimized HPLC-MS/MS method, the research
uncovered the crucial role of the enzyme DEHAL1 in iodine metabolism within the thyroid
gland. Elevated iodotyrosines emerged as biomarkers for the risk of iodine-deficient
hypothyroidism, providing translational insights for clinical validation. Eventually, the
measurement of serum and urine MIT and DIT emerged as sensitive indicators of iodotyrosines
deiodination defects in the presence of DEHAL1/IYD mutations, surpassing traditional urine
iodine levels and thyroid function tests. This approach offered valuable diagnostic and
management insights into dehalogenase-related disorders, emphasizing the importance of

personalized and nuanced approaches.

In conclusion, this diverse series of examinations highlighted the instrumental role of HPLC-
MS/MS in advancing our understanding of TH dynamics across various physiological and
pathological contexts. The precision and versatility of this technique have yielded invaluable

insights, paving the way for future research endeavors and potential clinical applications.
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Introduction



1. High Performance Liquid Chromatography Coupled to Tandem Mass Spectrometry

High Performance Liquid Chromatography coupled to Tandem Mass Spectrometry (HPLC-
MS/MS) is a powerful analytical technique employed in the field of chemistry, biology,
laboratory medicine, and biochemistry for the comprehensive analysis of compounds within
complex mixtures. This instrumentation integrates a liquid chromatography system with a
tandem mass spectrometer, to achieve effective separation, identification, and quantification of
components. In HPLC, a high-pressured liquid mobile phase is utilized to separate compounds
based on their affinity for both mobile phase and stationary phase, typically packed into a
chromatographic column. The separation of distinct compounds is the result of their
competitive interaction with mobile phase and stationary phase, resulting in their separation.
Mass Spectrometry (MS) is a technique focused on analysing the mass-to-charge ratio of
charged particles. In the context of HPLC-MS/MS, the mass spectrometer is employed as
detector to both identify and quantify the compounds separated by HPLC. Tandem Mass
Spectrometry (MS/MS) enhances the specificity and sensitivity of compound identification by
utilizing two mass analysers in series. The first analyser selects one (or more) specific ion from
the mixture, namely precursor ion, while the second analyser examines the fragment ions
produced inside a collision cell, placed between the first and the second analyser, from the
precursor ion. These latter ions, named product ions, provide structural information about the
original compound. The coupling of HPLC with MS/MS combines the separation capabilities
of liquid chromatography with the precise and sensitive detection of tandem mass spectrometry.
This integration facilitates detailed and accurate analysis of complex mixtures, proving
particularly valuable in pharmaceuticals, environmental analysis, and metabolomics, where

identifying and quantifying compounds at low concentrations is crucial.

Mobile Phase Auto sample
Sample Mixer

s———TVaste Bottle Flow of sample to mass spectrometer

Figure 1. HPLC-MS/MS schematic and representative diagram (adapted from Ashraf SA et al. 2019").
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1.1 The basics of chromatography

Chromatography is a separation technique that separates and analyses components of a mixture
based on their differential distribution between a stationary phase and a mobile phase. The
separation process is influenced by various factors, including the molecular characteristics
related to adsorption, partition, and affinity, as well as the differences in their molecular
weights??. These differences result in certain components of the mixture remaining in the
stationary phase for a longer period of time, causing them to move slowly within the
chromatography system, while others quickly pass into the mobile phase and exit the system

faster*. The chromatography technique is so based on two main components:

1. Stationary phase, which is always composed of either a solid phase or a layer of liquid

adsorbed onto the surface of a solid support.
2. Mobile phase, which is always composed of either a liquid or a gaseous component.

The interaction between the stationary phase, mobile phase, and the substances present in the
mixture is the fundamental factor that determines the separation of molecules from each other.
Partition-based chromatography methods are highly effective in separating and identifying
small molecules such as amino acids, carbohydrates, and fatty acids. On the other hand, affinity
chromatography techniques, such as ion-exchange chromatography, are more efficient in
separating macromolecules like nucleic acids and proteins. Gas-liquid chromatography is
employed for the separation of alcohol, ester, lipid, and amino groups, as well as for observing
enzymatic interactions. Agarose-gel chromatography is used for purifying RNA, DNA

particles, and viruses’.

In chromatography, the stationary phase refers to either a solid phase or a liquid phase that is
coated on the surface of a solid phase, while the mobile phase, on the other hand, is a gaseous
or liquid phase that flows over the stationary phase. If the mobile phase is a liquid, it is referred
to as liquid chromatography (LC), while if it is a gas, it is called gas chromatography (GC).
GC 1s commonly used for mixtures of volatile compounds while LC is particularly useful for
thermal unstable and non-volatile samples®. The main purpose of applying chromatography is

to achieve a satisfactory separation of the matrix component within a suitable time interval’.
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1.2 High Performance Liquid Chromatography (HPLC)

The term HPLC, or High Performance Liquid Chromatography, denotes a liquid
chromatography separation technique conducted under elevated operational pressures,
reaching up to hundreds of bars, which can extend into the thousands of bars in ultra-high
pressure liquid chromatography (UHPLC) instruments. HPLC is a widely used technique in
various fields, including pharmaceuticals, food and beverage, environmental analysis, and
forensic science. When coupled to suitable detectors, it can be highly sensitive and detects trace
amounts of compounds in complex mixtures. The quantification of a particular compound in a
sample can be determined by comparing its peak area or height to that of solutions of the
authentic standard of the analyte at known concentrations, or better to a calibration curve built

with solutions of the authentic standard at different concentration levels.

In practice, the analytes are dissolved in a suitable liquid mobile phase and then pumped
through the stationary phase, which is the core of the HPLC system, where the separation
occurs. The stationary phase is contained in a chromatographic column, that is tightly packed
with solid particles having size, pores, and surface coating able to interact with the molecules
of interest. Each compound interacts differently with both the adsorbent material and the eluent,
resulting in a different retention time. Generally, the higher the affinity for the stationary phase
(or the lower the affinity for the mobile phase), the later a compound is eluted from the column.
Conversely, an analyte with a lower affinity for the stationary phase will be eluted with shorter
retention times from the chromatographic column. The nature of interactions is contingent upon
the chemical structure of the compound, as well as its physical-chemical properties, including
polarity, and the characteristics of both stationary and mobile phases. Therefore, the selection
of the stationary phase, as well as that of the mobile phase, is crucial in achieving optimal
selectivity for separating the various components of a mixture®. Among the many commercially
available stationary phases, reverse phase (RP) stationary phases are widely used in HPLC
coupled to MS, due to the compatibility of many solvents used in MS, and because it is suitable
for separating a wide range of compounds.. Unlike the traditional normal phases, which utilized
silica or alumina as the stationary phase, RP stationary phases are coated with siloxane and
various alkyl (C8 or C18) or aryl groups on the surface of the silica particles. The terminal
portion of the group is responsible for the interaction between the stationary phase and the

analytes.
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Another separation technique that’s been widely used for polar profiling in metabolomics
studies is the Hydrophilic Interaction Liquid Chromatography (HILIC). Although it was
initially considered a variant of normal phase liquid chromatography (NP-LC) due to historical
reasons, the separation mechanism employed in HILIC is more intricate than that of NP-LC.
The term HILIC was coined by Alpert in 1990°, and since 2003, there has been a significant

increase in the number of publications concerning it!°

. HILIC employs traditional polar
stationary phases like silica, amino, or cyano. However, the mobile phase used in HILIC is
similar to that of the RP liquid chromatography (RP-LC) mode!® . It is appropriate for the
analysis of compounds in complex systems that consistently elute near the void in RP
chromatography. Polar samples exhibit favourable solubility in the aqueous mobile phase
utilized in HILIC, thereby overcoming the limitations associated with poor solubility often
encountered in NP-LC. HILIC does not necessitate the use of expensive ion pair reagents and
can be conveniently coupled with MS, particularly in the electrospray ionization (ESI) mode.

In contrast to RP-LC, gradient elution in HILIC commences with a low-polarity organic solvent

and elutes polar analytes by increasing the polar aqueous content!®.

—~ Manipulator

. Samples to fractionate
/.Sample injector

-~ Switching valve

— Fluids circulation

Solvents

Il _Detector (i.e. UV-vis)

Solvent B pump
Solvent A pump

[
(& L]
b
(]
he]
2
L
[e}
<
Q
=}
[=]
3
=

=

Waste\

High-pressure pump

~|——— Fractions collector
————— Vials containing fractions

o

Mixer

Valve
Degasser
Purging pump

Figure 2. HPLC system layout (adapted from chemdictionary.org)

The HPLC system is structured with several integrated modules, collectively forming what is
colloquially referred to as the HPLC tower. This tower typically comprises distinct sections,
each serving a crucial role in the chromatographic process. The primary components include a
solvent reservoir designed for storing the necessary solvents, a pump that can be either binary

(for two pumped solvents) or quaternary (for four pumped solvents), an autosampler for
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automated sample injection, a column compartment responsible for housing and maintaining

the column temperature, and a detector for the measurement of the separated compounds.

The mobile phase typically consists of a blend of two solvents or two solvent mixtures,
commonly comprising an organic phase and an aqueous phase, which are mixed to each other
in a solvent mixer included in the pump, in order to make the mobile phase homogeneous. The
selection of the mobile phase is contingent upon factors such as the complexity of the mixture,
the characteristics of analytes, and the specific chromatographic column employed. In instances
where the mixture components are inadequately resolved under isocratic conditions, a gradient
condition may be employed, allowing for variations in the mobile phase composition over time.
Under isocratic conditions, the mobile phase composition remains constant throughout the
chromatographic analysis. In contrast, a gradient condition involves a systematic alteration in
the ratio of the organic solvent to water (or vice versa for HILIC), often entailing a gradual
increase in the organic solvent concentration until it reaches a point of reversing the relative
proportions of the two solvents. The judicious choice between isocratic and gradient conditions
is pivotal in optimizing the separation efficiency and resolving power of the chromatographic

system, ensuring the accurate analysis of diverse mixtures.

Upon placing the sample in the designated vial, the injection process seamlessly transitions
into full automation. The injector efficiently introduces the sample into the continuously
flowing mobile phase stream, facilitating its journey towards the HPLC column. The critical
parameter influencing the chromatographic process is the retention time, representing the
duration required for the mixture of components to traverse the column and reach the detector,
thereby displaying a maximum peak height for each compound. This retention time is
intricately tied to various factors, including pressure, temperature, the nature of the stationary

phase, the solvent composition, as well as the analyte chemical structure.

To monitor the passage of components through the column, various detection methods are
employed. Among them, a widely used technique involves ultraviolet (UV) light, where UV or
visible (VIS) detectors are prevalent in HPLC due to their stability, operational simplicity, and
high sensitivity. UV detectors come in three main types: fixed wavelength, variable
wavelength, and diode array detectors (PDA). The PDA, being a UV detector with multiple
diodes, resolution elements, or pixels, has the ability to simultaneously detect several
wavelengths, making it ideal for comprehensive spectrum analysis. Fluorescence detectors,

another frequently used detection method, exhibit remarkable sensitivity to specific component
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groups. By employing a specific wavelength to stimulate component atoms, which
subsequently emit a light signal, the fluorescence detector utilizes the intensity of the radiated
light to determine the concentration of the component. This method finds applicability in a
diverse range of materials, including natural substances, pharmaceuticals, petroleum products,
and clinical samples!’. For a more advanced and sensible analysis, the HPLC-MS method
integrates mass spectrometers to detect separated compounds eluted from the chromatographic
column. This combination produces an ion chromatogram, a three-dimensional representation
encompassing retention time, intensity, and mass spectra. Each peak in the ion chromatogram
corresponds to a unique component within the mixture. The continual advancements in mass
spectrometry technology over recent decades have resulted in the development of highly

sensitive instruments, further enhancing the capabilities of this integrated analytical approach.

1.3 MS principles

The fundamental concept of MS involves the generation of ions using an appropriate ionization
technique. These ions are then separated based on their mass to charge ratio (m/z) and detected
based on their individual m/z values and relative abundance. The general framework followed
by all mass spectrometers includes an ion source, a mass analyser (or a series of mass

analysers), and a detector.
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Figure 3. Mass spectrometer scheme (adapted from theory.labster.com).

Briefly, during the ionization step, the ions produced are directed to the high vacuum region of
the mass spectrometer, which comprises mass analysers and detector. Within the mass analyser,
the ions are accelerated through electric fields, radiofrequencies, and magnetic fields
(nowadays used just for selected applications) in order to separate them according to their m/z

values. Finally, the detector measures the ion signal intensities, allowing for the determination
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of their relative abundances. These data are then plotted to generate the mass spectra and the

ion chromatogram!®.

Ionization techniques can be categorized into two main groups: hard and soft techniques. These
groups differ from each other based on the amount of residual energy transferred to the
molecules. Hard ionization techniques, such as electron ionization (EI), result in a high degree
of fragmentation, which is beneficial for structural identifications. On the other hand, soft
ionization techniques involve a lower amount of residual energy, which preserve the newly
formed ions from an in-source fragmentation. Examples of soft ionization techniques include
atmospheric-pressure photo ionization (APPI), atmospheric-pressure chemical ionization
(APCI), electrospray ionization (ESI), desorption electrospray ionization (DESI), and matrix-
assisted laser desorption ionization (MALDI). Among those operating in the liquid phase,
therefore suitable for coupling with HPLC, ESI and APCI are those more commonly used in

metabolic and metabolomics studies.

In the past, most ion sources were not compatible with a continuous liquid stream, such as the
eluate of an HPLC. However, this changed with the development of ESI by Professor John
Fenn in 1989! and its optimization by Andries Bruins®°. ESI, along with APCI, revolutionized
the coupling of MS with HPLC and more recently, UHPLC. In ESI, the liquid is dispersed into
a spray of electrically charged droplets through a metal capillary exposed to a high electric
field. The solvent in this highly charged spray evaporates until the droplets become unstable,
reaching the Rayleigh limit. At this point, the droplets undergo deformation, and as their
volume decreases, the charge density at the droplet surface increases. Eventually, the
electrostatic repulsions become stronger than the surface tension holding the droplets together,

causing them to "explode" (Coulomb fission) and form smaller, more stable droplets.
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Figure 4. ESI mechanism (adapted from Banerjee S. and Mazumdar S., 20112).
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The subsequent desolvation process leads to the release of “naked” sample ions in gas phase
from the surface of the charged droplets. For analysis, these ions move to the high vacuum
region of the mass spectrometer, driven by the potential cascade in the optical path of the

instrument2%22,

In APCI, a liquid is propelled through a capillary and heated nebulized at the tip. A corona
discharge occurs in close proximity to the capillary's tip, initiating the ionization of gas and
solvent molecules within the ion source. Subsequently, these ions engage with the analyte,
inducing ionization through charge transfer. This method proves effective for small, thermally
stable molecules that may not ionize efficiently with ESI?**°. For instance, free steroids pose
a challenge for ESI due to their neutral and relatively non-polar nature, lacking a functional
group capable of carrying a charge. APCI has proven its ionization efficiency, enhancing the

sensitivity of HPLC-MS analysis with respect to many steroids®® 2%,

Ions are initially generated and then transported into the mass analyser, which serves as the
core component of the mass spectrometer. To avoid neutral species to interfere with the
detection of the analytes of interest, mass spectrometer dispose of gases (mainly nitrogen) at
the very first part of the high vacuum interface to avoid the entrance of non-charged species.
The latter are also usually deflected from the following ion path using focusing lenses and
differential voltages. The purpose of the analyser is to separate the ions based on their m/z ratio.
The selected ions with specific masses are then directed towards the ion detector for counting.
The source can produce various types of ions, including molecular ions with positive or
negative charge, components of the mobile phase, adducts formed by combining with
molecular ions (commonly Na+, K+, NH4+ adducts in positive ions, or Cl-, HCOO-, OH-
adducts in negative mode), and fragment ions if in-source fragmentation takes place. There are
several types of analysers that can be utilized for ion separation, each employing different
methods based on their m/z. These include the quadrupole mass analyser, quadrupole and linear
ion trap mass analysers, time-of-flight mass analyser, Fourier transform analysers, and ion

cyclotron resonance analyser*>.

Quadrupole ion trap analysers utilize three hyperbolic electrodes for the purpose of confining
ions within a three-dimensional space through the use of both static and radio frequency
voltages. Subsequently, ions are selectively expelled from the trap based on their m/z values,
thus generating a mass spectrum. Conversely, it is possible to confine a specific ion within the

trap by means of applying an exciting voltage while simultaneously ejecting other ions.
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Furthermore, the introduction of an inert gas into the trap can induce fragmentation. An
intriguing characteristic of these ion trap analysers is their capacity to repeatedly fragment and
isolate ions prior to obtaining the final mass spectrum, thereby allowing for what is known as
MSn capabilities. It is also possible to use a quadrupole, namely quadrupole mass filter (QMF),
as a trapping system with a prevailing dimension (linear ion trap, LIT), as well as a combination

of both QMF and LIT in a single analyser, named QTrap mass analyser>>!,

The time-of-flight (TOF) analyser functions by propelling ions through a high voltage. The
speed of the ions, and consequently the duration their “flight” to the end of a flight tube and
then to the detector, relies on their m/z values. If the initial accelerating voltage is pulsed, the
detector's output in relation to time can be transformed into a mass spectrum. The TOF analyser
is capable of swiftly acquiring spectra with a heightened sensitivity. Additionally, it possesses
exceptional mass accuracy, enabling the determination of molecular formulas for diminutive

molecules’>33,

Tandem mass spectrometers incorporating various combinations of mass analysers have been
developed. One notable approach involves replacing the third quadrupole in a triple quadrupole
mass spectrometer with a TOF analyser, resulting in a hybrid instrument known as a quadrupole
time-of-flight (QTOF) mass spectrometer. This QTOF configuration has found extensive
application in the field of proteomics, although it possesses certain limitations in scanning
functions compared to triple quadrupole instruments. Another innovative design involves
configuring the third quadrupole of a triple quadrupole mass spectrometer to operate in a mode
where ions are trapped and then sequentially ejected based on their m/z. As already mentioned,
this arrangement is commonly referred to as a LIT, and one of the possible overall instrument
configuration is denoted as a QTrap instrument. Notably, the end quadrupole in a QTrap
instrument can be switched between ion trap mode and conventional quadrupole mode,
allowing the instrument to combine advantageous features from both triple quadrupole and ion
trap analysers. In ion trap mode, the sensitivity in product ion scanning is significantly
heightened, and the ion trap facilitates additional stages of fragmentation, enabling an extended

level of fragmentation and mass analysis (MS?)*43¢.

High-resolution mass spectrometers (TOF, QTOF and Fourier transform based analysers) are
suitable for untargeted metabolomics studies. They provide accurate mass measurements,
allowing the identification of unknown metabolites. The high resolving power aids in resolving

closely spaced peaks and reducing spectral interferences, making these instruments valuable
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for comprehensive metabolomic profiling. Triple quadrupole MS is commonly employed for
targeted analysis in metabolomics studies. It excels in quantifying known compounds with high
sensitivity and specificity®. The first quadrupole selects the precursor ion, the second, which
basically is a collision cell, induces fragmentation, while the third isolates and detects the

specific product ions, allowing for precise quantification.

The choice between a triple quadrupole mass spectrometer and a high-resolution mass
spectrometer depends on the specific goals of the analysis. Targeted studies benefit from the
sensitivity and specificity of triple quadrupole MS, while untargeted or exploratory studies
benefit from the comprehensive capabilities and accurate mass measurements provided by

high-resolution MS.

In our experimental work, we specifically used a triple quadrupole analyser, particularly a Sciex
6500+ Qtrap mass spectrometer, working as a triple quadrupole analyser, which is capable of

generating MS/MS.
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Figure 5. Sciex 6500+ Qtrap mass spectrometer external (A) and (B) internal representation, (C) Representation
of the functioning of a quadrupole. (A-B adapted from Sciex copyrighted materials, 2018, C adapted from
Gandhi K. et al. 2022%7).
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The quadrupole analyser consists of four parallel rods onto which direct and varying radio
frequency voltages are applied. By adjusting these voltages over time, it becomes possible to
scan across a range of m/z values and selectively transmit specific ions through the axis of the
rods, thereby creating the mass spectrum. Ions specifically selected by the quadrupole are
called resonant and pass through the rods of the quadrupole following a sinusoidal pattern, ions
not compatible with the selected voltages values are deflected and diverted from the ion path.
MS/MS, on the other hand, involves a specific configuration that enhances the specificity and
sensitivity of the analysis. As already stated, this is achieved by placing a collision cell (Q2)
between two quadrupoles (Q1 and Q3). Fragmentation within the collision cell typically occurs
using an inert collision gas such as Ar or N», and this process is known as collision-induced

dissociation (CID). Figure 6 illustrates the different scan modes that Q1 and Q3 can operate in.
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Figure 6. Different quadrupole scan modes in MS/MS (adapted from Hofmann et al. 2007%).

The first mode, known as the "product ion scan" involves selecting an ion with a specific m/z
in Q1 and then fragmenting it in Q2. Q3 is responsible for scanning and detecting all the
fragment ions produced in this process. The second mode, called the "precursor ion scan"
focuses on a selected fragment ion produced in Q2, while Q1 scans all the masses to identify
the precursor ion. Another commonly used mode is the "neutral loss scan" where both Q1 and

Q3 scan all the ions within a selected m/z range with a constant mass offset between the two
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quadrupoles. This mode detects all the fragmentations that result in a specific neutral fragment.
The most frequently used mode is the Selected Reaction Monitoring (SRM), also known as
Multiple Reaction Monitoring (MRM). In this mode, there is no scanning involved as both Q1
and Q3 are focused on selected masses. It is important to note that ions selected in Q1 are only

detected if they produce a specific fragment through a selected reaction.

Following the analysis conducted by the mass analyser, the ions are subsequently detected and
transformed into a practical signal through the utilization of a detector. This device possesses
the capability to convert the incident ions into an electric current, which is directly proportional
to their abundance. Due to the limited quantity of ions that are released from the mass analyser,
it is typically necessary to amplify the signal in order to generate usable signals for data
processing. Currently, the electron multiplier is extensively employed among the various types
of detectors available. In essence, both positive and negative ions collide with a conversion
dynode, thereby initiating the emission of numerous secondary particles. These particles are
subsequently converted into electrons and amplified through a cascade effect, resulting in the
production of an electric current. This current is then processed by the data system, ultimately

generating the mass spectra®?.
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Figure 7. Channel electron multiplier (CEM) detector scheme (adapted from Sciex copyrighted materials,

2018).
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2. Thyroid hormones

The term thyroid hormones (TH) specifically refers to 3,3°,5,5 tetraiodothyronine (T4 or
Thyroxine) and 3,5,3’ triitodothyronine (T3), both iodinated tyrosine-based molecules.

OH

Figure 8. Thyroxine (T4), on the left, and triiodothyronine (T3), on the right (created on Biorender.com).

In humans, the thyroid predominantly produces T4, considered a prohormone due to its
conversion into the biologically active T3 in peripheral tissues, exhibiting higher affinity with
the nuclear thyroid hormone receptor. Notably, the thyroid contributes to the 20% of circulating
T3, maintaining a 1:14 ratio with respect to T4°%*. The levels of circulating TH are
meticulously regulated by highly sensitive negative-feedback loop mechanisms, both centrally
and peripherally. The Hypothalamic-Pituitary-Thyroid axis (HPT) constitutes a fundamental
system in maintaining TH homeostasis. Thyrotropin-Releasing Factor (TRH), a tripeptide
(pGlu-His-ProNH2), is secreted by the hypothalamic paraventricular nucleus (PVN)*’. The
interaction between secreted TRH and the G-protein coupled receptor TRH-1 on pituitary
thyrotrope cells triggers an increase in intracellular cAMP, thereby stimulating the synthesis

and release of pituitary Thyroid-Stimulating Hormone (TSH).

TSH, also known as Thyrotropin, is a heterodimeric glycoprotein weighing 28 KDa, composed
of a and B subunits, and is secreted by pituitary thyrotrope cells. The proper glycosylation of
TSH subunits is essential for their interaction with the G-protein coupled TSH receptor on
thyroid follicular cells, initiating the synthesis of TH*'*2, For the o subunits, there are two sites
for glycosylation and for the B subunits, there is only one site*. Thyroglobulin synthesis,
cellular iodide uptake, TSH bioactivity (i.e., activating the TSH receptors on the surface of
follicular thyroid cells), and T3/T4 secretion into the bloodstream are all impacted by the
various glycoforms. TSH is the primary diagnostic biomarker of systemic thyroid status due to

its pivotal role in thyroid metabolism. Nonetheless, the previously mentioned fluctuations in
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the glycosylated chains result in chemical structures that undergo temporal changes. Because
of this, TSH measurement is typically based on its biological activity instead of on its
concentration, using standard preparations supplied by the World Health Organisation

(WHO)44—47 .

2.1 TH synthesis

The synthesis of TH is an intricate process involving a sequence of tissue-specific biochemical
reactions. The thyroid's functional unit for de-novo TH biosynthesis is represented by thyroid
follicles, comprised of a monolayer of follicular cells known as thyrocytes. The thyrocytes'
apical membrane encases the follicle lumen, referred to as colloid, while the basolateral
membrane faces the bloodstream*®. Within the follicles, numerous proteins are present, with
Thyroglobulin (TG) being the most highly expressed glycoprotein. TG consists of two
homodimers, each approximately 330 KDa in size, and serves as the primary source of TH.
Notably, TG contains around 70 tyrosine residues with an average iodine content ranging from
2.5 to 50 atoms of iodine per mole of TG. TSH plays a pivotal role in stimulating TG endocytic
uptake into thyrocytes, leading to its lysosomal degradation and subsequent release of TH from

the TG polypeptide backbone®.
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Figure 9. TH synthesis process graphical representation (adapted from Citterio, CE. et al. 2019%°)
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The sodium-iodide symporter (NIS) facilitates the thyroid gland uptake of iodine at the
basolateral membrane of the thyroid cells. NIS is a glycoprotein belonging to the solute carrier
family 5 (SLC5AS), which consists of 13 segments. It is in charge of delivering twice as many
sodium ions (Na*) as iodide ions (I') into the cytoplasm®®. The Na'/K*-ATPase pump is another
essential transmembrane protein that is required for the active transport of iodide against its
electrochemical gradient within the cytoplasm. The cytoplasm of thyroid cells can contain up
to 3060 times more iodide than they do normally thanks to the action of NIS. This ensures
that the majority of the ingested iodide, a scarce element in the environment, accumulates in
the thyroid and is available for TH synthesis®!. TSH stimulates NIS transcription, translation,
and activation by activating the G-protein coupled TSH receptor’>>. Competitor NIS
inhibitors, such as perchlorate (C1O4°) and thiocyanate (SCN"), inhibit I" transport inside the
thyrocyte*®.

lodide is thought to be a major factor in controlling its own accumulation. In 1948, Wolff and
Chaikoff discovered that high levels of iodide could reduce its transport and accumulation in
the rat thyroid. The "Wolff-Chaikoff effect"” was named after this phenomenon®*. TH
biosynthesis can be restored within two days even in the presence of elevated I- levels, thanks
to an adaptive mechanism mediated by I” transport inhibition known as the "escape from Wolff-
Chaikoff effect”>>-®, The presence of two voltage-gated K* channels, KCNQ1 and KCNE2, on
the basolateral membrane aids in the restoration of electrochemical equilibrium. These
channels play an important role in facilitating K™ efflux outside the cell, emphasising their
importance in thyroid function. I" is transported to the thyrocyte apical membrane and then to
the follicle lumen after entering the cytoplasm, a process known as "iodide efflux". lodide
efflux is mediated by the first apical channel found to be mediating it, pendrin®’>*. TSH
regulates pendrin's fast translocation towards the apical membrane through post-translational
mechanisms, which increases iodide efflux. Recent research has also revealed that the calcium-
activated chloride channel Anoctamin-1 and the chloride channel CICS play significant roles
in the iodide efflux process>®!. I ions in the colloid oxidase in order to combine and attach to

the TG tyrosyl residues*®.

Thyroid peroxidase (TPO), a crucial enzyme in TH biosynthesis, catalyses this oxidation
process. The synthesis of T3 and T4 is dependent on the iodination and coupling of
iodotyrosines on TG, which is facilitated by TPO, a glycosylated oxidoreductase. The majority
of TPO and its heme-containing active site are found in the follicular lumen, which forms the

extracellular process that drives the enzymatic activity. TPO is anchored at the apical
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membrane of thyrocytes by the small transmembrane C-terminal region®”%*. The production
of hydrogen peroxide (H2O,) by the NADPH oxidase family members dual oxidase enzymes,
DUOX1 and DUOX2, is essential for the oxidation of TPO. H>O» facilitates the transformation
of T into iodinium (I") and hypoiodite (IOH") ions. These ions subsequently attach themselves
to tyrosyl residues on the TG backbone, resulting in the formation of mono- and di-iodo
tyrosine (MIT and DIT). The next stage is the thyroid hormonogenic coupling reaction, which
is the synthesis of T3 and T448:65:66,
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Figure 10. Coupling reaction of TH synthesis (adapted from Citterio, CE. et al. 2019%).

Although the precise mechanism underlying this process remains unclear, it has been suggested
that either an ionic interaction or a free radical intermediate play a role. The process of
hormoneogenic coupling involves the transfer of an iodophenoxyl group from MIT or DIT,
referred to as the "donor" to a DIT residue, referred to as the "acceptor" producing T3 and T4,
respectively®’. As a byproduct of the reaction, a dehydroalanine remains in the "donor"
position. It appears from kinetic models of iodination and hormonogenic coupling reactions
that the formation of T3 and T4 requires correctly oriented iodotyrosines in space. Furthermore,
these models show a preference for the biosynthesis of T4, the primary thyroid product, from
the 25-30 Tyr residues iodinated by TPO**%, Under normal conditions, TG contains about 2.5
T4 residues and 0.7 T3 residues. T4 biosynthesis is followed by intrathyroidal T3 biosynthesis,

which results from the union of an MIT and a DIT residue. Notably, the majority of circulating
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T3 is not produced by T4 deiodination on TG, but rather by TSH-stimulated peripheral actions
of peripherally active deiodinases, namely DIO1 and DIO2%.

Synthesised TH bound to TG is stored in the colloid until TSH levels rise and it is internalised
into thyrocytes via endocytosis processes. Through the proteolytic activity of endopeptidases,
newly formed lysosomes within thyrocytes release T3 and T4, as well as uncoupled MIT and
DIT. Deiodination of released MIT and DIT molecules occurs enzymatically, yielding I" and
Tyr residues that can be reused in TH biosynthesis. An enzyme known as iodotyrosine
dehalogenase (DEHALI or IYD) catalyses this vital recycling process’’. TH must be released
into the bloodstream, a process that was previously thought to occur through passive diffusion
due to the lipophilic nature of TH. Recent research, however, has revealed that TH enters the
bloodstream via a series of transporters found on the basolateral plasma membrane of

thyrocytes.

2.2 TH transport and regulation
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Figure 11. HPT axis (created on Biorender.com).

The increase in circulating T3 and T4 initiates a highly sensitive negative feedback mechanism
that regulates the HPT. This feedback loop results in a reduction in the synthesis TRH at the
hypothalamus and TSH at the pituitary gland’'. At a transcriptional level, TH exerts inhibitory
effects on the synthesis of TRH and both subunits of TSH. Furthermore, TH has been reported
to impede post-transcriptional modifications of TSH and its release’®. Conversely, a decrease
in circulating TH rapidly triggers the secretion of TRH and, subsequently, TSH. This cascade
of events leads to an increase in TH synthesis and secretion, aimed at normalizing circulating
hormone levels’®. Given the highly hydrophobic nature of TH, several carrier proteins facilitate

their transport and distribution through the bloodstream and cellular compartments’.
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Approximately 95% of circulating TH are bound to thyroid-binding globulin (TBG),
transthyretin (TTR), and albumin, with the remaining 5% bound to minor carriers like

lipoproteins or available in the circulation as free TH (fTH).

TBG, a liver-synthesized glycoprotein, consists of a single 56 KDa polypeptide chain. It has
one binding site for TH, with association constants (Ka) of 1x10'° M™! and 4.6x10% M"! for T4
and T3, respectively. The binding of T4 to TBG induces conformational changes that increase
its stability. Since TBG carries the majority of TH (~70%), qualitative and quantitative

abnormalities of TBG significantly impact total circulating TH levels’>S.

TTR, previously known as thyroxine-binding pre-albumin, is a 55 KDa protein circulating as
a stable homo-tetramer of identical subunits of 127 amino acids each’’. Subsequent to the
discovery of its TH-binding properties, TTR has been shown to exist partly as a complex with
retinol-binding protein, playing a role in vitamin A transport’®. TTR has two TH binding sites,
with Ka values of 2x10® M! and 1x10° M™! for T4 and T3, respectively. The lower affinity for
TH compared to TBG allows rapid dissociation from TTR, suggesting its association with the
immediate delivery of T3 and T4. TTR carries 10 to 15% of protein bound T4 and is primarily
synthesized in the liver, with minor synthesis in the central nervous system (CNS). It plays a
crucial role in transporting and delivering T4 in the cerebrospinal fluid (CSF), where it serves

as the main TH-transporting protein’.

Albumin binds approximately 5% of circulating TH with lower affinity compared to TBG and
TTR, with Ka values of 1.5x10° M! and 2x10° M! for T4 and T3, respectively’®. Despite these
lower affinities, the significant contribution of albumin to TH transport is attributed to its high
abundance in human serum. Albumin is proposed to act as a fast TH resource during rapid

exchanges in capillary transits®.

TH transporters, found in diverse solute carrier families, are not exclusive to thyroid-related
functions and are widely distributed in various tissues®!. The mono-carboxylate transporters
(MCT) family, with 14 members, includes MCT8 and MCT10, both aiding TH transport across
the plasma membrane®>®*. MCTS, crucial for TH uptake into the brain, is highly specific for
TH transport. MCT10, functioning as an aromatic amino acid transporter, exhibits slightly
higher efficiency in transporting T3 but lower efficiency in transporting T43!84 MCTS is
expressed in various tissues, playing a specific role in T3 transport across the blood-brain
barrier (BBB); pathogenic mutations in its gene are implicated in various diseases®?. The liver

Na'/taurocholate co-transporter (NTCP), part of the solute carrier gene family (SLC10A), is
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involved in the enterohepatic circulation of bile acids. Recognizing TH sulfate derivatives,
NTCP transports them to the liver, where DIO1 deiodinates and rapidly degrades iodothyronine
sulfate®. L-Type amino acid transporters (LAT), including LAT1 and LAT2, are heterodimeric
proteins crucial for TH transport. LAT1, primarily found in the brain, placenta, and tumours,
efficiently transports T3, while LAT2, prevalent in the kidney, colon, and intestine, exhibits
different tissue distribution®®®. The organic anion transporter polypeptide (OATP) family,
with 12 transmembrane domain proteins, transports various compounds, including TH.
OATPIC1, a member of this family, specifically transports T3, rT3 (3,3’,5'-triiodothyronine,
reverse T3), T4, and sulfate T4 derivatives, with its physiological relevance in several tissues

still unknown?'-%,

TH play essential roles in diverse processes, encompassing tissue development and the control
of cellular metabolism. These effects of TH operate through two distinct mechanisms: a
genomic pathway, involving the interaction of TH with nuclear thyroid hormone receptors
(TR), and a nongenomic pathway characterized by swift onset, where TH engages with plasma
membranes and other receptors”. The nuclear receptors TR function as ligand-dependent

transcription factors, regulating the transcription of target genes upon activation by TH.
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Figure 12. Genomic regulation of TH (adapted from Oiseth S. et al, 2022°").

T3 binding to TR can either increase or decrease the rate of transcription of target genes. TR
can bind to thyroid hormone response elements (TRE) in the promoter region of TH target
genes constitutively within the nucleus®’. Even in the absence of TH, TR remains bound to

TRE, repressing or silencing the basal transcription of positively regulated target genes®*. TR
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can exist as a monomer in the absence of its ligand, as homodimers when coupled with another
TR, or as heterodimers when coupled with the retinoid X receptor (RXR)’*. TR4 and TRB
genes encode for the two nuclear receptors TRa and TR, respectively. Not all TR proteins in
mammals function as nuclear receptors, and their potential alternative splicing can give rise to
the synthesis of other proteins, albeit with unknown physiological roles. Among the TR
isoforms, four functional receptor variants have been identified: TRal, TRB1, TRB2, and
TRP3. These isoforms display distinctive expression patterns during development and in adult
tissues. TRal and TRPB1 are widely expressed, with the former predominantly found in the
brain, heart, skeletal muscle, and brown adipose tissue, and the latter prevalent in the brain,
liver, and kidney. TRB2 exhibits a predominant expression in the pituitary gland, hypothalamus,
and cochlea, while TRB3 is primarily located in the kidney, liver, and lung, exhibiting
functional characteristics in rats”>°°. Notably, TRp plays a pivotal role in mediating most TH
effects on metabolism, making it an ideal pharmacological target for addressing metabolic
disorders, particularly those related to lipid metabolism, as well as certain brain diseases. In
the pursuit of developing ideal thyromimetic drugs, it is imperative for these pharmaceutical
agents to exhibit high selectivity for TRB. This selectivity is crucial in avoiding potential
adverse effects on bone and the heart, underscoring the importance of precision in

pharmacological interventions targeting TR?’.

The nongenomic effects of TH deviate from classical TR-mediated TH actions by not
necessitating gene transcription and protein synthesis, although they may involve the
modulation of gene transcription. These nongenomic mechanisms often rely on signal
transduction systems and may implicate various elements, including novel TH membrane

receptors, extranuclear TR, or truncated isoforms of TRa’*%%.

One such novel receptor, distinct from classical TR, is found on integrin aVf3, a plasma
membrane structural protein highly expressed in tumour cells and dividing endothelial cells.
Integrin aVP3, lacking structural homology with TR, binds TH near the Arg-Gly-Asp binding
site”. T3 binding activates phosphatidylinositol 3-kinase (PIK-3), directing TRo into the
nucleus and promoting the transcription of the hypoxia-inducible factor 1 (HIF-1) gene. TH
can also interact with the integrin receptor, activating extracellular-related kinase 1 and 2
(ERK-1 and ERK-2), responsible for transducing TH signals in cancer cells. Furthermore, the
interaction of both T3 and T4 with integrin aVB3 is implicated in their demineralizing action®”.
TH rapidly stimulates PIK-3 and Rac activity on the plasma membrane through interaction

with TR, leading to the activation of voltage-dependent potassium channels, thereby reducing
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excitability and hormone secretion!%’. PIK-3 activation by T3 has direct and indirect effects on
the transcriptional increase in HIF-1, glucose transporter 1 (GLUT-1), and MCT4 transporter®>.
Additionally, both T3 and T4 can stimulate mitogen-activated protein kinase (MAPK) activity,
promoting angiogenesis. MAPK activation leads to the phosphorylation of the tumour protein
p53, resulting in a decrease in its transcriptional activity. In the nucleus, the activated kinase
forms a complex with TR and phosphorylates its serine. T3 is also responsible for numerous
nongenomic actions on plasma membrane proteins, contributing to the basal activity of some
ion pumps such as Ca2"-ATPase, Na'’/K'-ATPase, and Na'/H" antiporter'®!. Recent studies
focusing on astrocyte cells have unveiled the involvement of truncated TRa isoforms,
specifically TRAal and TRAa2, in the regulation of actin cytoskeleton modelling. The latter
plays a pivotal role in the developmental program of the brain®®. In response to T3, truncated
TRa isoforms have been observed to be imported into the mitochondrial inner membrane,

where they directly stimulate oxidative phosphorylation processes’’.

2.3 TH metabolism

Upon entering the cell, TH can undergo tissue-specific metabolism involving further

deiodination, deamination, decarboxylation, sulfonation, and conjugation reactions.
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Figure 13. Specific reaction sites of TH (created on Biorender.com).
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Mechanisms controlling TH levels operate intracellularly as well and involve the thioredoxin
enzyme family, specifically the iodothyronine deiodinases (DIO)*°. The three isoforms, DIOI,
DIO2, and DIO3, play a crucial role in regulating both the levels and activity of TH by
removing iodine from T4 precursors®. The isoforms exhibit distinct tissue localization and
biochemical characteristics’*. DIO1, located in the plasma membrane, primarily operates in the
liver, thyroid, and kidneys, converting T4 to T3. In contrast, DIO2, situated in the endoplasmic
reticulum, is responsible for T3 formation in the brain and is expressed in key thyroid-
responsive tissues!??. DIO3, involved in the inactivation of both T4 and T3 (to metabolites, rT3
and 3,3'-diiodothyronine (3,3’ T2), respectively), is present in the plasma membrane and is

mainly expressed in the brain, placenta, and pancreas’.
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Figure 14. Main DIOs activity (created on Biorender.com).

The diverse regulatory features and tissue localization of these isoforms contribute to the
intricate control of TH levels in response to various physiological signals and developmental
cues. As already reported above, most of the human circulating T3 is not produced by the
thyroid gland, but it is the result of the deiodination activity in the extrathyroidal tissues,
catalysed mainly by DIO2 and, to a minor extent, by DIO1'%, T3 itself is an important regulator
of DIOs activity, stimulating the activity of DIO1 while having an opposite effect on DIO2.
Hyperthyroidism increases DIOI and decreases DIO2 expression, while the opposite is
observed in hypothyroidism, in which the peripheral conversion T4 to T3 is enhanced by the
DIO?2 induction®. Moreover, T4 decreases the activity of DIO2 through post translational
mechanisms, i.e. ubiquitin conjugation, contrary to DIO1 and DIO3 that are not susceptible to

these reactions.
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Figure 15. Panel of TH main metabolites (adapted from Borsd M, et al. 2022*4).

T3 and r'T3, besides their well-established roles, undergo further deiodination reactions leading
to the formation of additional metabolites: 3,5-diiodothyronine (3,5-T2), 3,3’-T2, 3’,5’-
diiodothyronine (3°,5°-T2), and 3-iodo-L-Thyronine (3-T1). While 3,3’-T2 and 3°,5’-T2
exhibit no notable activities, 3,5-T2 has garnered significant attention from researchers due to
its ability to bind to TR and its multi-faceted effects. The actions of 3,5-T2 extend beyond
classical TR interactions, encompassing rapid effects at the cell membrane and
mitochondria'®. In vivo animal experiments have unveiled the diverse impacts of administered
3,5-T2 on canonical T3-regulated genes in various tissues. Notably, in pituitary models, 3,5-
T2 has been observed to suppress TSH and stimulate growth hormone (GH)'%°. Animal models
have demonstrated that parental administration of 3,5-T2 can modulate energy metabolism,
potentially by stimulating liver fatty acid oxidation into mitochondria'®®!%’. Furthermore, 3,5-
T2 administration has shown promise in preventing body weight gain, liver adiposity,
hyperlipidemia, and insulin resistance without inducing signs of thyrotoxicosis!®*. Acute

exposure to 3,5-T2 in an isolated rat heart model demonstrated its ability to increase oxidative
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metabolism without affecting cardiac contractility!®®

. While the physiological relevance of 3,5-
T2 and 3,3°-T2 remains to be fully elucidated, their presence in serum has been confirmed
through immunoassays and accurate HPLC-MS/MS methods. However, ongoing debates
surround their actual serum concentrations, and as of now, no clinical applications based on
their detection have been reported!?-'!!. DIO enzymes also exhibit the capacity to deiodinate
deaminated TH metabolites, namely 3,5,3°,5’-tetraiodothyroacetic acid (Tetrac) and 3,5,3’-
trilodothyroacetic acid (Triac). Tetrac, resulting from the deamination of T4, has been
confirmed in human serum at low nanomolar concentrations. Triac can be generated either by
deiodination of Tetrac or by deamination of T3. Despite its importance in cell-specific actions,
distorted serum concentrations of Triac have been reported. Both Tetrac and Triac are
transported by TTR in serum, acting as thyromimetic compounds that lower TSH
concentrations. Tetrac binds to TR through integrin aVPB3, with elevated concentrations

observed in Grave's disease patients. Triac, exhibiting potent T3-mimetic activity with high

affinity for TR, is described as a substrate for the MCTS transporter'®>.

Thyronamines constitute a novel class of endogenous signalling compounds structurally akin
to TH, differing mainly in the absence of the carboxylate group on the alanine side chain.
Distinguishing themselves by variations in the number and position of iodine atoms, these
compounds are designated as TxAM, with nomenclature similar to TH, where 'x' indicates the
number of iodine atoms'!. To date, only two members of this class, thyronamine (TOAM) and
3-iodothyronamine (T1AM), have been identified in human serum through HPLC-MS/MS!!3-
115 The discovery of transient hypothermia effects in rats following TIAM administration in
2004 prompted extensive research into this novel class of compounds. Investigators sought to
unravel their biosynthetic pathways, mechanisms of action, and potential pathophysiological
effects. Pioneering work by Scanlan et al. revealed that the rapid onset of TIAM effects did
not align with classical TH nuclear mechanisms but instead suggested involvement with a G-
coupled receptor. The trace amine-associated receptor 1 (TAAR-1) was identified as the
receptor potentially responsible for T1AM effects, although ongoing debates and uncertainties
persist regarding other membrane receptors and intracellular targets that may contribute to the
mechanisms of TIAM action. Despite advancements in understanding T1AM's effects, the
endogenous biosynthetic mechanism of TIAM remains elusive and is a subject of ongoing
investigation'>~'!>. The complexity surrounding these novel compounds opens avenues for

further exploration into their physiological roles and potential therapeutic applications.
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Figure 16. Putative pathway for TIAM formation (adapted from Hoefig CS, et al. 2015'9).

A proposed mechanism involves the deiodination of thyroid hormones T3 or T4, leading to the
formation of T2. Subsequently, T2 undergoes decarboxylation to produce di-iodo-thyronamine
(T2AM), which is further deiodinated to yield 3-iodothyronamine (TIAM)''”. Beyond the
previously discussed hypothermic effects, both in vivo and in vitro models have demonstrated

that administered T1AM can elicit a spectrum of physiological responses. These responses

118-120

include the reduction of cardiac inotropic and chronotropic effects , protective effects in

121,122

ischemia-reperfusion models , induction of acute metabolic responses with impacts on

carbohydrates and lipids'#>-12

, and potential modulation of the noradrenergic, dopaminergic,
and histaminergic systems'?’. Both TIAM and thyronamines can undergo various metabolic
reactions, such as sulfonation and glucuronidation, the outcomes of which are still subject to

ongoing investigation!?,

In most tissues, the principal metabolites of exogenously
administered T1AM and T3AM are the corresponding acidic compounds, specifically, 3-iodo-
thyroacetic acid (TA1l) and the previously mentioned Triac, respectively. The biosynthetic
mechanism for TA1 remains a topic of debate. Lorenzini et al. proposed a putative pathway
involving the oxidative deamination of T1AM, resulting in the formation of the corresponding

129

acid, TA1, through an aldehydic intermediate’~". Despite the advancements, the biological role
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of TA1 remains unknown. However, it has been reported to exhibit activity on the histaminergic
system, adding another layer of complexity to the intricate interactions within the thyronamines
class of compounds. Ongoing research seeks to unravel these metabolic pathways and define
the functional significance of these various metabolites, providing valuable insights into the

broader physiological roles of thyronamines!'*%!3!.
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3. TH in neurogenesis and cognitive disorders

Hypothyroidism is a chronic condition resulting from deficient production of TH or inadequate
action of these hormones on target tissues'*?. Primary hypothyroidism is the most common
type and occurs when the thyroid gland itself fails to produce enough TH. This can be due to
various factors such as autoimmune disorders (Hashimoto's thyroiditis), surgical removal of
the thyroid gland, or radiation treatment. Secondary hypothyroidism, on the other hand, is
caused by a dysfunction in the pituitary gland or hypothalamus, which are responsible for
signalling the thyroid gland to produce hormones. This type is relatively rare and is typically a
result of tumours, infections, or trauma to the pituitary gland or hypothalamus. Other types of
hypothyroidism include congenital hypothyroidism, acquired hypothyroidism, and subclinical
hypothyroidism, each with distinct etiologies and clinical implications'*}. Ongoing research
continues to unravel the complexities of thyroid function and its impact on overall health.
Cognitive impairment, anxiety, and mood instability are commonly associated with
hypothyroidism'3#!®>, During the critical period of brain development in mammals, TH
deficiency can lead to irreversible morphological defects, causing severe cognitive and

neurological impairments.
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Figure 17. The role of TH in neurodevelopment (created on Biorender.com).
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TH plays a crucial role in promoting neurogenesis, neuronal proliferation, migration of post-
mitotic neurons, and terminal brain differentiation'*®!*7. Notably, TH remains important in
adulthood, as adult-onset hypothyroidism is linked to higher depression and anxiety scores and

138-141

cognitive impairments . Animal models of adult-onset hypothyroidism demonstrate

34135 revealing increased immobility in

cognitive and neuro-psychiatric disturbances
behavioural tests and impaired performance in spatial learning and memory tasks'#*~'4*, These
impairments are associated with altered hippocampal function and connectivity'4 47, The
hippocampus, crucial for memory and spatial learning, relies on adult hippocampal
neurogenesis in the sub-granular zone (SGZ) of the dentate gyrus!**'°°. Disruption of adult
neurogenesis is linked to cognitive deficits, neuropsychiatric disorders, dementia, and

neurodegenerative diseases. TH signalling is identified as a critical endocrine signal controlling

progenitor development within neurogenic niches!>!.

TH can access the brain by crossing the BBB, a highly selective permeability barrier separating
the bloodstream from the brain extracellular fluids. T4 is considered the primary TH crossing
the BBB, subsequently converted into T3 by DIO2 in hypothalamic astrocytes and tanycytes!*2.
Specific transporters such as MCT8 or OATPICI facilitate TH crossing the BBB, while
indirect access occurs via the blood-cerebrospinal fluid barrier. The choroid plexus (CP), a
highly vascularized structure in the brain's ventricular part responsible for synthesizing CSF
and TTR, serves as the main T4 transporter in the CSF. TTR plays a pivotal role in delivering
T4 from plasma into CP and subsequently transporting it into CSF, ensuring optimal exchange

for delivering T4 into the brain!>!34,

The standard approach to managing hypothyroidism predominantly relies on levothyroxine (L-
T4) monotherapy, a highly effective treatment for the majority of patients'>. L-T4
supplementation helps restore TH levels and regulate the TSH within the normal range. Despite
the success of this therapeutic regimen, a subset of individuals, comprising approximately 10-
15% of patients undergoing L-T4 monotherapy, confront persistent symptoms indicative of TH

deficiency.
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Figure 18. The impact of hypothyroidism on patients’ performances (adapted from Heerema E,

verywellhealth.com, 2022).

These lingering symptoms may encompass cognitive issues, fatigue, mood swings, and
psychomotor performance decline, creating a clinical challenge!®®. Intriguingly, these
symptomatic patients often exhibit TSH levels within the expected reference range,
highlighting the need for a more nuanced understanding of thyroid function and potentially

necessitating alternative therapeutic strategies to address their specific clinical concerns.

Ongoing research aims to elucidate the underlying mechanisms contributing to the persistence
of symptoms in this subgroup and explore tailored interventions for improved outcomes. The
generation of T3 from thyroxine T4 by deiodinases may not mirror thyroidal secretion of T3,
and serum TSH might not reflect tissue intracellular TH levels*®!>®. The hypothesis proposed
is that persistent cognitive and neuropsychiatric symptoms in hypothyroidism may be
associated with decreased brain levels of downstream TH derivatives, specifically TIAM.
Studies in mice treated with methimazole and L-T4 replacement indicate that TIAM
biosynthesis requires an intact thyroid gland'>’. T1AM, an endogenous trace amine, modulates
various neurotransmitter systems and exhibits neuroprotective actions. TIAM has multiple
pharmacological effects, including pro-learning properties!'?%!24127:158-161 Ag there is evidence
that tissue T1AM levels remain low in hypothyroid animals treated with L-T4, a hypothesis
suggests that its reduced availability may impact neurocognition and related neurobiological

alterations.
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4. The homeostatic role of TH in diabetic retinopathy

Diabetic retinopathy (DR) is a common microvascular complication of diabetes mellitus and
remains one of the leading causes of blindness worldwide!®. It is a progressive disease that
affects the retina, the light-sensitive tissue at the back of the eye. Chronic high blood sugar
levels cause damage to the blood vessels in the retina, leading to various pathological changes.
These changes can include the formation of microaneurysms, leakage of blood and fluid into
the retina, the growth of abnormal blood vessels, and the development of scar tissue. As the
disease progresses, these changes can ultimately lead to vision loss if left untreated. Early
detection and timely management are crucial in preserving vision and preventing further

163-165

deterioration . Regular eye examinations, tight glycaemic control, blood pressure

management, and other risk factor modifications are key components in the management of
DR. Neuronal damage has become a prominent pathophysiological characteristic of DR,

prompting the activation of protective mechanisms within the retina to safeguard neurons'¢-
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Figure 19. The diabetes-dependent process of retinal damage (adapted from Aldosari DI, et al. 2022'%).
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The early upregulation of vascular endothelial growth factor (VEGF), traditionally viewed as
a pathological feature in advanced DR stages, may actually be induced as an initial
neuroprotective strategy'®-17". Similarly, the early activation of autophagy could serve as a
retinal response to counteract cell death caused by high glucose-induced apoptosis'’!. The
reduction of cell metabolism and energy expenditure may represent another protective
mechanism adopted by the retina to cope with stress. TH, specifically the biologically active
T3 and its precursor T4, are well-established regulators of metabolic homeostasis through their
activation of mitochondrial biogenesis, respiration, function, and quality control!’>!74,
Therefore, lowering intraretinal TH levels might be a beneficial strategy to mitigate oxidative

stress and cell damage under hyperglycaemic conditions.

Although this intriguing hypothesis has not been explored, the presence of TH receptors, the
MCT-8, TH-responsive cells, and deiodinase enzymes in the retina suggests the potential for
local regulation of the TH system!”> '8! Additionally, anti-TH treatments in experimental
models of congenital retinal diseases have demonstrated protection for cone photoreceptors
against degeneration'®*"18¢_ Conversely, prolonged systemic or local reduction of T3 levels,
known as a low T3 state (LT3S), might become disadvantageous during chronic critical
illness'** %7, Subclinical hypothyroidism, diagnosed when peripheral TH levels are within
normal reference laboratory range, but serum TSH levels are mildly elevated, has been
associated with DR in diabetic patients. Moreover, reduced T3 and T4 serum levels, even
within the euthyroid range, have been negatively correlated with DR in type 2 diabetic

patients!8819

. Generally, LT3S is linked to disease progression and poor long-term
prognosis!®*187-191 "Tn such cases, restoring T3 physiological levels has been observed to be
beneficial, as seen in a rat model of cardiac ischemia and reperfusion and in patients with

myocardial infarction'?>"1%

. It remains unknown whether, similar to other pathological
conditions, intraretinal TH dyshomeostasis in DR may result from increased activity or
expression of DIO3, a fetal gene that converts T4 into the biologically inactive rT3, or a
reduction of DIO2, responsible for activating T4 into T3'%2%, The hypothesis posits that in
the retina, as in other organs or tissues, LT3S develops as an adaptive response to protect against
diabetes-induced stress and may become detrimental in the chronic stage, contributing to retinal

damage progression.

Regarding potential mechanisms by which TH signalling may impact the retina in DR, an
intriguing hypothesis suggests that LT3S may affect recently identified T3-dependent

microRNA (miRNA)/gene regulatory circuits'®. For instance, in a rat model of acute
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myocardial infarction, the downregulation of miR-133, miR-338, and miR-29, which may also
be involved in DR evolution, was rescued by T3 replacement'®*. Additionally, miRNA
expression is altered in DR, and some of these miRNAs may be associated with the regulation
of retinal TH concentration. While retinal TH signalling may depend on miRNA-regulated
mechanisms, the modulation of T3 levels is likely to affect the retina through altered
mitochondrial function?*!2%. Given the significant role of mitochondria in the development of
DR?% it is plausible that TH dyshomeostasis may guide the pathophysiology of the disease by

interfering with mitochondrial activity.
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5. The importance of iodine recycling: DEHAL1

The availability of iodide in the thyroid is pivotal for thyroid functions, and while dietary iodide
is primarily obtained from sources like sea salt, milk, meat, and fish, daily intake alone is
insufficient. To address this, the enzyme DEHALI1 plays a key role in the enzymatic

deiodination of MIT and DIT, generated in excess during TH synthesis®®.
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Figure 20. DEHALI functioning mechanism (adapted from Alikhani P, at al. 20232%),

Despite being released more abundantly (six-seven times) than TH during TG proteolysis, MIT
and DIT are inactive at the thyroid level. DEHAL1's catalytic activity produces intrathyroidal
iodide, which, together with released Tyr molecules, can be recycled and reused for TH
synthesis®”’. This gene is primarily present in the thyroid gland, with minor presence in kidneys
and liver’®®. Three isoforms of DEHAL1, namely DEHAL1, DEHAL1B, and DEHALI1C, were
identified, with only the first exhibiting dehalogenation activity?”. The crystal structure of
DEHALI, reported by Thomas et al. in 2009%!°, revealed a transmembrane protein located at
the apical membrane of thyrocytes, belonging to the NADH oxidase/flavin reductase
superfamily, with flavin mononucleotide (FMN) as a prosthetic group crucial for its catalytic
activity. T3 and T4 are not deiodinated by DEHALL, nor can they bind to the enzyme, lacking
the catalytic selenocysteine found in DIOs. DEHAL1 consists of a single transmembrane
domain, a short carboxyl terminal domain, and an amino terminal domain housing most of the
nitro-reductase activity. The active site residues Glu-153, Tyr 157, and Lys-178 play a vital role

in recognizing the zwitterionic forms of MIT and DIT, along with the redox characteristics of
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the FMN. Alignment of the larger DIT over the isoalloxazine portion of the FMN is facilitated
by minor shifts of Leu-169, Thr-174, and Leu-172.

Thr 174

Figure 21. Conformational changes of the DEHALI active site to accommodate iodotyrosines. A. MIT-
DEHALLI co-crystal structure showing the surface characteristics: blue indicates positive charges whereas red
indicates negative charges; B. Conformational changes required for the alignment of DIT (cyan) to the active

site of DEHALI1 equally to MIT (orange) (Adapted from Thomas SR, et al. 2009%'°).

The catalysed deiodination reaction happens during TG proteolysis at the apical membrane,
close to TG, both before and after TG is endocytosed into the thyrocytes®!!. Even though the
previously proposed mechanism of the dehalogenation reaction is still being investigated,
recently, a hypothetical process included the biding of the phenolate form of iodotyrosines to

DEHALTI and entails a single electron transfer from the hydroquinone form of FMN.
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Figure 22. Proposed mechanism of dehalogenation (adapted from Sun Z et al. 2017'2).
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The phenolate form facilitates coordination with two hydrogen bond donors, which causes the
a-carbon containing halogen to be protonated. A transient semiquinone intermediate is created
when the protonated intermediate is subjected to reductive dehalogenation via the electron
donation of the hydroquinone form of FMN. By removing the halogen, a stable phenoxy radical
is created, which is then able to take an electron from FMN's semiquinone intermediate and
regenerate the oxidised form of FMN. Tyr is the reaction's end product, and it can be recycled
along with I to create TH2!2. DEHALI activity was found to be NADPH-dependent and
proportional to enzyme concentration in vitro. The reported Km for the deiodination of MIT
and DIT were 1.35x10° and 2.67x10°%, respectively, indicating that DEHAL1 has a higher
affinity for MIT than DIT. Subsequent research revealed that TSH-stimulated cAMP
upregulated DEHALI mRNA in rats, while iodide administration, both acute and long-term,
decreased it.?!® Furthermore, hypothyroid rats exhibited increased DEHALI activity.

Moreno et al. reported the first human DEHAL I mutations in 20084, Three distinct mutations
were found: an in-frame depletion of Arg101Trp and Ile116Thr, two missense mutations. The
patients exhibited a range of pathological phenotypes, which may have been caused by
environmental factors like iodine intake or by the timing of the disease's expression. The four
patients under analysis were consanguineous, unrelated, and all had severe goitrous
hypothyroidism; two of them experienced intellectual deficits as a result of delayed diagnosis
and treatment*'*. If proper treatment is not received in the early stages of life, failure of
DEHALT1 results in iodotyrosine deiodinase deficiency (ITDD), a known disease that is
characterised by goitre, intellectual retardation, psychomotor deficits, and hereditary
hypothyroidism. Given that TH is essential for development at the beginning of life and that
DEHAL1 expression is absent, the discovery of DEHAL I mutations has provided new insights
into ITDD. In fact, two of the four patients examined by Moreno et al. underwent neonatal
screening for hypothyroidism, and the alarming results indicated that the condition might not
exist at birth?!>. Afink et al. (2008)?!¢ reported the discovery of a second missense homozygous
(HO) mutation (Ala220Thr) from a different consanguineous family. Currently, neonatal
screening programmes do not include the diagnosis of ITDD, despite reports of negative effects
on untreated patients' neurodevelopment®!>. A new homozygous mutation in DEHALI
(p.A57S£sX62) was found recently in the progeny of a consanguineous family from Lebanon.
An early-stop codon at amino acid 62 of the protein was produced by the frameshift caused by
the insertion of an adenosine between positions 168 and 169 of exon 1. This new mutation

caused the enzyme to be nearly entirely truncated, which eliminated the functional nitro
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reductase domain and reduced DEHALI activity?!”. Thanks to new technologies in the
genomic field, it is nowadays possible to diagnose new mutations of the DEHALI gene.
Therefore, there is an urgent need for diagnostic techniques and biomarkers necessary to

monitor these rare and delicate conditions.
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6. The use of HPLC-MS/MS for the quantification of TH

Serum and plasma are the common matrices used for the assay of TH. However, more than
90% of circulating TH are bound to serum carrier proteins, making the protein-bound fraction
inaccessible to tissues, and considered inactive. To produce their effects, TH must dissociate
from carrier proteins and enter cells. Only a small percentage of TH (<1%) is present as the
free fraction (fT3 and fT4), which is directly accessible to peripheral tissues and considered

biologically active?!'®

. Quantifying the free fraction is challenging due to its low concentration
range, and the assay of the total fraction may not accurately reflect thyroid status when protein
concentrations or binding capacities are altered. Clinicians prefer to assess fT3 and fT4 levels
routinely?!®. Two main methodologies have been developed for the assay of serum fTH:
indirect and direct methods. Indirect methods involve mathematical estimation of the free
fraction and are dependent on TH binding protein levels, resulting in an underestimation or
overestimation of TH levels. Direct methods are preferred as they measure the free fraction
directly, providing more accurate results’*®??>. On the other hand, a number of direct
immunoassays have been developed to measure fTH, but they require the physical separation
of the unbound fraction before analysis. To achieve this, two primary techniques are employed:
Equilibrium dialysis (ED) and Ultrafiltration (UF). However, both methods have their
limitations. ED is susceptible to dilution effects and potential interference from buffer
components, which can affect the equilibrium between fTH and bound TH??. In contrast, UF
is not affected by dilution effects and yields a higher measurement of fTH compared to ED?**,
Nevertheless, UF also has its drawbacks, including membrane adsorption, protein leakage, and

223 Automated immunometric methods have become the

sensitivity to pH and temperature
norm for determining clinical parameters of the thyroid. Chemiluminescence detection is
commonly used in highly sensitive and automated immunoassays, which are considered the

gold standard for detecting serum fT3 and fT4°%

. However, the accuracy of immunoassays can
be affected by various factors such as pregnancy, genetic variations, medications, and medical
conditions that can alter serum-binding protein concentration. Additionally, studies have shown
discrepancies in fTH results across different immunoassays, which may be due to the variability
in serum binding proteins®'®. Furthermore, the inverse log-linear relationship between fT4 (and
fT3) and TSH is poorly correlated when fTH is measured using immunoassays>>®*?’. MS can
be utilized to overcome some of the weaknesses of immunoassays. HPLC-MS/MS is a highly

sensitive and specific technique that can detect hormones at low concentrations. One of the

advantages of HPLC-MS/MS is the use of stable isotope-labelled internal standards (ISs) that

57



can monitor the analytical process and compensate for analytical errors. HPLC-MS/MS is
becoming a powerful technique for detecting serum fTH and total TH (TTH), complementing
traditional immunoassay methods?!®. Furthermore, specific HPLC-MS/MS methods can be
developed to detect TH in matrices other than serum, along with their metabolites and
precursors. However, the low throughput of HPLC-MS/MS compared to automated high
throughput immunoassay platforms is a technical limitation. During the 1970s, MS was utilized
for the quantification of serum TH, and numerous GC-MS methods were created?s 2%,
However, these methods were abandoned due to their laborious sample clean-up and time-
consuming nature, despite their accuracy. The advent of ESI and APCI interfaces enabled
effective coupling with HPLC systems, leading to the development of highly sensitive and
accurate HPLC-MS/MS methods capable of detecting serum T3 and T4?3323*. Most of these
methods can quantify the serum total fraction of TH, which requires a protein precipitation step
followed by sample purification. These methods paved the way for the development of novel
HPLC-MS/MS procedures, with several research groups introducing the more specific solid-
phase extraction (SPE) or liquid-liquid extraction (LLE) for a more selective isolation of TH?*>-
239 Technological advancements over the years have led to increasingly sensitive MS methods
for TTH assay, with some researchers implementing online extraction or a derivatization step
to achieve the best sensitivity>**2**, Clinicians are primarily interested in measuring the free
fraction of serum TH, and high-throughput immunoassays are commonly used to detect most
thyroid biochemical parameters. However, the assay of serum fTH at low concentrations
presents methodological difficulties. Despite this, several HPLC-MS/MS methods have been
developed and are now considered gold standards. The first methods proposed involved the use
of the ED step to isolate the free fraction, but these were time-consuming and required
expensive devices. They have largely been replaced by more rapid UF tandem MS methods,
which are more sensitive and versatile?*> 22, HPLC-MS/MS has played a crucial role in
quantifying TH and their metabolites, including rT3, 3,5-T2, 3,3°-T2, MIT, DIT and
thyronamines, in serum and other human matrices such as urine, saliva, breast milk, and CFS.
MS methods have also been used to measure these molecules in cell lysates and various tissues
from animal models. The main advantage of this technique is the ability to measure and
quantify multiple molecules in a single run with a small amount of sample, as well as the ability

to transfer and validate the method to other matrices**>33.
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HPLC-MS/MS stands as a cornerstone in the field of biochemistry, providing an invaluable
tool for the meticulous analysis of compounds within intricate and heterogeneous mixtures.
This method's fusion of a liquid chromatography system with a tandem mass spectrometer
enables the efficient separation, identification, and quantification of components. The
significance of HPLC-MS/MS extends across diverse fields, including pharmaceuticals,
environmental analysis, and metabolomics. Its capability to discern and quantify compounds
at low concentrations makes it indispensable. In the context of TH and their metabolites,
HPLC-MS/MS has garnered substantial attention. Numerous reviews have presented upon its
applications, emphasizing the need for adapt techniques to explore novel biochemical insights
and detect biomarkers that illuminate previously uncharted facets of thyroid-related diseases.
This work delineates the utilization of HPLC-MS/MS as a pivotal instrument in four different
topics with implications on the overall thyroid function, employing different pre-analytical

approaches and analytical methods to delve into differential matrices.

Unravelling neurocognitive dynamics in adult-onset hypothyroidism

In the realm of brain development, TH acquires a pivotal influence during gestational and
perinatal periods, persisting in their contributions to maintaining adult brain health. However,
adult-onset hypothyroidism manifests in various cognitive disturbances, necessitating a
comprehensive exploration. Leveraging HPLC-MS/MS and other molecular biology
techniques, this study explores the intricate interplay between TH deficiency and persisting
symptoms, hypothesizing a link to decreased brain levels of TIAM. The experiment employs
a rodent pharmacological model, assessing the impact of different replacement strategies (L-
T4, TIAM, L-T4 + T1AM) on neurocognitive and neurobiological alterations, with a specific
focus on hippocampal neurogenesis. HPLC-MS/MS was here implied to quantify the total
fraction of T3 and T4 in the serum samples of the animal hypothyroidism model to confirm the

validity of the experimental plan.

Deciphering TH dynamics in diabetic retinopathy

Diabetic retinopathy (DR), characterized by neuronal damage, prompts protective mechanisms
in the retina. This venture investigates the role of TH in retinal stress response under
hyperglycemic conditions. Delving into the local regulation of the TH system in the retina, the
study explores potential mechanisms, including the impact on T3-dependent microRNA/gene
regulatory circuits and mitochondrial function. The aims of the present work were to

demonstrate the presence of a LT3S in the retina of db/db mice (a model of type 2 diabetes) in
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concomitance with the presence of typical markers of DR; to investigate, in an in vitro model,
the possibility of a miRNA-based mechanism for the regulation of retinal T3 levels and to get
insights into the possible involvement of a LT3S -induced mitochondrial deregulation in the
development of DR. The plasma samples and the retina samples of the db/db mouse model

were processed using HPLC-MS/MS to detect and quantify the total fraction of T3 and T4.

Unveiling iodine dynamics and the fundamental role of DEHAL 1

Addressing the global concern of iodine deficiency, we explored the adverse effects on human
health and emphasized the need for efficient markers reflecting individual iodine status. Using
a Dehall knockout (DehallKO) mouse model and HPLC-MS/MS, the study aims to
characterize the expression pattern of DEHALI in a mammalian species. By phenotyping mice
under controlled diets with varying iodine levels, the project seeks to enhance our
understanding of iodine recycling and its consequences. A previously optimized method for the
detection of thyroid hormones, using a derivatization process, was adapted to correctly quantify
the precursors MIT and DIT in the aforementioned animal model and so monitor the different

levels of TH, and their precursors, in different iodine-supplementation conditions.

Investicating DEHAL I gene mutations in congenital hypothyroidism

The final endeavour centres on congenital hypothyroidism, affecting newborns with significant
growth and developmental implications. HPLC-MS/MS is employed to investigate a novel
mutation in the DEHAL1/IYD gene within Sudanese families. Despite the same genetic defect,
the project unravels variable phenotypes and underscores the utility of measuring MIT and DIT
levels in diagnosing hypothyroidism in iodine-sufficient and borderline areas, more than the

actual and usually measured urinary 1odine.

In essence, this work outlines the pivotal role of HPLC-MS/MS in driving forward these
diverse assignments, each contributing to an enriched understanding of TH and their intricate

involvement in physiological and pathological processes.
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7.1 Mouse model of pharmacologically induced hypothyroidism
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Figure 23. Pharmacological mouse model of hypothyroidism (created on Biorender.com).

Four- to five-week-old C57BL/6J male mice (n=82) were maintained in an air-conditioned
animal room with a 12-h light/dark cycle. Mice, up to five per cage, were housed in plastic
cages and provided with a pelleted basal diet and tap water ad /libitum. Six-week-old mice
(n=65) were given methimazole (0.20 mg/g/die, Sigma Aldrich-Merck, St. Louis, MO, USA)
and potassium perchlorate (0.30 mg/g/die, Sigma Aldrich-Merck, St. Louis, MO, USA) in
drinking water for 49 days while the control littermates (n=17) received water. Perchlorate
limits active iodine transport into the thyroid and methimazole inhibits intrathyroidal TH
production. Body weight (BW), water intake, and food consumption were monitored once per
week throughout the hypothyroidism induction period. At day 21, mice were anesthetised with
1.5% isoflurane in 100% oxygen, and implanted with ALZET® subcutaneous osmotic pumps
delivering replacement treatments for 28 days (reservoir volume of 100 puL and delivery rate
of 0.11 pL/h). Animals were divided in 5 groups: euthyroid (n=17), hypothyroid (n=15),
hypothyroid treated with L-T4 (n=18, 0.04 ug L-T4/g BW/die)***, hypothyroid treated with L-
T4 + TIAM (n=17, 0.04 ng L-T4 + 0.004 ng T1AM/g BW/die) and hypothyroid treated with
T1AM (n=15, 0.004 ug TIAM/g BW/die)!**>!%°. L-T,4 and T1AM were purchased from Sigma
Aldrich-Merck (St. Louis, MO, USA). The osmotic pump filling solution was prepared in
sterile 1% bovine serum albumin (BSA) in 0.9% saline, NaOH 0.1 M (Sigma Aldrich-Merck,
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St. Louis, MO, USA). All parameters, including BW, water intake, and food consumption were
monitored once a week throughout the three weeks of induced hypothyroidism. All
experiments were conducted in accordance with the principles of animal care and
experimentation in the guidelines of the Italian Ministry of Health (Legislative Decree n.
116/92) and the European Community (European Directive 86/609/EEC). The Italian Ministry
of Health approved the use of animals in this protocol (65E5B.10,n.734/2017-PR, 10/10/2017).

7.1.1 Serum samples

3,3',5-Triiodo-L-thyronine (T3) solution and T3-!*Cs solution (100 pg/mL in MeOH with 0.1
M NHj3), L-Thyroxine (T4) solution and T4-'3Cs solution (100 pg/mL in MeOH with 0.1 M
NH3), water LC-MS grade, methanol (MeOH) LC-MS grade, acetonitrile (ACN) LC-MS
grade, 2-propanol LC-MS grade, hexane HPLC grade, dichloromethane HPLC grade,
ammonium hydroxide (28% NH3 in H2O, >99.99% trace metal basis), formic acid LC-MS
grade (FA, = 98%), acetone, hydrochloric acid 37% (HCI1 37%), potassium acetate ~98%
(AcK) were all purchased from Sigma Aldrich-Merck (St. Louis, MO, USA). Bond-Elut
Certify 130 mg SPE cartridges were obtained from Agilent Technologies (Santa Clara, CA,
USA).

Collected serum samples, before and post replacement treatments, were processed to perform
a HPLC-MS/MS quantification of total T3 and T4 based on previously published
methods®*>?*?, Briefly, 100 uL of serum were placed in a 2 mL Eppendorf ® tube and added
with 10 uL of a 200 ng/ml (**Ce-T3 and !*Cs-T4) stable isotope-labelled internal standards mix.
Samples were gently vortexed and kept for 30 minutes at room temperature (RT). Then, 300
uL of cold acetone were added and samples were vortexed and kept 30 minutes at 4 °C to allow
proteins precipitation. After centrifugation at 22780 x g for 10 minutes, the supernatants were
transferred to a new 2 mL Eppendorf ® tube and dried, in a thermostated block set at 40 °C,
under a nitrogen stream until reaching ~ 100 uL. Afterwards, samples were added with 400 pL
of a 0.1 M potassium acetate buffer (pH=4) and submitted to a Solid Phase Extraction (SPE)
using Agilent Bond-Elut Certify 130 mg SPE cartridges. Before samples loading, cartridges
were conditioned by consecutive wetting with 2 mL of dichloromethane/2-propanol (75/25 by
volume), 2 mL of MeOH and 2 mL of 0.1 M potassium acetate buffer (pH = 4). After four
consecutive washing steps using 3.5 mL of water, 2 mL of 0.1 M hydrochloric acid, 7 mL of
MeOH and 3.5 mL of dichloromethane/2-propanol (75/25 by volume), samples were eluted
with 2 mL of dichloromethane/2-propanol/ammonium hydroxide (70/26.5/3.5 v/v/v). Eluates,

warmed up at 40 °C, were dried under a gentle stream of nitrogen, reconstituted with 100 pL
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of MeOH/H>0 (30/70, v/v) and 5 pL were injected into the HPLC-MS/MS system. Minor stock
solutions of T3 and T4 were prepared at 1 ug/mL concentration in methanol. Calibration curves
were prepared by serial dilution with methanol at a concentration ranging from 0.10 to 100

ng/mL as follows:

Concentration Volume from level to Volume of | Total final
(ng/mL) level (uL) MeOH (nL) volume
(L)
100 (L1) 30 uL from each 1 pg/mL 240 300

minor stock solution of
analyte (T3 and T4), for a
total of 60 uL.

50 (L2) 150 of L1 150 300
25 (L3) 150 of L2 150 300
10 (L4) 120 of L3 180 300
5 (L5) 150 of L4 150 300
2.5 (L6) 150 of L5 150 300
1 (L7) 120 of L6 180 300
0.5 (L8) 150 of L7 150 300
0.25 (L9) 150 of L8 150 300
0.10 (L10) 120 of L9 180 300

Table 1. Calibration points for serum T3 and T4 quantification.

100 pL remaining from each point (L1 to L10) were transferred to new 1.5 mL tubes and added
with 10 pL of the 200 ng/mL internal standard mixture. Each calibration point was vortexed sit
at RT for 15/20 minutes before drying. Eventually, tubes were reconstituted with 100 uL of
H>0:MeOH 70/30 (v/v), vortexed, spun and 5 pL. were injected into the HPLC-MS/MS system.
At the end of the procedure, both calibration points and samples will have the same nominal

concentration of internal standard.

The instrument layout consisted in an Agilent (Santa Clara, CA, USA) 1290 UHPLC system,
including a binary pump, a column oven set at 20 °C, and a thermostated autosampler, coupled
to a Sciex (Concord, Ontario, Canada) QTRAP 6500+ mass spectrometer working as a triple
quadrupole, and equipped with an IonDrive™ Turbo V source performing an ESI ionization.
Chromatographic separation was achieved by using a 110 A, 2x50 mm, 3um particle size,
Gemini C18 column (Phenomenex, Torrance, CA), protected by a C18 Security Guard
Cartridge and using (A) MeOH/ACN (20/80 v/v) added with 0.1% FA and (B) water containing
0.1% FA as mobile phases. The integrated 6 ports switching valve was used to discard both
head (the first two minutes) and tail (the last four minutes) of the HPLC runs. Gradient elution

(400 pL/min flow rate) was performed as follows: 0.1-3 min (A) 5%, 8.5 min (A) 65%, 9.0-
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11.0 min (A) 100%, 11.50-13.50 (A) 5%. System control, data acquisition and analyses were

performed using a Sciex Analyst® version 1.7.3 software.

A mass spectrometry selected reaction monitoring (SRM) method operated in positive ion
mode. For each compound, after the optimization of declustering potential (DP), collision
energy (CE) and collision exit potential (CxP), three transitions were considered in the analysis.
Based on the highest signal/noise ratios, one of them was used as quantifier (Q) and the other
two as qualifiers (q) as reported in Table 2. Further operative parameters were gas source 1
(GS1), 60 arbitrary units; gas source 2 (GS2), 45 arbitrary units; ion spray voltage (ISV), 5.5
kV; source temperature (TEM), 650 °C; entrance potential (EP), 10V; Curtain gas (CUR), 20
arbitrary units; collision gas (CAD) N», operative pressure with CAD gas on, 2 mPa.

Operative Parameters

Analyte SRM transitions
(Da) DP(V) CE(VY) CXP(V)
651.8 — 478.9 (q) 477 13.7
T3 651.8 — 508.0 (q) 76 31.2 14.8
651.8 — 605.9 (Q) 313 17.9
; 657.8 — 484.9 (q) 477 13.7
Co-T3 657.8 — 514.0 (q) 76 312 14.8
657.8 — 611.9 (Q) 313 17.9
777.8 — 604.8 (q) 52.8 17.0
T4 777.8 — 633.9 (q) 82 36.0 18.6
777.8 — 731.9 (Q) 34.0 22.0
783.8 — 610.8 (q) 52.8 17.0
BC6-T4
783.8 — 639.9 (q) 82 36.0 18.6
783.8 — 737.9 (Q) 34.0 22.0

Table 2. MS parameters for T3 and T4 detection.
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7.1.2 Statistical analysis

For this specific study, all data were analysed to check for outliers with the ROUT method with
value Q=1%. The D’Agostino & Pearson normality test was used to determine if data were
normally distributed. Data were reported as mean + standard error of the mean (SEM), if
normally distributed, or as median and interquartile ranges, if not normally distributed. Data
deriving from the one-week monitoring of BW were analysed using two-way ANOVA for
repeated measures, followed by Sidak’s post hoc tests. Differences between groups in hormonal
level, behavioural performances, immunohistochemistry, and gene expression were assessed
with one-way ANOVAs, followed by Tukey’s post-hoc tests, in case of normal distribution of
data, or with the non-parametric Kruskal-Wallis test, in case of non-normally distributed data.
As regards the novel object recognition test (ORT), one-sample t-test was used to determine
whether the average of the discrimination index (DI) for each group was different from chance
(hypothetical value = 0). Statistical significance was set at *p < 0.05, **p < 0.01, ***p <0.001
and ****p < 0.0001. Statistical analyses were conducted using GraphPad Prism v. 6 and v. 8

(GraphPad Software Inc., La Jolla, CA, USA).
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7.2 Diabetic retinopathy in db/db mice (a model of type 2 diabetes)

BKS.Cg-+Leprdb/+Leprdb/OlaHsd (db/db) male mice (ENVIGO, San Pietro al Natisone,
Udine, Italy), which are affected by type 2 diabetes®>> %7, were used. C57BL/6] mice were
used as controls. In respect of the 3Rs principles for ethical use of animals in scientific research,
the retinas analysed in these studies derived from animals (both db/db and controls) also used
for a study on dermal tissue regeneration without any involvement of the retinas or any other
ocular tissues>>®. All the procedures were performed in compliance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research, the EU Directive (2010/63/EU),
and the Italian guidelines for animal care (DL 26/14; Italian Ministry of Health, decree numbers
905/2018-PR and 132/2019- PR). At the moment of analysis, the mice were sixteen-week-old.
Non-fasting glycemia was measured by tail sampling using a OneTouch Ultra glucometer
(LifeScan Inc., Milpitas, CA, USA). A total of 34 db/db and 15 control mice were used in these

studies.

7.2.1 Plasma and retinas of diabetic mice for T3 and T4 quantification

Plasma samples were processed and analysed as the aforementioned serum samples of the
previous model and so the pre-analytical procedure will be not further discussed. Retinas
processing follows different steps instead, based on a previously validated method?**%¥,
Retinas, kept at -80 °C, were quickly transferred to 2 mL homogenizing PRECELLY S® tubes
(Bertin Technologies (Montigny-le-Bretonneux, France), weighted and processed as reported
in previously validated methods. Each sample was suspended in 1 mL of a solution made of
840 uL of acetonitrile and 150 pL of pure water added with 10 puL of a 10 ng/mL internal
standard mixture (*Cs-T3 and '3Cs-T4). After being vortexed, samples were sonicated for 15
minutes and then homogenized using a Precellys®24-Dual Homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France) through three homogenization steps of 45 seconds with 60

seconds pause at 5000 rpm.

Figure 24. Precellys tissue homogenizer for tissue grinding (adapted from Bertin-Technologies.com)
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Afterwards, homogenized samples were sonicated again for 15 minutes and then centrifuged
for 15 minutes at 22780 x g. Supernatants were transferred to new 2 mL Eppendorf® tubes and
washed three times using 1 mL of hexane to remove the phospholipid excess. The lower phase
was then dried under a gentle stream of nitrogen, in a thermostated block set at 40 °C. Before
injection, samples were eventually reconstituted using 100 pL of H>O: MeOH 70:30 (v/v),
vortexed for 10 minutes to guarantee a full resuspension and centrifuged for 15 minutes at
22780 x g. Volumes were then transferred to a 96-well collection plate and 20 pL. were injected
in the HPLC-MS/MS system. The quantification of analytes was performed using standard T3
and T4 calibration curves built in methanol from 0.025 ng/mL to 5 ng/mL. Minor stock
solutions of T3 and T4 were prepared at 1 pg/mL concentration in methanol. Calibration points

were set at: 0.025 — 0.050 — 0.100 — 0.250 — 0.500 — 1 — 2 — 5 ng/mL and prepared as follows:

Concentration Volume from level to Volume of | Total final

(ng/mL) level (uL) MeOH (nL) volume
(nL)
5(L1) 30 uL of a mixture 50 270 300

ng/mL of T3 and T4
combined

2 (L2) 120 of L1 180 300
1 (L3) 150 of L2 150 300
0.5 (L4) 150 of L3 150 300
0.25 (LS) 150 of L4 150 300
0.1 (L6) 120 of L5 180 300
0.05 (L7) 150 of L6 150 300
0.025 (L8) 150 of L7 150 300

Table 3. Calibration points for tissue T3 and T4 quantification in retinas.

100 pL remaining from each point (L1-L8) were transferred to new 1.5 mL tubes and added
with 10 pL of the 10 ng/mL internal standard mixture. Each calibration point was vortexed sit
at RT for 15/20 minutes before drying. Eventually, tubes were reconstituted with 100 pL of
H>0:MeOH 70/30 (v/v), vortexed, spun and 5 pL. were injected into the HPLC-MS/MS system.
At the end of the procedure, both calibration points and samples will have the same nominal

concentration of internal standard.

Both plasma and retina samples were analysed with the aforementioned HPLC-MS/MS method

that will not be further discussed here.
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7.2.2 Statistical analysis

All variables in this study satisfied the criteria for parametric analysis. The data underwent
analysis using either Student's t-test for single comparisons or one-way ANOVA followed by
Tukey's post-hoc test for multiple comparisons. The results were presented as mean £ SEM of
the biological replicates in each experiment (individual data points are depicted in each graph;
Prism v. 8; GraphPad software, San Diego, CA, USA). Differences with p < 0.05 were deemed

statistically significant.
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7.3 lodine deficiency model

Female 5—-6-month-old C57BL/6J Dehall WT and KO mice were fed a free iodine pellet diet
containing 0.25 g of I/g (TD180914, Envigo, Indianapolis, IN, USA). Mice were divided into
three groups, each of which received a different iodine-containing diet. In normal iodine diet
(NID), low iodine diet (LID), and very low iodine diet (VLID), drinking water iodine content
was 1400 g of I/L, 200 g of I/L, and without any iodine supplementation, respectively. The
daily iodine intake of mice was 5.6 g, 1 g, and 0.25 g for NID, LID, and VLID, respectively.

Figure 25. Dehall KO and WT mouse model and the different iodine supplementations (adapted from

Gonzalez-Guerrero G, et al. 2023%%).

Urine was collected on days 0, 12, and 28 using a special hydrophobic sand (Sodispan
Research, Madrid, Spain). Before storage, samples were centrifuged at 1230 x g for 5 minutes,
and supernatants were collected. Blood was collected from the submandibular vein at the same
time points, and plasma was obtained by centrifugation at 1230 x g for 10 minutes. The samples
were kept at -80° C until the extraction and then analysed using HPLC-MS/MS. Furthermore,
pregnant female C57BL/6J Dehall WT and KO mice were given an NID. Plasma was collected
from 10-day old mice (pups) and 1 month old mice (juveniles), along with urine in the latter
case. Samples were kept at -80° C until they were extracted and submitted to HPLC-MS/MS
analysis. All animal studies adhered to the guidelines established by the European Community
and Animal Research Ethical Committee guidelines, following approval from the Autonomous

University of Madrid Animal Research Ethical Committee (CEI, Madrid, Spain).

Prof. José Carlos Moreno created the Dehall KO mice, and Dr. Cristian Gonzalez Guerrero
and Pouya Alikhani maintained the colony in the Thyroid Research Laboratory (University
Hospital La Paz, Madrid, Spain). The creation of the first Dehall KO extends beyond the scope
of my PhD project and will be briefly described. A specific targeting vector containing lacZ as
the reporter gene and Neomycin as the selection gene was inserted by homologous

recombination between exon 1 and exon 2 of the Dehall WT allele. As a result, the DEHALI1
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protein expression was truncated. Crossbred C57BL/6J mice were used to create HO mutants.
Genotype analysis on mouse tail genomic DNA was performed to confirm the generation of
the KO and to differentiate the three possible genotypes WT, heterozygous (HT), and HO.
Electrophoresis gels, molecular studies, and immunohistochemistry analysis all confirmed the
absence of the DEHAL1 protein in KO, as opposed to WT, where the protein was expressed
constitutively. All details regarding the DEHAL1 model characterization techniques will not

260

be further discussed here and can be retrieved at the referenced article“®” while relative results

will be explored in the following chapter.

7.3.1 Plasma and urines samples derivatization process and analysis

The previously utilized method?*>2#? for the detection and quantification of T3 and T4 in serum
and tissue samples was modified, thanks to the work of Dr. Marco Borso and prof. Alessandro
Saba, to simultaneously analyze T3, T4, MIT and DIT. To do so, since the interaction of MIT
and DIT in the chromatographic column was weak and considering the aim of achieving the
best sensitivity possible for our analytes, we decided to improve the pre-analytical procedure

by adding a derivatization step.
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Figure 26. Derivatization reaction of TH to obtain the corresponding butyl ester forms (realized with

ADC/Chem Sketch)
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Analytical standards of MIT, DIT were also supplied by Sigma-Aldrich. Stable isotope-labelled
13Co-MIT and '*Co-DIT were kindly provided by Prof. Alireza Mani (University College of

London, UK), since they were not commercially available.

Briefly, 100 puL of urine/plasma were placed in a 2mL Eppendorf tube® with an appropriate
amount (10 pL of a 100 ng/mL mixture) of stable isotope labelled ISs. Samples were vortexed,
equilibrated for 30 minutes at RT, and then 300 pL of cold acetone were added and samples
were kept 30 minutes at 4 °C to allow proteins precipitation. The use of organic solvents
reduces the hydration of the proteins and leads to their aggregation and precipitation.
Consequently, the TH-bound fraction is released and, together with the fTH fraction, can be
detected as TTH. After centrifugation at 22780 x g for 10 min, the supernatants were transferred
to a new 2 mL Eppendorf tube®, warmed up at 40 °C, and dried under a gentle stream of
nitrogen. The concentrated samples were derivatized adding 200 pL of 3.0 N hydrochloric acid
in n-butanol and incubated for 45 min at 60 °C. This derivatization step allows the formation

of the corresponding butyl esters of tyrosines, TH and their ISs.

Afterwards, samples were dried again as mentioned above and then, reconstituted with 500 pL
of 0.1 M potassium acetate buffer (pH=4) prior to loading onto Agilent Bond-Elut Certify 130
mg SPE cartridges. The extraction procedure for derivatized samples is the same as for the un-
derivatized ones. Briefly, before loading the samples, cartridges have been previously
conditioned by consecutive wetting with 2 mL of dichloromethane/isopropanol (75/25 by
volume), 2 mL of MeOH and 2 mL of 0.1 M potassium acetate buffer (pH = 4). After
consecutive washes with 3.5 mL of water, 2 mL of 0.1 M hydrochloric acid, 7 mL of MeOH
and 3.5 mL of dichloromethane/isopropanol (75/25 by volume), samples were eluted with 2

mL of dichloromethane/isopropanol/ammonium hydroxide (70/26.5/3.5 by volume).

Eluates were dried under nitrogen, reconstituted with 100 pL of ACN / 0.1 M HCI (50/50 by
volume) and 2 pL were injected into the HPLC-MS/MS system. Minor stock solutions of MIT,
DIT, T3 and T4 were prepared at 1 pg/mL concentration in methanol. Calibration curves were

prepared daily as follows:
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Concentration
(ng/mL)

100 (L1)

50 (L2)
25 (L3)
10 (L4)
5 (L5)
2.5 (L6)
1(L7)
0.5 (L8)
0.25 (L9)
0.10 (L10)

Volume from level to
level (nL)

30 puL from each 1 pg/mL
minor stock solution of
analyte (T3, T4, MIT and
DIT), for a total of 120 uLL
150 of L1
150 of L2
120 of L3
150 of L4
150 of L5
120 of L6
150 of L7
150 of L8
120 of L9

Volume of
MeOH (pL)

180

150
150
180
150
150
180
150
150
180

Total final
volume
(uL)
300

300
300
300
300
300
300
300
300
300

Table 4. Calibration points for plasma and urine MIT, DIT, T3 and T4 absolute quantification.

100 pL remaining from each point (L1 - L10) were transferred to new 1.5 mL tubes and added
with 10 pL of the 100 ng/mL internal standard mixture. Each calibration point was vortexed sit
at RT for 15/20 minutes before drying. The calibration points were then derivatized and treated
following the same procedure as for the real samples. At the end of the procedure, both
calibration points and samples will have the same nominal concentration of internal standard.
The instrumental layout used for the analysis retraces the same as the previous method, as for

mass spectrometer, UHPLC system, mobile phases, and chromatographic column. The

chromatographic method implied was slightly modified as reported in Table 5.

HPLC Binary pump
Total time | Flow rate| Solvent A
(min) (pL/min) (%)
0.1 400 5
3.0 400 5
8.5 400 65
9.0 400 100
11.0 400 100
11.5 400 5
14.0 400 5

Table 5. HPLC pump modified gradient. Solvent A: MeOH/ACN (20/80 by volume) + 0.1% FA; Solvent B:

water + 0.1% FA.
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Solvent B
(%)
95
95
35
0
0
95
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Mass spectrometry selected reaction monitoring (SRM) method operated in positive ion mode.

For each compound, after the optimization of declustering potential (DP), collision energy (CE)

and collision exit potential (CxP), three transitions were considered in the analysis. Based on

the highest signal/noise ratios, one of them was used as quantifier (Q) and the other two as

qualifiers (q) (Table 6). Additional operative parameters were set as follow: Collision gas

(CAD) N2; operative pression with CAD gas, 2 mPa; Curtain gas (CUR), 20 arbitrary units;

Gas source 1 (GS1), 60 arbitrary units; Gas Source 2 (GS2), 45 arbitrary units; ion spray voltage
(ISV), 5.5 kV; Source temperature (TEM), 650 °C; Entrance potential (EP), 10 V.

Analyte
MIT-C4H9

13C9-MIT-C4H9

DIT-C4H9

13C9-DIT-C4H9

T3-C4H9

1306-T3-C4H9

T4-C4H9

13C6-T4-C4H9

Table 6. MS parameters for derivatized MIT, DIT, T3 and T4.

SRM transition (Da)
363.9 2 135.0(q)
363.9 2 261.8 (Q)
363.9 2 291.0 (q)
373.1 > 143.2(q)
373.1 2 270.1 (Q)
373.1 = 300.2 (q)
489.9 = 260.9 (q)
489.9 - 290.0 (q)
489.9 - 387.9 (Q)
498.8 > 268.8 (q)
498.8 2 298.9 (q)
498.8 2 395.8 (Q)
707.9 > 479.1 (q)
707.9 2 605.9 (Q)
707.9 > 651.9 (q)
713.9 > 485.1(q)
713.9 > 611.9 (Q)
713.9 2 657.9 (q)
833.9 = 605.0 (q)
833.9 2 731.9(Q)
833.9 2> 777.9(q)
839.9 2 611.0(q)
839.9 2 737.9(Q)
839.9 > 783.8 (q)
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DP (V)

65.0

95.0

55.0

64.0

84.0

84.0

82.0

82.0

CE (V)
44.0
25.0
22.0
44.0
25.0
22.0
51.2
36.0
31.4
48.0
35.0
28.0
53.5
38.2
26.7
53.5
38.2
26.7
60.7
43.4
29.5
60.7
43.4
29.5

CxP (V)
10.3
14.1
16.1
10.3
14.1
16.1
7.7
8.3
11.0
5.9
7.1
9.5
12.3
17.2
19.0
12.3
17.2
19.0
15.5
19.5
22.6
15.5
19.5
22.6



The validation of the analytical method encompassed a comprehensive assessment across

various parameters to ensure its robustness and reliability?®!-262,

Selectivity, a fundamental criterion, was scrutinized to ascertain the method's capacity to
discriminate molecules of interest and their respective ISs from other sample components and
potential interferents. This involved multiple injections of analytes into the system, monitoring

their retention times meticulously.

The linearity of our method was evaluated within the calibration curve range established in the
preceding paragraph. Instrumental sensitivity was gauged through the determination of limits
of detection (LOD) and limit of quantification (LOQ) for the analytes. Using the specialized
tool in Sciex Analyst® software, concentrations yielding a Signal-to-Noise (S/N) ratio close to

3 and 10 were designated as LOD and LOQ, respectively.

Accuracy (%), a pivotal parameter, was calculated by comparing the measured concentration
with the nominal concentration spiked into plasma and urine samples. This involved three
different concentration levels of analytes (2.5 ng/mL, 10 ng/mL, and 50 ng/mL) subtracted
from the endogenous concentration. Intra-day and inter-day precision, expressed as relative
Standard Deviation (RSD %), were evaluated. Intra-day precision involved injecting 5
replicates of the aforementioned concentration levels within the same run, while inter-day

precision was assessed by injecting the same 3 concentration levels over 5 consecutive days.

Recovery (%) was determined by comparing the peak areas of the IS added before and after
the extraction procedure, employing the formula [(peak area of IS added before the
extraction/peak area of IS added after the extraction) x 100]. The matrix effect (%) was
estimated by comparing the peak area of the IS added to water (A) and matrix (B), both
subjected to the extraction process. Matrix effect was then calculated using the formula [(B/A)

x 100].

As an integral part of the validation process, the efficacy of our method to quantify MIT, DIT,
T3 and T4 in urine and plasma from a pilot experiment involving female 5-6 months C57BL/6J
Dehall WT and KO mice subjected to a NID was rigorously tested. Urine and blood samples
collected on day 28 were subjected to HPLC-MS/MS analysis to ensure the method's

applicability and accuracy under real experimental conditions.
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7.3.2 Statistical analysis

Data analysis for method validation utilized Microsoft Excel (Microsoft Office, Redmond,
WA), and the outcomes were expressed as mean + standard deviation (SD). GraphPad Prism
v.8® (GraphPad software, San Diego, CA) was employed for processing and statistically
analysing data from both mice and human experiments, presenting results as mean + SEM. In
the pilot experiment and the natural early life model, the non-parametric Mann-Whitney's test
for two independent samples was applied to assess the statistical difference between WT and
KO groups. In the iodine deficiency model, statistical significance between WT and KO was
determined using multiple t-tests, and corrections for multiple comparisons were made through

the Holm-Sidak method.
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7.4 Investigating DEHAL I gene mutations in congenital hypothyroidism

Findings from two Sudanese families, hailing from diverse regions of the country, exhibiting
congenital hypothyroidism (CH) and goiter attributed to a novel mutation in the DEHALI gene
will be presented in this present work. The phenotypic manifestations, as discerned through
thyroid function tests and goiter examination, showcased variability, spanning from
hypothyroid to euthyroid conditions, despite the presence of an identical genetic defect within
the two families. All patients were directed to a pediatric endocrinologist at the University of
Khartoum, Sudan, either due to the manifestation of hypothyroidism symptoms or as a
consequence of a sibling already diagnosed with hypothyroidism. Prior to blood sampling, oral
consent was secured from patients, their guardians, and family members, considering literacy
constraints. The studies received approval from the University of Miami Institutional Review
Board. The initial thyroid testing, encompassing TSH and T4 assessments, took place in Sudan
at the time of diagnosis. Subsequent follow-up visits at local clinics in Sudan led to the
collection of blood samples, which were then dispatched to Miami, Florida where testing
procedures were executed utilizing the Immulite™ 1000 platform (Siemens, Munich,
Germany). Genomic DNA isolation from whole blood, facilitated by the Qiagen QIAamp™
DNA Blood Mini Kit (Hilden, Germany), was carried out at the University of Miami as well.

Blood samples were procured from the propositus, siblings, and parents whenever feasible.

For each of the two families, genomic DNA from the proband and one parent underwent whole
exome sequencing (WES) using Novogene (Sacramento, CA, USA) and the Agilent (Santa
Clara, CA, USA) SureSelect Human All Exon V6 Kit. An evaluation of a compilation of
thyroid genes linked to thyroid disorders was conducted, and potential mutations associated
with the observed phenotype were identified based on predicted functional scores, allele
frequency, and zygosity. Subsequently, genomic DNA from all available family members was
subjected to analysis and confirmation through Sanger sequencing (Genewiz, Abi 3730x]1 DNA
Analyzer) to validate the WES results and establish the genotype of all sampled family

members. Identified variants underwent further scrutiny through in silico prediction scores.

The measurement of MIT and DIT in serum and urine was executed using the aforementioned
pre-analytical procedure and HPLC-MS/MS method, while iodine quantification employed the
Sandell-Kolthoff method. All the other aforementioned and miscellaneous tests performed on
these samples were executed outside of our laboratory, so further details will not be elucidated

here but are available in the dedicated section of the referenced article®>.
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7.5 Further investigations on TH-related metabolism with molecular biology techniques

During my PhD, in the exploration of thyroid metabolism, I had the chance to integrate various
molecular biology techniques to enhance our understanding of the intricate processes at the
molecular level, thereby better corroborating and contextualizing our HPLC-MS/MS results in
our studies. By employing methodologies such as polymerase chain reaction (PCR),
immunofluorescence, and behavioural tests, we enabled a deeper investigation into the genetic
and morphological aspects underlying thyroid function. These techniques provided crucial
insights into the expression patterns of genes involved in TH synthesis and regulation.
Furthermore, the application of Western blotting allowed for the quantification of specific
proteins associated with thyroid metabolism. Integrating these molecular biology techniques
with the HPLC-MS/MS analysis of diverse samples facilitated a comprehensive interpretation
of the results. This synergistic approach not only broadened the scope of thyroid research but
also contributed to a more nuanced comprehension of the molecular mechanisms governing
TH dynamics. The techniques personally executed are well described below, while those
outside my knowledge field and experience are briefly introduced for the sake of the
comprehension of the results' interpretation but can be further explored in the referenced

articleSZ6O,2637265 )

7.5.1 Immunofluorescence analysis for hippocampal neurogenesis

To assess neurogenesis in the SGZ of the dentate gyrus, immunofluorescence for specific
markers was performed: Ki67 for cell proliferation and doublecortin (DCX) for new-born Type
2b and Type 3 neuroblasts. Animals (n=4 for each group) were anesthetized and transcardially
perfused with a 4% paraformaldehyde solution. Brains were removed, cryoconserved using
30% sucrose and stored at -80 °C. Coronal sections, 10 um each, were cut using a cryostat
(Leica CM3050 S, Leica Biosystems) at 180 um intervals across the hippocampus, between -

1.28 mm and - 2.92 mm from bregma.
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Figure 27. (A) Hippocampal coronal sections (Allen Brain Atlas). (B) Sagittal view of the hippocampus
showing Bregma (0 coordinate) and the regions of cut (Paxinos, George, and Keith B.J. Franklin). (C) Coronal
view of the dentate gyrus, bright green = dorsal part of the Dentate Gyrus (adapted from Allen Brain Atlas).

Then, hippocampal slices from 4 successive sections (between -1.82 mm and -2.36 mm) were
mounted onto polarized slides and processed. Antigen retrieval was obtained through three 1-
min immersions in sodium citrate pH 6.0 at 85 °C. Slides were hydrated using a Phosphate
Buffer Saline (PBS, Sigma Aldrich-Merck, St. Louis, MO, USA) for 20 min at RT and washed
twice using 0.3% Triton™ X-100 (Sigma Aldrich-Merck, St. Louis, MO, USA) in PBS.
Following a one-hour blocking step using 5% BSA and 0,5% Triton™ X-100 solution in PBS,
at RT, and two more washing steps, hippocampal slices were incubated with anti-Ki67 (Rat
monoclonal, Invitrogen, USA, #14569880) (1:500) and anti-DCX (Rabbit, Abcam, UK,
#Ab18723) (1:800) primary antibodies (dissolved in 0.1% BSA, 0.1% Triton™ X-100 in PBS

solution) at 4 °C overnight.

DAY 1

ANTIGEN RETRIEVAL
3 immersions of 1 minute each

oo i S HYDRATION 2x WASHING
ih fes) in Sod
O e ot 6.0 o G PBS 1X for 20 minutes, RT 0,3 % Triton in PBS 1X for
) i O O @ » 5 minutes. RT

% o

INCUBATION with Ki67 (Rat,
1:500) and DCX (Rabbit, 1:800)
primary antiboedies at 4°C

= I
5% Bov?nI;oS(;fJ:WGAlbumin 2x WASHING overnight, maintaining the slides
— (BSA) and 0,5 % Triton j — 0,3 % Triton in PBS 1X for —) in a constant humidified setting
solution at RT (1hr) ] 5 minutes, RT

\ , \ / \ /
< < 1
Figure 28. Graphical representation of the immunofluorescence staining procedure (dayl) for the analysis of

neurogenetic markers in SGZ (created on Biorender.com).
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After washing, slides were incubated for 2 h at RT, in the dark, with the corresponding Goat
anti-rat Alexa 488-conjugated (1:1000, Invitrogen, USA, #A11006) and Donkey anti-rabbit
Alexa 647-conjugated (1:1000, Abcam, UK, #Ab150075) secondary antibodies (dissolved in
1% BSA and 0.1% Triton™ X-100 in PBS). Two last washing steps were performed before
mounting the slices with a Fluoroshield™ mounting medium containing DAPI (Abcam, UK,
#Ab104139) for staining nuclei. Images were captured using a Leica TCS SP8 Laser Scanning
Confocal Microscope (Leica Microsystems, Mannheim, Germany) and analysis was performed
using Fiji software v. 2.9.0. The number of DCX+ cells obtained from 4 coronal sections (-1.82

mm to -2.36 mm from bregma) have been added to obtain a single estimate per mouse.

DAY 2 INCUBATION with correspondent secondary antibody: Goat

anti-rat Alexa 488-conjugated 1:1000 and Donkey
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Figure 29. Graphical representation of the immunofluorescence staining procedure (day?2) for the analysis of

neurogenetic markers in SGZ (created on Biorender.com).

7.5.2 Gene expression analysis of neurogenetic markers

Hippocampi were dissected (n=4 for euthyroid and L-T4 group, n=5 for hypothyroid group,
n=6 for T1AM group and n=7 for L-T4 + T1AM group) and homogenized in 1 mL TRIzol™
Reagent (ThermoFisher Scientific, USA) using a rotor-stator homogenizer (TissueRuptor 11,
QIAGEN, Germany). RNA was isolated according to the manufacturer’s instructions. RNA
yield was determined with the Qubit™ RNA BR (Broad-Range) Assay Kit in the Qubit
Fluorometer (ThermoFisher Scientific, USA). RNA samples (ng) were used for DNase
digestion and retrotranscription, using the iScript Clear cDNA Synthesis kit (Bio-Rad, USA).
qPCR analysis was performed using PrimePCR™ “Neurogenesis Tier 1 M96” collection panel
(Bio-Rad, USA), a predesigned 96-well PCR plate containing primer sets for 88 gene targets
involved in neurogenesis pathway for use with SYBR® Green on a CFX Connect Real Time

System (Bio-Rad, USA).
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1 2 3 4 5 6 7 8 9 10 11 12

A |Akt1 |Bmp2 (Ctnnbl [Epo  |Gdnf |Igflr |Mapk8 Nfkb1  |[Ntrk2  Rein  |Sox2 |Tbp

B |Ak#2 |Bmp4 Cxcli2 |Esrl |Gfap |Jak2  |Mapt Ngf Ntrk3  |Rest  |Src Gapdh

C |Akt3 |Casp3 |Cxcrd |Esr2 |Gsk3b |Kdr  |Met Ngfr Pax6 Ret Stat3 |Hprt

D |Apoe |Cd44 Dcx Fef2  |Hesl |Kit Neaml  |Notchl |Pdgfra |Rhoa |Tgfbl |gDNA

E |App |Cdks DIl Fefrl Hifla |LIcam |Nes Nr3c1 |Proml |S100b |Th PCR

F |Ascl |Cnrl Egf Fefr2 | Hrasl |Lep Neurodl |Nrgl  \Psenl  \Shh  |Trp53 |RO1

G |Bcl2 |Cntf |Egfr Foxgl |[Ifng  Mapkl |Neurogl |N#f3 Pten Smadd Vegfa RQ2

H |[Bdnf |Crebl Ephb2 |Gap43 |Igf1 Mapk3 |Neurog2 |Ntrkl  |RbI1 Sodl |Wntl RT

Figure 30. Predesigned 96-well PrimePCR™ “Neurogenesis Tier 1 M96” collection panel (Bio-Rad, USA)

containing primer sets for 88 gene targets involved in neurogenesis pathway (created on Microsoft Word 365).

Ct values > 35 were considered as no expression. Fold change calculation by AACt method?%

was performed with the CFX Maestro™ Software (Bio-Rad, USA), using all the three
reference genes of the panel for normalization: TATA-binding protein (7bp), glyceraldehyde-
3-phosphate dehydrogenase (Gadph) and Hypoxanthine-guanine phosphoribosyltransferase
(Hprtl). The normalized expression for each target gene was scaled by dividing the expression
level of each sample by the geometric mean level of expression of all the samples. The
expression of each sample per experimental group was averaged together to determine the

weighted average of each group.

7.5.3 Behavioural tests for hypothyroidism effects investigation

Performances at memory, locomotion, anxiety-, and depression-related tasks in response to
different replacement strategies were monitored using the following behavioural tests: Elevated
Plus Maze (EPM, for primary and secondary anxiety), Open Field Test (OF, locomotor activity
and associated anxiety), ORT (hippocampus-dependent memory), Tail Suspension Test (TST,
depression). Before testing, mice were daily habituated to experimental handling for 10 min.
Over the last 3 consecutive days before the experiment, mice were individually habituated for
one hour to the testing room. Behavioural tests were performed at the end of the replacement
treatment with ALZET® osmotic pumps. After each session, the behavioural test area was
cleaned thoroughly with ethanol 5% and left to dry completely. Mouse behaviour was

monitored and recorded through a camera positioned above the apparatus.
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Since the behavioural tests were not personally conducted for this project, additional details
regarding the dynamics of the test apparatus for each experiment will not be discussed here.

Any other relevant information can be found in the referenced article?*.

7.5.4 Electroretinography and Immunofluorescence analysis in db/db mice

The mice underwent an electroretinogram (ERG) recording protocol, encompassing an
examination of the rod pathway through scotopic ERG (scERG), an assessment of the cone
pathway using photopic ERG (phERG), and an evaluation of retinal ganglion cell (RGC)
activity via pattern ERG (PERG). Glial activation was appraised by analysing glial fibrillary
acidic protein (GFAP) immunofluorescence in Miiller cells, a phenomenon known as reactive
gliosis, commonly associated with certain chronic conditions like DR?%’. Comprehensive

details for both techniques can be found in the referenced article?®>.

7.5.5 MIO-M1 cell culture, mRNA and miRNA genetic analysis and oxidative stress tests in the

diabetic retinopathy context

In vitro experiments utilized MIO-M1 cells, generously supplied by Dr. Gloria Astrid Limb
from the Division of Ocular Biology and Therapeutics at the UCL Institute of Ophthalmology
in London, UK. MIO-M1 represents a spontaneously immortalized human Miiller cell line,
preserving the morphological characteristics, marker expression, and electrophysiological
responses akin to primary isolated Miiller cells in a cultured environment. Both cells extracts
and retinas were used for RNA/miRNA extraction and analysis, as well as for oxidative stress
tests evaluating oxygen reactive species (ROS) by flow cytometry. Again, since these tests and
techniques fall outside the scope of my professional expertise, they will not be discussed in

265

detail within this chapter. However, all details can be found in the referenced article”™, while

the results will be further discussed in the next chapter of this thesis.
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Results



8.1 Generation of a pharmacologically induced model of hypothyroidism

Hypothyroidism was induced in a cohort of 65 male C57BL/6J mice aged six weeks. The
alterations in BW over the experimental period are illustrated in Figure 31. Control euthyroid
mice initiated the study with an average BW of 21.38 = 0.45 g on day 0, experiencing an
increase to 25.88 + 0.46 g over the subsequent 3 weeks. In contrast, hypothyroid mice exhibited
a less pronounced change in BW, transitioning from 22.48 + 0.18 g to 23.89 + 0.18 g. A two-
way ANOVA analysis revealed a significant interaction between treatment and time on BW.
Hypothyroid mice treated with L-T4 (final BW: 26.46 +£ 0.42 g) and L-T4 + TIAM (final BW:
26.79 £ 0.45 g) partially regained BW, while T1AM-treated (final BW: 25.58 + 0.45 g) and
untreated hypothyroid mice (final BW: 26.0 £ 0.49 g) maintained significantly lower BW
compared to euthyroid mice (final BW: 27.79 + 0.46 g). Post-hoc tests using Tukey's method
revealed that, starting from week 5 (corresponding to the second week of replacement
treatment), euthyroid and T1AM-treated mice exhibited significant differences in BW and
remained significantly different throughout weeks 6 and 7. Significant differences in BWs

between euthyroid and hypothyroid mice appeared at week 6.
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Figure 31. Body weight changes throughout the induction period of hypothyroidism. Two-way ANOVA
testing the effect of treatment, time and their interaction and Tukey’s post-hoc comparison were used to test
differences between the groups (* p < 0.05, ** p <0.01, *** p < 0.001) (adapted from Rutigliano G, at al.
2023264,

8.1.1 T3 and T4 serum quantification

Hypothyroid mice displayed significantly lower T4 levels compared to euthyroid conditions
(2.53 £ 0.12 ng/mL and 32.77 + 1.48 ng/mL, Figure 32). Treatment with L-T4 and the
combination of L-T4 + T1AM significantly restored T4 serum levels to the euthyroid state
(38.92 £ 10.49 ng/mL and 38.88 + 6.13 ng/mL). However, animals treated with T1AM showed
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serum T4 levels overlapping with hypothyroid mice (3.40 = 1.01 ng/mL). No significant

differences in T3 levels were observed among the treatment groups.
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Figure 32. Serum T3 and T4 levels in the five treatment groups. ANOVA and Tukey’s multiple comparison
were used to test differences between the groups (** p < 0.01, *** p <0.001, n.s. not significant) (adapted from

Rutigliano G, at al. 20232%4),

8.1.2 Behavioural tests results

Regarding behavioural tests, conducted by Dr. Grazia Rutigliano, unpaired t-tests (in the EPM)
indicated a significantly lower number of stretch-attend postures (SAP)?**27% in hypothyroid
mice compared to euthyroid mice, indicating reduced risk-assessment behaviours in the

hypothyroid condition (Figure 33).
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Figure 33. Risk-assessment and decision-making behaviours. ANOVA and Tukey’s multiple comparison test
were used to evidence eventual significant differences between the different groups (** p < 0.01) (adapted from

Rutigliano G, at al. 2023264),
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A significant reduction in the number of entries into closed arms, a measure of spontaneous
locomotion, was also observed in hypothyroid relative to euthyroid mice, although this did not
survive Bonferroni correction. One-way ANOVAs did not reveal significant differences in
primary anxiety-related behaviours, secondary anxiety-related behaviours, or decision-making
and risk-assessment measures between treatment conditions. Visual inspection of the plot
suggested that the number of SAP returned to normal in mice treated with L-T4, either alone
or in combination with TIAM, while intermediate average values were recorded in mice
receiving TIAM only. No significant differences in spontaneous locomotor activity and
thigmotaxis among the experimental groups were observed. Measures of % immobility time,
indicative of depression-related behaviour, did not significantly differ across the five groups.
However, hypothyroid mice exhibited impaired hippocampus-dependent memory compared to
euthyroid mice, as evidenced by significantly lower discrimination indices (DIs) in the ORT
(DI: hypothyroid: 0.02 + 0.09; euthyroid: 0.29 + 0.06) (Figure 34). One-way ANOVA showed
a globally significant effect among the five experimental groups. Post-hoc tests identified a
significant difference between hypothyroid mice and those treated with L-T4+T1AM (mean
diff.=-0.31). Visual inspection of the DI suggested a nearly complete recovery of hippocampus-
dependent memory in L-T4-treated mice relative to hypothyroid mice. The DI overlapped with
the hypothyroid condition in TIAM-treated mice (DI: - 0.01 £ 0.10). One-sample t-tests
comparing DIs of the five groups to a hypothetical value of 0 (no discrimination of the novel
vs. familiar object) revealed significant divergence from 0 in euthyroid (t = 4.82, p < 0.001),
L-T4-treated (t = 3.53, p < 0.01), and L-T4 + T1AM-treated (t = 4.04, p < 0.01) mice,

confirming preserved memory in these groups.
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Figure 34. Effect of hypothyroidism and different replacement treatments on memory. (A) Graphical
representation of the apparatus used for the novel object recognition test (ORT). (B) One sample t-test
comparing Dis in the five treatment groups. A t-test comparing DIs of the five experimental groups was

performed (** p <0.01, *** p <0.001, n.s. not significant) (adapted from Rutigliano G, at al. 2023%6%).
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8.1.3 The impact of different replacement therapies on neurogenesis and neurogenetic

pathways

In our adult-onset hypothyroidism model lasting 49 days, there was a 20% reduction in the
number of DCX+ newly generated cells (mean diff=-53.50+£23.81). One-way ANOVA revealed
a trend toward a globally significant effect of treatment (Figure 35). Pairwise comparisons with
Bonferroni correction demonstrated that L-T4 treatment increased the number of cells by
45.58% (mean diff = 106.9+21.40), while L-T4 + T1AM treatment produced a 60.44% increase
(mean diff=141.6+31.91), corresponding to a 30.61% rebound relative to euthyroidism (mean
diff=88.13+£36.99). Replacement treatments with TIAM showed no significant effect per se
(mean diff=72.13+58.84). These results confirm the crucial role of L-T4 as an endocrine signal
controlling progenitor development within neurogenic niches, while TIAM exhibited no

significant effects on adult hippocampal neurogenesis modulation.

Euthyroid Hypothyroid

DCX+ cells

L-T4 + T1AM

Figure 35. The effect of different replacement treatments on hippocampal neurogenesis. (left) Representative
confocal microscopy images of sections illustrating immunofluorescence of DCX+ (red) and Ki67+ (green).
DAPI was used to counterstain nuclei (blue). The arrows point at proliferating cells, and the arrowheads point at
some neuroblast neurites. Scale bars 20 um. DCX+ cell count (right). Each point represents the sum of DCX+
cells from four coronal sections taken across the hippocampus of a single mouse. t-test pair-wise comparisons
were performed to test the differences between L-T4+T1AM and either L-T4 or TIAM (** p <0.01, n.s. not
significant) (adapted from Rutigliano G, at al. 20232%%).
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In the qPCR analysis, we observed differentially expressed genes in neurogenetic pathways
(Figure 36). One-way ANOVA revealed a significant effect of treatment on the expression of
Kdr, Llcam , Mapk3 , and Neurog?2. A trend towards an effect of treatment was observed for
Ngf, Kit, and Ntf3. Pairwise comparisons with Bonferroni correction showed that Mapk3 and
Neurog2 were significantly upregulated in L-T4+T1AM-treated relative to L-T4-treated mice,
with non-significant differences between L-T4+T1AM and T1AM, suggesting that changes in

gene expression could be induced by TIAM on its own.
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Figure 36. Analysis of expression of genes involved in neurogenetic pathways. One-way ANOVA showed
significant between-treatment differences in gene expression (§ p < 0.05). t-test pair-wise comparisons were
performed to test the differences between L-T4+T1AM and either L-T4 or TIAM (** p <0.01, n.s. not
significant) (adapted from Rutigliano G, at al. 20232%%)..
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8.2 Visually impaired db/db mice does not show alteration in plasma TH

The glycaemic alteration found in db/db mice, displaying blood sugar concentration levels of
around 500 mg/mL, did not show a correlation with fluctuations in circulating TH levels.
Specifically, neither plasma T3 nor T4 levels were significantly affected in db/db mice (Figure
37).
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Figure 37. Blood glucose levels (A) and plasma concentrations of T3 (B) and of T4 (C) evaluated with mass
spectrometry in db/db mice in respect control mice. ***p < 0.001 vs. control (adapted from Forini F. et al.

2023265)

The electroretinographic routine, conducted by our colleagues at the National Research
Council and the Department of Biology of the University of Pisa, aimed to assess retinal
function, covering dark- and light-adapted activities of photoreceptors, post-receptor retina,
and retinal ganglion cells (RGCs). The analysis of dark-adapted scERG showed a notable
reduction in db/db mice compared to controls, affecting both photoreceptor-related a-wave
amplitude and dark-adapted post-receptor b-wave amplitude. Beyond dark-adapted changes,
db/db mice exhibited altered light-adapted phERG responses related to cone-mediated retinal
activity, showing significant decreases in post-receptor phERG b-wave and RGC-related PANR
amplitudes compared to controls. These changes in receptor and post-receptor activities in
db/db mice were reflected in impaired RGC activity, as assessed by PERG, with significant
alterations in both n35-p50 and p50-n95 components compared to controls (data not shown,

see referenced article?”).

In addition to changes in retinal function, Forini and her team members highlighted a distinct
pattern of GFAP immunofluorescence in the retinas of control and db/db mice. GFAP
immunofluorescence in control retinas was limited to astrocytes within the ganglion cell layer,
while in db/db mouse retinas, it labelled the processes of numerous Miiller cells, which

typically extended throughout the retinal thickness. (Figure 38.D-E) The levels of two major
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markers of oxidative stress and inflammation, Nrf2 and NF-kB, were investigated. Nrf2 is a
redox-sensitive transcription factor that, in response to increased free radicals, enters the cell
nucleus, and promotes the transcription of antioxidant genes?’!. On the other hand, NF-kB is
an oxidant-sensitive transcription factor that regulates the expression of genes involved in
inflammatory responses?’2, and the ratio of phosphorylated NF-kB (pNF-kB) to NF-kB levels
can serve as an index of pro-inflammatory activity. Nrf2 protein levels were significantly
elevated in db/db mouse retinas compared to controls, indicating high levels of oxidative stress.
Simultaneously, db/db mouse retinas exhibited a higher pNF-kB/NF-kB ratio than control
retinas, indicating increased pro-inflammatory activity (Figure 38.A-B). The increased levels
of oxidative stress and inflammatory markers in db/db retinas were associated with
characteristic features of DR, such as overproduction of VEGF and damage to the blood-retinal
barrier (BRB). qPCR (Figure 38.C) data revealed significantly higher expression of VEGF
mRNA and lower expression of zona occludens 1 (ZOI), a protein of the tight junction

expressed in the BRB, in db/db retinas compared to control retinas.
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Figure 38. (A) and (B) show the immunoreactive bands and the protein levels, relative to control, of Nrf2 and
of pNF-kB/NF-kB, respectively. B-Actin was used as an internal standard. (C) shows the mRNA levels, relative
to control, of VEGF and of zona occludens 1 (ZO/) mRNA, respectively. (D-E) GFAP immunostaining patterns
in control and db/db retinas, respectively (scale bar, 50 um). GCL, ganglion cell layer; INL, inner nuclear layer;
IPL, inner plexiform layer; OPL, outer plexiform layer.***p < 0.001 vs control (adapted from Forini F. et al.
202326%),
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8.2.1 Diabetes leads to notable alterations in TH levels and markers associated with TH

signalling in the retina

The concentrations of TH measured in the retina revealed significant reductions in db/db retinas
compared to control retinas. The levels of T3 were 3.04 = 0.39 pmol/g, whereas they were 4.43
+ (.52 pmol/g in control retinas. Similarly, T4 levels in db/db retinas were 2.88 + 0.30 pmol/g,
significantly lower than the 11.45 + 1.18 pmol/g observed in control retinas (Figure 39.A-B).
These substantial alterations in T3 and T4 concentrations in db/db retinas were likely
influenced by changes in the expression of deiodinase enzymes, specifically DIO2 and DIO3.
As it was predictable from the investigations of my peers, relative qPCR analysis (Figure 39.C-
E) indicated a dramatic reduction in D/O2 mRNA expression and a significant increase in DIO3
mRNA expression in db/db retinas compared to controls. Consequently, the DIO3/DIO2
mRNA ratio was also increased. At the protein level, DIO2 showed a significant decrease in
db/db retinas, although to a lesser extent than observed at the mRNA level. Conversely, DIO3
protein levels and the DIO3/DIO2 protein ratio were significantly increased (Figure 40.F-H).
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Figure 39. TH levels and deiodinase enzyme expression in retinas. **p < 0.01, ***p <0.001 vs control

(adapted from Forini F. et al. 20232%).
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Figure 40. Western blots showing immunoreactive bands and protein levels of DIO2 and DIO3 are in (F) and

(G), respectively, while the ratio DIO3/DIO2 protein is shown in (H). *p < 0.05, ***p < 0.001 vs control
(adapted from Forini F. et al. 20232%).

Receptors THRol and THRp2 exhibited significant decreases in expression in db/db retinas

compared to control retinas, both at the mRNA and protein levels. However, the ratios of

THRol/THRB2 mRNA and THRal/THR2 protein were not significantly different between

control and db/db retinas (Figure 41).
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Figure 41. (A-C) THR expression in retinas of db/db mice compared wild type mice (control). (D-E) Western
blots analysis of THRo and THRB. *p < 0.05, **p <0.01, ***p < 0.001 vs control (adapted from Forini F. ef al.

2023265),
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8.2.2 Genetic and functional insights of db/db mice

Our collaborators further analysed the expression of miR-133a, miR-338, and miR-29c¢ in the
retinas of db/db mice, as these microRNAs are influenced by TH and are known to respond to

stress and T3 replacement!'®?

. All three miRNAs were noticeably decreased in db/db mouse
retinas compared to controls. Additionally, markers related to TH activity and mitochondrial
function as PGC-1a, a key regulator of mitochondrial biogenesis and metabolic balance, CP72,
an enzyme crucial for fatty acid oxidation in mitochondria, and MFN2, a GTPase involved in
mitochondrial dynamics and quality control, along with MFNI and OPAI**7*"°, showed

significantly reduced transcripts in db/db retinas compared to controls (Figure 42).
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Figure 42. (A-C) Expression of miRNAs and of markers of mitochondrial function in retinas. **p <0.01, ***p

<0.001 vs control (adapted from Forini F. et al. 20232%).

In order to examine the potential mechanisms associated with TH signalling in both the normal
and diseased retina, in vitro experiments were conducted by our co-partners in this study using
MIO-MI cells as the experimental model. The objective was to validate our in vivo findings
by confirming the impact of high glucose (HG) exposure on triggering a stress response and
influencing DIO enzymes. The investigation involved assessing the levels of oxidative stress,

VEGF expression, and DIO2 and DIO3 levels in cells exposed to HG. As anticipated, a 24-
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hour HG treatment resulted in heightened production of ROS and increased VEGF levels in
MIO-M1 cells (data not shown, see referenced article?®®). Consistent with the findings from
the in vivo study, both 24 and 72 hours of HG exposure led to a significant reduction in DIO2
expression and an elevation in DIO3, at both the genetic and protein levels. Previous research
conducted on non-retinal tissues suggests that D/O3 may be upregulated through a HIF-1a-
dependent pathway under stressful conditions?’®. Furthermore, experimental evidence indicates
that oxidative stress may activate HIF-1a via Nrf2, potentially involving the expression of
heme oxygenase-1 (HO-1)!"°. To investigate this signalling cascade in MIO-M1 cells, an
examination was carried out to determine whether inhibiting HIF-1a or Nrf2 could prevent the
upregulation of D/O3 induced by HG exposure for 24 hours. The results demonstrate that co-
treatment with either the HIF-1 inhibitor ACF or the Nrf2 inhibitor K67 effectively prevented
the HG-induced increase in DIO3 expression (Figure 43).
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Figure 43. (A-B) Immunoreactive bands and protein levels of DIO2 and DIO3 evaluated with Western blotting

in MIO-M1 cells incubated in normal (5.5 mM) or high (25.0 mM) glucose for 24 or for 72 h. (C) DIO3 mRNA

expression in MIO-M1 cells incubated for 24 h in normal (5.5 mM) or high (25.0 mM) glucose with or without

5 uM ACF, a HIF inhibitor, or 5 uM K67, a Nrf2 inhibitor. *p < 0.05, **p < 0.01 vs 5.5 mM glucose; ##p < 0.01
vs 25.0 mM glucose (adapted from Forini F. et al. 20232%).

Eventually, to explore the relationship between T3-dependent miRNAs (miR-133a, miR-338,
miR-29c) and DIO3 expression in db/db mice, additional in silico and in vitro experiments were
conducted outside our laboratory. The in-silico analysis predicted miR-338 as a potential
inhibitor of DIO3 mRNA, and miR-133a was previously confirmed to regulate DIO3
expression through a 3'UTR-dependent mechanism?’’. In MIO-M1 cells, miR-133a mimic
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decreased DIO3 expression, while miR-338 had no effect in luciferase reporter assays.
Furthermore, miR-133a mimic reduced DIO3 transcript levels, and its inhibition increased
them, showing a role in T3-induced D/O3 downregulation. T3 treatment also decreased DI/O3
mRNA, partially prevented by co-administration with miR-133a decoy. In an experiment
mimicking early diabetic retinopathy, stress markers (Nrf2 and VEGF) increased in HG + T3,
normalized in HG-T3, and rose again in HG-T3 + T3. Mitochondrial markers (PGC-/o and
CPT2) followed a similar pattern. The experimental groups included a control, hyperglycaemia
with T3 (HG + T3), early LT3S (HG-T3), and T3 replacement (HG-T3 + T3). This scenario
replicates early diabetic retinopathy and MIO-M1 responses to T3 correction. More images and
graphical data regarding the latter aforementioned experiments can be retrieved in the

265

referenced article®® and, since the fall out of the personal knowledge, will be not further

discussed here.
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8.3 Characterization of Dehall KO mice

The Dehall KO mouse, generated using gene-trap technology, produces a recombinant protein
(trDehal1-BG) consisting of a truncated DEHALI protein and the B-galactosidase enzyme
under the control of the endogenous DEHAL promoter. Both heterozygous and homozygous
Dehall KO mice were successfully bred. Homozygous mice lacked wild-type Dehall RNA
and protein in their thyroids. The endogenous promoter driving trDehal1--Gal expression was
examined in the developing thyroid, kidney, and liver, with X-Gal labelling revealing activity
in these tissues?’®2”°. Immunoreactivity for p-Gal was observed in thyrocytes, kidney tubules,
liver hepatocytes, and choroid plexus cells in adult Dehall KO mice. Dehall RNA exhibited
the highest expression in the thyroid, suggesting potential additional functions. In response to
iodine deficiency, Dehall mRNA levels increased 2- and 3.5-fold in the thyroid under mild and
severe iodine-restricted diets, respectively, while no significant changes were observed in the
kidneys or liver. These findings emphasize the primary role of DEHALT in maintaining iodine

homeostasis in the thyroid. Further detailed information is available at the referenced article*®°.

8.3.1 HPLC-MS/MS method validation and application

HPLC-MS/MS techniques are commonly utilized for the analysis of TH in diverse sample
matrices. However, these methods often fall short in allowing the simultaneous quantification
of TH and their precursors, MIT, and DIT. The scrutiny of iodotyrosines, especially in urine
and plasma, has been the subject of extensive discourse. In 2008, Afink ef al. introduced a
distinctive HPLC-MS/MS method capable of exclusively detecting MIT and DIT in urine?!%2%°,
In our proposed methodology, samples undergo derivatization using a butanolic HCI solution,
leading to the formation of corresponding butyl esters. This widely employed derivatization
technique in TH analysis contributes to an augmented S/N ratio by enhancing in-source
ionization efficiency and fostering interaction with the C18 reverse-phase column***?, An
inherent limitation of Afink et al.'s method is its reliance on 3-chloro-L-tyrosine as IS for
quantifying MIT and DIT, given the unavailability of stable isotope-labelled IS for these
compounds. In our approach, we overcame this limitation by utilizing stable isotope-labelled
MIT and DIT molecules (*Co-MIT and '3Co-DIT) graciously provided by Prof. Alireza Mani.
The inclusion of a suitable IS for each compound, co-eluting with the analytes, proves
beneficial for signal normalization and effectively mitigating matrix effects. In the analysis of
urine, our exclusive focus was on MIT and DIT due to the comparatively low or nearly absent

levels of T3 and T4 in this biofluid.
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Representative traces and specific retention times of T3, T4, MIT and DIT from standard

solutions were achieved and are illustrated in Figure 44. Each compound exhibited three traces,

each corresponding to a specific multiple reaction monitoring transition (MRM) in Table 6 in

the Materials and Methods section: the one possessing the higher signal to noise ratio was used

for quantification (quantifier, Q, as shown in Figure 44) of the analyte, while the others, which

are representative of the specific analyte structure, confirmed its identity (qualifier, q).

Retention time further confirmed the peak correspondence.
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Figure 44. Representative chromatogram of derivatized MIT, DIT, T3 and T4. For each analyte the illustrated

trace is the one considered for quantification as it possesses the highest S/N ratio (extracted and obtained from

Sciex Analyst software v. 1.7.3).

These features demonstrated excellent specificity and sensitivity (LOD and LOQ values) of the

HPLC-MS/MS method for the quantification of TH and their precursors.

Analyte
MIT-C4Ho
DIT-C4Ho

T3-C4Ho

T4-C4Ho

L
ng/mL
0.05
0.02
0.01
0.01

OD

nM
0.14
0.04
0.01
0.02

LOQ
ng/mL | nM
0.10 | 0.28
0.10 | 0.20
0.02 | 0.03
0.05 | 0.06

Table 7. LOQ and LOD of the analytical method.
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Linearity resulted > 0.998 for each analyte. Recovery, matrix effect, and methodological inter-
day and intra-day accuracy was in the optimal range of 85-115%, which is following the
European Medicines Agency guidelines?®>  (Table 8). Precision for all the injected
concentration levels demonstrated values in the range of 3.68-11.30 % and 2.85-10.36 %,
respectively. Re-analysis of samples after storage showed no degradation of analytes or their

relative internal standards, thus confirming the stability of our protocol.

Plasma Urine
Analyte Recovery (%) | Matrix effect (%) | Recovery (%) | Matrix effect (%)
13Co-MIT-C4Hy 84.4 78.9 84.6 105.0
13Co-DIT-C4Ho 94.1 112.2 87.2 107.3
PCe-T3-C4Ho 76.2 99.6
PCe-T4-C4Ho 63.8 81.0
Plasma Urine
Analyte Spiked Assayed | Accuracy | Spiked | Assayed | Accuracy
(ng/mL) (ng/mL) (%) (ng/mL) | (ng/mL) (%)
MIT-C4Ho 2.50 2.77 110.8 2.50 2.18 87.3
10.00 10.18 101.8 10.00 10.83 108.3
50.00 49.16 98.3 50.00 53.93 107.8
DIT-C4Ho 2.50 2.30 92.2 2.50 2.65 106.1
10.00 9.81 98.1 10.00 11.19 111.9
50.00 48.56 97.1 50.00 62.50 124.9
T3-C4Ho 2.50 2.28 91.2
10.00 9.78 97.8
50.00 52.28 104.6
T4-C4Hy 2.50 2.60 104.0
10.00 10.35 103.5
50.00 46.50 93.0

Table 8. Recovery, matrix effect and accuracies of the analytical method. For accuracies, The assayed

concentration was obtained by subtracting the endogenous concentration to the spiked concentration.
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Before analyzing the whole set of samples, the method has been tested and used for the
quantification of MIT, DIT and TH in plasma and urines from a pilot experiment. The findings
presented in Figure 45 are indicative of impaired DEHALL activity, as evidenced by a general
elevation in MIT and DIT levels in the plasma and urine of KO mice compared to WT. In KO
samples, the inability of DEHAL1 to remove iodine from MIT and DIT led to an accumulation
of these molecules in plasma, coupled with an increased excretion of both through urine.
Conversely, under normal dietary iodine conditions, the thyroid maintained the synthesis of
TH, resulting in no statistically significant differences in their levels between WT and KO mice

(data not shown).
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Figure 45. MIT, DIT levels in mice plasma (A) and urine (B) samples from the pilot experiment (WT n=5, KO
n=3) (created using Graph Pad Prism v.8).

The method yielded favourable outcomes in terms of robustness, accuracy, and selectivity,

proving to be successful and usable in our research projects.

8.3.2 Dehall KO mice experience an adverse iodine balance caused by the urinary loss of

iodotyrosines

In adult Dehall KO mice fed an iodine-sufficient diet (NID), normal plasma concentrations of
TSH, T4, and T3 were observed (Figure 46). A striking finding emerged as they exhibited a
ten-fold increase in plasma levels of MIT and DIT compared to their WT counterparts. The

elevation in urinary MIT and DIT was even more pronounced, reaching a thirty-fold increase

100



in KO mice compared to WT (Figure 46). This significant disparity in both plasma and urine
iodotyrosines levels highlights their potential as highly discriminatory indicators to unveil
DEHALLI defects in rodents. Additionally, Dehall KO mice demonstrated nearly double the
amount of iodine excretion in urine, as determined by the Sandell-Kolthoff (S-K) method,

compared to WT mice (Figure 46).
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Figure 46. Plasma (pl) TSH, T3, T4, MIT and DIT and urinary (u) concentrations of MIT, DIT, and iodine
(UIC) in WT vs KO were determined using radioimmunoassay, HPLC-MS/MS and Sandell-Kolthoff reaction,
respectively. Results are in mean+SEM (* p<0,05;** p<0,01; *** p<0,005) (adapted from Gonzalez-Guerrero

G, et al. 2023%%0),

Despite both genotypes being provided the same iodine intake, this result suggests that Dehall
KO mice experience a negative iodine balance due to chronic urinary loss of MIT and DIT, and
consequently implies how the S-K method, traditionally assumed to measure only inorganic
(dietary) iodine content in urine, appears to capture the organic iodide present in iodotyrosines.
(for further information see the Supplementary materials of the referenced article®®’). Under
conditions of sufficient iodine supply, Dehall KO mice can maintain euthyroidism despite
having a negative iodine balance. This susceptibility makes them particularly vulnerable to

iodine shortages. Furthermore, this discovery underscores that elevated levels of plasma or
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urinary iodotyrosines serve as reliable markers of iodotyrosines deiodinase deficiency, even in

the presence of iodine sufficiency.

8.3.3 lodotyrosines exhibit elevated levels from an early age in Dehall KO mice

To investigate the concentrations of iodotyrosines in early postnatal life, the levels of MIT and
in the plasma and urine of Dehall KO mice at various developmental stages were meticulously
investigated (Figure 47). The results revealed that, despite both Dehall KO and WT mice
exhibiting comparable levels of plasma TSH, T3 and T4 during the neonatal, juvenile, and
young adult stages (data not shown, see referenced article?®®), only the Dehall KO mice
demonstrated a substantial increase in plasma MIT and DIT. This augmentation in
iodotyrosines levels was particularly prominent in the neonatal stage, with Dehall KO pups
exhibiting a more than 10-fold increase compared to their WT counterparts. Furthermore, urine
samples from juvenile and young adult Dehall KO mice displayed a five-fold increase in
iodotyrosines levels compared to WT mice. Of note, the UIC only demonstrated elevation in
Dehall KO mice upon reaching the adult stage. This phenomenon could be attributed to the
functional immaturity of the kidneys in juvenile and neonatal mice, providing iodotyrosines
with a unique advantage in identifying postnatal diseases in a timely manner. These findings
suggest that, even under normal iodine intake, the detection of significantly increased
iodotyrosines in plasma and urine samples from 10-day-old Dehall KO pups, corresponding

to the time of birth in humans, could potentially facilitate early diagnosis of the disorder.
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Figure 47. Plasma (pl) MIT and DIT and urinary (u) concentrations of MIT, DIT, and iodine (UIC), at various
developmental stages, were determined using HPLC-MS/MS and S-K reaction, respectively. Results are in

mean=SEM (* p<0,05;** p<0,01; *** p<0,005) (adapted from Gonzalez-Guerrero G, et al. 2023%),
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8.3.4 Insufficient iodine promptly induces hypothyroidism in Dehall KO mice

The influence of DEHALI on thyroid function in conditions of regulated iodine availability
was examined conducting a study involving adult WT and Dehall KO mice exposed to normal
(NID), low (LID), and very low iodine (VLID) diets over a 28-day duration (Figure 48-50).
The daily iodine intake of mice was 5.6 g, 1 g, and 0.25 g for NID, LID, and VLID, respectively.
Throughout the investigation, multiple parameters were evaluated, including plasma levels
TSH, T3 and T4 along with plasma and urinary iodotyrosines, and urinary UIC at various time
points (day 0, day 1, day 28). The results revealed that under normal and low iodine diets, both
WT and KO mice displayed comparable levels of TSH, T4, and T3. However, Dehall KO mice
exposed to the very low iodine diet exhibited a notable increase in TSH levels and a decline in
T4 and T3 levels, culminating in the development of severe hypothyroidism by day 28. In
contrast, WT mice maintained euthyroid status throughout the study. Notably, the onset of
hypothyroidism in Dehall KO mice was observed as early as day 12. Additionally, there was
a transient surge in T3 levels at day 12 in KO mice, possibly due to preferential T3 synthesis
under iodine-deficient conditions?!. Subsequently, Dehall KO mice experienced a complete

failure of thyroid hormone synthesis, while WT mice sustained normal thyroid function.
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Figure 48. Plasma TSH, T3 and T4 were determined, over a 28-day duration, using radioimmunoassay and
HPLC-MS/MS, respectively. Results are in mean£SEM (* p<0,05;; *** p<0,005) (adapted from Gonzalez-
Guerrero G, et al. 2023%),
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Furthermore, plasma and urinary iodotyrosines levels (Figure 49-50), indicative of iodine
metabolism, were significantly elevated in Dehall KO mice on the NID compared to WT mice.
On the LID, iodotyrosines levels gradually declined in Dehall KO mice but remained higher
than those in WT mice. However, with the VLID, a sharp decrease in iodotyrosines was
observed in Dehall KO mice, resulting in no detectable differences between the genotypes by
the study's conclusion. These results emphasize the critical function of DEHALI in
safeguarding thyroid function and overseeing iodine metabolism, especially in situations of
pronounced iodine insufficiency. The findings highlight the indispensable contribution of
DEHAL1 in maintaining the intricate balance of thyroid hormones and iodine homeostasis,

particularly in the face of severe iodine scarcity.
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Figure 49. Plasma (p) MIT and DIT were determined, over a 28-day duration, using HPLC-MS/MS. Results
are in mean+SEM (** p<0,01; *** p<0,005) (adapted from Gonzalez-Guerrero G, et al. 2023%%0).

The concentrations of iodotyrosines in urine (Figure 50) were found to mirror the changes
observed in plasma, as depicted in Figure 49. However, despite a decreasing trend under iodine
restriction, the levels of MIT/DIT remained significantly higher in Dehall KO mice throughout
the experiment. Interestingly, DIT, which requires two iodine atoms, exhibited a steeper
decrease compared to MIT in Dehall KO mice under very low iodine diets, possibly indicating
the depletion of iodine reserves. Moreover, the UIC was significantly higher in Dehall KO
mice compared to WT mice only under normal iodine diets and low iodine diets, with no
detectable difference between genotypes under very low iodine diets (Figure 50). In conclusion,

our findings demonstrate that DEHALI1-deficient mice are highly sensitive to iodine
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deficiency, leading to the development of severe hypothyroidism in a surprisingly short period
of time. Importantly, the elevated levels of iodotyrosines in the plasma and urine of Dehall KO
mice, even when they are still euthyroid, serve as reliable biomarkers for latent iodotyrosines
dehalogenase deficiency. These biomarkers can anticipate the risk of rapid progression to

severe hypothyroidism in the event of a shortage of external iodine supplies.
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Figure 50. Urinary (u) concentrations of MIT, DIT, and iodine (UIC) were determined, over a 28-day duration,
using HPLC-MS/MS and S-K reaction, respectively. Results are in meantSEM (* p<0,05; *** p<0,005)
(adapted from Gonzalez-Guerrero G, et al. 2023%%0),

105



8.4 Sudanese families pedigrees and description

Family 1: The first family, originating from Western Sudan and depicted in Figure 51, came to
attention in 2017 when the propositus, born to consanguineous parents (first cousins), presented
at the age of 7 years with impaired cognitive function, goiter, elevated TSH, and low serum T4.
Initiation of L-T4 therapy prompted the evaluation of younger siblings, aged 8 and 3 years,
both exhibiting cognitive impairment and goiter. Thyroid function tests confirmed a
hypothyroid state, with classic facial features indicative of hypothyroidism. Serum collected
after 7 days of L-T4 treatment normalized thyroid function tests for the propositus and his
brother, while the younger sister achieved normalization after 6 months. WES on the propositus
and mother identified a mutation in exon 5 (c.835C>T; R279C) of the DEHALI gene. Sanger
sequencing confirmed homozygosity for the mutation in all three siblings and heterozygosity
in the parents. Subsequent to the discovery of the DEHALI (also referred as /YD) gene
mutation, L-T4 supplementation was replaced with Lugol’s iodine, to support iodine intake,
for 4 weeks, ensuring the maintenance of euthyroidism. Upon encountering difficulty in
obtaining Lugol’s iodine, the patients were switched back to L-T4, with continued maintenance

of normal thyroid tests. Spot urine iodine was obtained after restarting L-T4.
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Figure 51. Family 1 pedigree and /YD mutation pattern (adapted from Shareef R. at al. 20232%%).

Family 2: The second family, originating from northern Sudan and illustrated in Figure 52,
came to attention in 2018 when the propositus (II-1), born to consanguineous parents (first
cousins), presented at age 7 and was initiated on L-T4. Incomplete medical notes were
available, but at age 13, he self-discontinued L-T4, experienced well-being with normal thyroid
function tests, and did not resume L-T4 treatment. Siblings II-2 and II-3 exhibited goiter and

were not treated with L-T4, while 11-4, lacking goiter, experienced some lethargy and was
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briefly treated with L-T4. WES conducted on DNA from the propositus, and mother revealed
the same /YD mutation as Family 1 (exon 5; ¢.835C>T; R279C), with subjects II-1, II-3, and
II-4 being homozygous, and the mother (I-2) and a sibling (II-2) heterozygous. Spot urine
iodine was obtained. Blood and urine were collected on two different occasions and sent to
Miami for analysis, revealing consistent normal values for all thyroid function tests and urine
iodine. The identification of an identical mutation in these two families from different parts of
Sudan prompted haplotyping of the gene locus, demonstrating a minimally shared genetic

interval surrounding the mutation of 2.7 megabases.
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Figure 52. Family 2 pedigree (adapted from Shareef R. at al. 2023%%%).

8.4.1 Concentrations of TH and iodothyronines in blood and urine

Serum samples from individuals belonging to Family 1 (Table 9) were subjected to
iodothyronines and iodotyrosines measurements, while both urine and serum samples from
individuals of Family 2 (Table 10) were analysed. The results revealed significantly elevated
levels of serum MIT and DIT in all homozygous individuals compared to the heterozygous
father (I-1), along with slightly higher concentrations of T3 and T4 in the affected subjects. In
Family 2, the affected individuals exhibited markedly elevated levels of serum and urinary MIT
and DIT, but no significant changes were observed in T3 and T4 concentrations. Other
parameters, including TG, TSH, UIC and anti-TG antibodies were recorded and are reported
in the aforementioned tables. It wasn’t easy to have uniform samples and data because patients
were being monitored in Khartoum, and due to the political conditions in Sudan, achieving

optimal patient monitoring has been challenging.
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I-1 | II-1 1I-2 II-3 I-2
Age (at diagnosis) 30 10 11 8 9 3 4 25 26
Treatment - L-T4 L-T4 L-T4 L-T4 L-T4 L-T4 - -
Goiter - + - + - + - - -
TT4 pg/dL (4.5- 9.82 14.6 9.14 17.3 7.94 12.8 10.8 9.95 -
12.5)
TT3 ng/dL (81- 82.5 272 123 408 105 529 125 97.8 -
178)
fT4 ng/dL (0.89- 1.37 2.29 1.53 2.96 1.84 2.18 1.51 1.52 -
1.76)
TSH pUI/mL 3.66 2.07 <0.004 1.78 0.021 18.8 0.576 3.98 -
(0.4-4)
TBG pg/mL (14- 249 41.9 25.5 21.8 15.5 354 29.7 222 -
31
TG ng/mL (1.7- 10.6 849 6.70 5.88 59.9 944 18.7 9.09 -
55.6)
s MIT ng/mL 0.075 2.8 - 6 - 35 - 0.35 -
(0.08-80)
s DIT ng/mL 0.2 0.95 - 8 - 7.5 - 0.6 -
(<0.3)
UIC pg I/L (34- - - 319 - 86 - 65 - 59
523)

Table 9. Family 1 thyroid function tests, and urine iodine values. Values in red are above the limit of normal and

values in blue are below the limit of normal (adapted from Shareef R. at al. 2023%63).

II-1 | II-2 II-3 11-4 I-2
Age (at 22 41 19 15 16 13 14 41 42
diagnosis)
Treatment - - - - - - - - - - - - -
Goiter - + + + + + + - - - - - -
TT4 pg/dL 7.69 8.31 5.73 6.55 6.41 8.19 | 6.57 9.03 | 8.01
TT3 ng/dL 106 156 109 126 109 139 124 83.0 | 96.6
fT4 ng/dL 1.93 1.02 1.09 1.88 1.39 1.2 1.17 2.5 1.23
TSH pUI/mL | 2.23 1.22 1.30 1.94 1.85 222 | 1.86 1.81 | 1.53
TBG pg/mL 12.6 28.3 26.3 13.8 18.6 254 | 19.8 10.6 22
TG ng/mL 40.8 19.0 13.6 0.477 1.21 27.6 | 20.2 124 | 11.7
Tg Ab IU/mL | <20 <20 <20 >3000 | >3000 <20 <20 <20 | <20
s MIT ng/mL 2 3 10 08 1.8
s DIT ng/mL 1.5 1.5 1.5 5 0.4
uMIT/uDIT 7/5 70/110 50/55
(0.8-1.2/0.2-
0.5)
UIC pg I/L 143 91 125 170

Table 10. Family 2 thyroid function tests, and urine iodine values. Values in red are above the limit of normal

and values in blue are below the limit of normal (adapted from Shareef R. at al. 2023%63).
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8.4.2 New interesting insights coming from a third Sudanese family

Recently, our laboratory initiated the analysis of new samples from three individuals belonging
to a new Sudanese family residing in the Al Jazeera state. Specifically, we examined urine and
serum samples from a mother and her two children. Following genetic analysis and DNA
sequencing, it was discovered that these children share the same mutation (¢.835C>T; R279C)
in exon 5 of the DEHALI gene as the two Sudanese families previously described. Their serum
and urine iodotyrosine levels were found to be outside the reference range. Unfortunately, the
family's medical history is incomplete, as are the details provided by our American colleagues
who sent us the samples. Due to the political situation in Sudan, information is fragmented and

partial, making the monitoring of these subjects extremely challenging.

From the limited information available, it appears that the HT mother does not exhibit thyroid
stress. One of the three children of the mother died at the age of 9 months due to a presumed
respiratory infection, although earlier symptoms suggested hypothyroidism. The two HO
children show goiter and are expected to undergo therapy with L-T4. The only other
information about the family suggests possible thyroid disorders in the mother's brother,
although this has not been confirmed. No detailed information is available about the family’s

father.
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Discussion



9.1 Effects of a combined L-T4 and TIAM supplementation on memory and adult hippocampal

neurogenesis in a mouse model of hypothyroidism

In this study, it was found that using L-T4 monotherapy alone was both necessary and sufficient
for restoring memory deficits and adult hippocampal neurogenesis in individuals with adult-
onset hypothyroidism. Interestingly, the addition of TIAM to L-T4 did not result in any further
improvements in neurocognitive and neurobiological impairments. Furthermore, contrary to
previous clinical observations and studies, there were no changes in locomotion, anxiety, or
depression-related behavioural measures'**?%2-284 The hypothyroidism induction protocol
effectively lowered serum T4 levels, indicating moderate hypothyroidism, while serum T3
levels remained unchanged. This suggests that there may be some residual thyroperoxidase
activity contributing to sufficient T3 production, which in turn prevents alterations in measures
of depression or anxiety. However, cognitive impairments were still evident, highlighting the

vulnerability of cognitive functions to TH deficiency!40 145285,

There was a significant decrease of 20% in the population of newly generated neuroblasts in
the SGZ of the dentate gyrus, indicating a reduction in neurogenesis. However, the
administration of L-T4 for a duration of 4 weeks proved to be both necessary and sufficient for
the restoration of memory function and the number of neuroblasts. These results are consistent
with previous studies that have demonstrated the beneficial effects of L-T4 in reversing various
alterations induced by hypothyroidism, including behavioural, electrophysiological,
morphological, and molecular changes!**!44283.286 " Although the importance of TH in the
survival of adult dentate granule cell progenitors has been emphasized, it remains unclear
whether the decline in survival is due to a delay or block in neuronal differentiation or if these
cells are specifically targeted for cell death. The susceptibility of cognitive functions and
neurogenesis to moderate changes in TH levels highlights the connection between TH and

neurodegenerative diseases, such as Alzheimer's disease, which have been observed in clinical

287-289 39

populations , including those with subclinical hypothyroidism'*. Interestingly, our
findings indicate that the combination of L-T4 monotherapy and L-T4+T1AM did not result in
any significant differences in terms of memory function and the number of DCX+ cells,
suggesting that TIAM did not exert any independent effects. This study focused on TIAM
because we hypothesized that certain neurocognitive symptoms commonly associated with TH
deficiency in hypothyroidism may be caused, at least in part, by a decrease in the availability
of downstream metabolites. Previous research has shown that T1AM cannot be detected in the

tissues of animals that have undergone pharmacological TH depletion, even after their fT4 and
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T3 levels have fully recovered'®’. Additionally, there is a growing body of evidence supporting
the role of TIAM in the CNS. T1AM has been identified as a regulator of noradrenergic,
dopaminergic, and histaminergic transmission'?®. Its effects on various aspects, such as sleep'>
regulation, exploratory behaviour, and the acquisition and retention of memory?*°, have been
documented. Furthermore, TIAM has demonstrated neuroprotective effects in different
models, including excitotoxic damage related to seizures, altered autophagy, amyloidosis,
ischemia-reperfusion injury, and neuroinflammation!2%160:161.290291 ‘Tt js worth noting that these
studies involved the administration of TIAM through perfusion on ex vivo brain

acute/organotypic slices or intracerebral microinjection, while our study utilized systemic

administration.

Our investigation has uncovered changes in the expression of multiple genes, such as Ngf, Kdr,
Kit, Licam, Ntf3, Mapk3, and Neurog2, in response to replacement treatment. Specifically,
mice treated with L-T4+T1AM showed an increase in the expression of Mapk3 and Neurog?
compared to mice treated with L-T4 alone. However, there were no significant differences in
the expression of Mapk3 and Neurog? between mice treated with L-T4+T1AM and T1AM
alone, suggesting that TIAM may independently induce changes in gene expression. These
genes play crucial roles in neurogenic mechanisms, including the promotion of increased
proliferation of DCX+ cells in the hippocampus, initiation and progression through the G1
phase of the cell cycle, determination of neuronal cell fate, and suppression of glial fate that
promotes neurogenesis®*> ***. TH regulate gene transcription through TR, which are expressed
at various stages of granule cell progenitors*®. Importantly, TIAM does not bind to TR but
interacts with different molecular targets, including TAAR 1, alpha2 adrenergic receptors,

transient receptor potential channels, and ApoB-100%.

Further investigations are essential to unravel the intricate connection between the unique target
profile of the treatment and gene expression. One potential avenue worth exploring is the role
of TAARI, given the growing body of evidence implicating its involvement in neuropsychiatric

disorders??6>%7

, and the documented neuroprotective effects of T1AM in models of amyloidosis
and ischemia—reperfusion injury'*»!6!. TAAR1 engages in distinct signalling pathways based
on its subcellular localization. When situated on the plasma membrane, TAAR1 activation
leads to increased intracellular cAMP levels and the activation of protein kinase A by coupling
to G proteins and activating adenylyl cyclase?”® %, Intracellular activation of TAARI involves

coupling with G proteins to activate the GTPase RhoA. Additionally, TAARI activation is
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linked to G protein-coupled inwardly rectifying potassium channels and G-protein-independent

inhibition of glycogen synthase kinase 3p30!73%4.

Despite the insights gained from this study, it is crucial to acknowledge certain limitations.
Firstly, the findings do not establish a causal relationship between replacement treatments and
the memory improvements mediated by alterations in hippocampal neurogenesis. Future
investigations should delve into whether blocking neurogenesis during L-T4 and/or L-
T4+T1AM treatment impedes memory rescue. Secondly, in some comparisons, the sample size
may have been insufficient to attain adequate statistical power. This could be attributed to our
protocol inducing moderate hypothyroidism (compensated T3 levels), potentially resulting in
behavioural changes of small-to-moderate effect size. Our statistical analysis, however, was
designed to detect larger effect sizes based on previous findings in thyroidectomized or
transgenic rodents. Finally, our attempt to measure brain TIAM in different treatments, as part
of our hypothesis that TIAM deficiency contributes to hypothyroidism-induced cognitive
impairments, faced challenges. In alignment with findings from other studies, we encountered
difficulties in detecting a clear endogenous signal of TIAM (below the detection limit) in the
majority of our pilot samples due to technical reasons. Consequently, we made the decision to
discontinue this particular aspect of our investigation®*>. Surely, the possibility of achieving a
correct quantification of TH and their derivatives in tissues, with a specific interest in TIAM,
could highlight intrinsic mechanistic effects achieved locally and not peripherally. In fact, local
TH regulation may differ from systemic evidence, as dysregulations of local metabolisms are
not always reflected in circulating markers and hormones, as we will further discuss in the next

chapters.
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9.2 Local modulation of TH signalling in the retina affects the development of DR

In the realm of DR, the impact of HG levels on neuronal damage is a crucial aspect. The
resulting metabolic imbalance induces cellular distress, particularly affecting neural cell types
with high energy demands, such as RGCs. Early stages of DR witness significant alterations in
RGCs as they strive to adapt and bolster their resilience. However, these adaptive responses
can evolve into pathological factors as the disease progresses. Hyperglycaemia-induced stress
triggers various cellular responses, including the overexpression of VEGF, autophagy
induction, and reorganization of RGC dendritic arborizations!%-16%%¢ This study proposes that
the regulation of the retinal local TH system acts as an additional adaptive mechanism, aiming
to conserve cellular energy and alleviate metabolic challenges following early exposure to HG.
Our findings highlight reduced TH levels in diabetic retinas, linked to decreased expression of
DIO2 and increased expression of DIO3. Additionally, diminished expression of TR
contributes to the establishment of a LT3S. Further insights from our data reveal altered
expression of specific microRNAs in diabetic retinas, indicating potential regulatory
mechanisms in deiodinase expression. Changes in mitochondrial markers hint at potential
consequences of TH alterations on mitochondrial function. /n vitro experiments using MIO-
M1 cell cultures replicate these alterations under HG conditions, unveiling a feedback
regulatory mechanism involving miR[33a. This mechanism leads to upregulation of DIO3
through a pathway dependent on nuclear factor erythroid 2-related factor 2 (Nrf2) and hypoxia-
inducible factor 1 (HIF-1). Notably, in an experimental setup mimicking early DR conditions,
the removal of T3 (mimicking LT3S) reduces retinal stress induced by HG, while T3

replacement increases this stress.

Clinical investigations have reported an inverse relationship between circulating TH levels and
the risk of DR '#8-190397 However, conflicting reports exist, suggesting no association between
thyroid dysfunction and diabetic complications, including DR*%. To explore potential
connections between the TH system and DR progression, a comprehensive examination of the
correlation between plasma and retinal TH levels and key DR indicators in the db/db mouse
model of type 2 diabetes mellitus was conducted. The db/db mouse, widely employed as a DR
model, provided diverse data for characterizing the retinas of these mice. This study introduces
innovative findings indicating the presence of a LT3S in the retinas of db/db mice. Importantly,
the manifestation of DR characteristics in these mice appears unrelated to alterations in plasma

levels of T3 or T4. Instead, a distinct LT3S within the retina itself is marked by significant
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reductions in both T3 and T4 concentrations, implying crucial TH-mediated mechanisms

unfolding within the retina, influencing DR development independently of systemic TH levels.

The concept of local control of TH signalling in the retina aligns with various existing
observations. Recent research has highlighted the pivotal role played by the regulation of TH

309 Moreover, evidence

signalling among different retinal cell types in light/dark adaptation
suggests that deiodinases can modulate intracellular TH levels independently of systemic TH,
observed in both animals and humans®. Deiodinases, specifically DIO1, DIO2, and DIO3, play
distinct roles, offering tissue-specific regulation of TH signalling. Consistent with our current
findings, the localized LT3S in db/db retinas is associated with upregulated D/O3 expression
and downregulated DIO2 expression, indicating a reprogramming of the retinal TH system.
This reprogramming shifts the balance away from T4 conversion into T3 and towards an
increase in inactive forms, namely rT3 and T2, resulting in an overall reduction of TH
signalling!®®. Further exploration of DIO2 in db/db retinas revealed a more pronounced
reduction in mRNA expression compared to protein levels, suggesting intricate post-
transcriptional regulation®!®. The diminished T3 signalling in the diabetic retina is likely
influenced not only by increased DIO3 expression but also by the downregulation of TRs. Our
data demonstrate significant decreases in both THRal and THR[2 expression, suggesting a
unique response of the TR system to stress in the retinas of db/db mice, consistent with previous
findings in a model of brain ischemia!®*3!!, Previous studies had already highlighted the
presence of a local TH dysmetabolism not necessarily reflected into systemic evidence.
Weltman et al. reported the presence of local reduction of T3 and T4 levels in cardiac tissues
of a diabetic rat model. Even in this case, no significant changes in serum fT3 and fT4 levels
were appreciated’!'®. Interestingly, alterations of DIOs mRNA levels, with an increase of DIO3
expression and a decreased DIO?2 expression, were also observed in the diabetic hearts showing

cardiomyopathy.

The findings presented in this study strongly suggest that DIO3 is the primary driver behind
the establishment of a LT3S in the diabetic retina, aligning with similar observations in the
ischemic heart*’%?”’, In the context of cardiac ischemia, a metabolic regulation mechanism has
been elucidated during hypoxic-ischemic injury, wherein the induction of D/O3 and the
subsequent reduction of local TH signalling are orchestrated by HIF-127. A similar relation
pattern was also evidenced in a rat model of diabetes showing cardiomyopathy>''®. Given the
pivotal role of HIF-1 in DR!7%*2| we posit that the observed decrease in T3 levels in db/db

retinas is linked to HIF-1-mediated upregulation of DIO3 expression. To test this hypothesis,
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an in vitro model involving MIO-M1 cells exposed to HG was employed, exhibiting alterations
in oxidative balance and VEGF expression, along with a substantial increase in DIO3, closely
resembling the in vivo condition. Importantly, inhibition of HIF-1 prevented the HG-induced

elevation of DIO3 mRNA expression, affirming the role of HIF-1 in the upregulation of D/O3.

Furthermore, our earlier observations indicated that HIF-1a stabilization, a prerequisite for

170 The existence

HIF-1 formation, can be induced by various factors, including Nrf2 activation
of an intracellular Nrf2-HIF-1 pathway governing DIO3 expression aligns with our current
findings, as demonstrated by the abolition of D/O3 mRNA overexpression in MIO-M1 cells
cultured in HG when subjected to Nrf2 blockade. In summary, the data from the present study,
considered in conjunction with insights from preceding investigations, propose a
comprehensive mechanistic illustration (Figure 53). According to this model, HG-induced
oxidative stress activates Nrf2, which, potentially through an increase in HO-1 expression,

facilitates HIF-1a stabilization, leading to elevated D/O3 expression and the establishment of

LT3S within the diabetic retina'”°.
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Figure 53. Graphical representation of the proposed mechanisms for TH system modulation in retinal cells

under diabetic conditions and its relevance for metabolic stress (adapted from Forini F. et al. 2023%%).
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9.3 lodotyrosines are biomarkers for preclinical stages of iodine-deficient hypothyroidism in

Dehall KO mice

Iodine deficiency (ID) remains a pervasive environmental concern with global implications for
populations worldwide. While extensive research has illuminated the adverse effects of
hypothyroidism induced by ID on brain development in both animal models and humans, it is
remarkable that individual diagnosis for this critical condition is still unavailable®!3-16,
Presently, the diagnosis of ID is confined to predefined populations and lacks a personalized
approach that considers individual genetic factors for preventive or therapeutic interventions.
This deviation from the principles of personalized medicine underscores the urgent need for
biomarkers capable of accurately reflecting the iodine status of individuals. Recent studies have
shown that the variability in UIC across populations over time cannot be fully explained by

dietary iodine intake alone, implicating genetic factors in iodine metabolism?!7-!%,

Addressing this need for precise biomarkers, our study delved into the first mammalian model
of dehalogenase deficiency, a key player in iodine metabolism. Our findings illuminated that
mice lacking the DEHALI gene exhibit a negative iodide balance compared to their normal
counterparts, even in the presence of sufficient iodine. This imbalance results from the
excessive excretion of iodotyrosines in their plasma and urine. Notably, the aberrant iodine
excretion patterns challenge the reliability of the S-K technique, which measures both inorganic
and organic iodine, in accurately detecting "low iodine intakes" in urine samples containing
iodotyrosines. This raises questions about the precision of the S-K technique in assessing iodine

status in individuals.

Moreover, our investigation revealed that Dehall KO mice, when subjected to iodine
restriction, undergo a rapid decline in thyroid function compared to normal mice. This rapid
decline suggests that KO mice lack sufficient iodine reserves in their thyroids to compensate
for even brief periods of iodine deficiency. This underscores the pivotal role of DEHALI1 in
iodine storage during times of sufficiency. Further exploration is warranted to unravel the

mechanisms through which DEHAL1 influences iodine storage in the thyroid.

The clinical implications of these findings are substantial. In humans, the measurement of MIT
and DIT levels could serve as a valuable diagnostic tool for identifying DEHAL1 defects before
the onset of hypothyroidism. This is particularly relevant for newborns, as our mouse model
demonstrated that affected infants may not manifest signs of hypothyroidism at birth but

consistently exhibit elevated iodotyrosines levels. Early detection holds the potential to identify
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the risk of hypothyroidism during critical stages of brain development, offering a preventive
measure against mental retardation?%>2!4, Additionally, the diagnosis of iodine recycling-
storage defects in individuals with normal thyroid function could prove crucial for women
planning to conceive. The heightened iodine requirements during pregnancy could mirror the
effects of iodine restriction in early pregnancy. KO mouse model provides a valuable platform
for studying the dynamics of iodine conservation in pregnant DEHAL1 -deficient mice and its

implications for offspring?'.

Furthermore, the intriguing expression of DEHALI in tissues beyond the thyroid, particularly
in the choroid plexus, prompts further exploration. Apart from its role in iodotyrosines
conversion, DEHAL1 demonstrates the ability to remove bromine and chlorine from
tyrosines>2%*?!, Recent studies have shed light on the essential roles of bromide and chloride in
the brain®*?*?*, leading to a compelling investigation into whether DEHAL1 contributes to
maintaining halogen homeostasis in specific tissues. In summary, DEHALI emerges as a
pivotal player in iodine metabolism within the thyroid gland. During iodine deficiency, it
facilitates the recycling of iodine for hormone synthesis from iodotyrosines. Conversely, in the
presence of sufficient iodine, it ensures optimal iodine storage in the thyroid gland. The
presented model of dehalogenase deficiency supports the proposition that genetic factors
mediate the intricate relationship between iodine nutrition and iodine reserves. One intriguing
area to further explore would be the levels of iodotyrosines and thyronines at the local thyroid
level. Understanding local and peripheral metabolic regulation could enhance comprehension
of DEHALI defects impact on iodine storage. Preliminary data from thyroid samples®%, both
deficient and non-deficient in iodine, have shown reductions in tyrosines and a significant
decrease in T4 levels at the thyroid. This reduction appears linked to decreased thyroglobulin
presence within and around the thyroid. Despite sufficient iodine intake, Dehall KO mice
seems to exhibit signs of iodine deficiency, possibly due to dysregulated TG homeostasis
hindering effective iodine accumulation. Therefore, local TH and thyroglobulin measurements
(both 1odinated and not iodinated forms) could provide insights into the relationship between
DEHALT1 defects and iodine storage. While elevated levels of iodotyrosines hold promise as
biomarkers for assessing individual risk and vulnerability to iodine-deficient hypothyroidism,

further validation in clinical settings is imperative.
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9.4 Congenital hypothyroidism in_two Sudanese families harboring a novel iodotyrosine

deiodinase mutation

In this study, a novel mutation (c.835C>T; R279C) in the DEHAL1/IYD gene was identified in
two Sudanese families with autosomal recessive inheritance, originating from distinct regions
of Sudan. This finding aligns with the first documented case of a dehalogenase defect reported
in 195524, where the confirmation of altered iodotyrosines metabolism marked a significant
milestone. The patient exhibited goiter at birth in a region with a high prevalence of goiter, and
treatment with 'thyroid powder' at nine months led to goiter reduction. Intriguingly, the patient's
untreated younger brother experienced persistent goiter and cognitive delays. Rigorous
experiments involving intravenous administration of '*'I-labeled d/-DIT and d/-MIT, with
subsequent minimal changes in urinary excretion, substantiated the presence of a dehalogenase
defect®?. Although previous cases hinted at dehalogenase defects, it took five decades for the
sequencing and characterization of DEHALI1. Four distinct DEHALI mutations had been
previously reported in nine individuals, showcasing considerable clinical variation even among

those with identical mutations in different families’%-214.216-280.326

Patient 1 2 | 3 4 s | 6 | 7 | & | @
Mutation p.R101W p.F105-1106L p.l116L p.A220T

Homo | Homo | Homo | Homo | Homo Homo Hetero Homo | Homo
Diagnasis 1.5y infancy | infancy By Sy infancy (9v) 14y 15.9y (6y)
L-T4 at TFTs - - - - + + - - - .
T5H 390 = = 139 1.2 0.6 0.5 >100 1400 2.2
TT3 ug/dL 70 - - - 192 124 146 = - =
FT3 pg/mL - - - 1.4 - - 2.25 2.6 29 4.2
TT4 ug/dL 1.4 - N - 7.4 10.1 9.7 - . =
FT4 ng/dL - - - <0.2 0.5 1.2 1.1 <0.3 <0.5 1.4
16 = = - - 1040 <20 110 = 6800 11.7
U-DIT, MIT - - - - high | normal | high - - high
50T high = = high = g = i = =
Goiter + + + + + + None + + None
Reference (Moreno ).C et al., NEIM, 2008)18 (&fink G. et al., JCEM, 2008)¢ ﬁerrl:::l,tlilE;}zL

Figure 54. Comparison of phenotype and genotype in other families with DEHALI gene mutations. Values in
red are above the limit of normal and values in blue are below the limit of normal (adapted from Shareef R. at

al. 202326%),
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The current study unveiled a novel fifth unique DEHAL I mutation, underscoring the genetic
heterogeneity in dehalogenase-related disorders. Elevated TSH levels were observed to varying
degrees in three individuals (Patients 1, 4, and 8, Table 9 in the Results section) prior to
initiating L-T4 treatment, and in one individual (Patient 7, Figure 54), TSH levels became
elevated five years after the initial diagnosis. Consistently elevated levels of MIT and DIT were
noted, emphasizing the role of iodotyrosines in the pathophysiology. The urinary excretion of
iodotyrosines contributed to a reduction in available iodine for recirculation, resulting in iodine
deficiency. Limited environmental iodine availability further decreased the threshold for

hypothyroidism.

Lastly, the latest information regarding the third Sudanese family, whose samples were recently
analysed in our laboratory, and the newly discovered mutation by Moreno from the Lebanese
family, suggests that mutations in the DEHAL I may likely exhibit geographical adherence and
dependence. Further investigations and the discovery of new mutations will need to either

refute or confirm this hypothesis.
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Conclusions



HPLC-MS/MS affirms to be a highly sensitive analytical tool, allowing the detection of
compounds at exceptionally low concentrations. Its outstanding selectivity further facilitates
the precise identification and quantification of specific analytes within complex mixtures.
HPLC-MS/MS serves as a robust platform for quantitative analysis, delivering accurate and
precise measurements of analyte concentrations. The integration of ISs enhances accuracy in
these quantitative assessments. This method's versatility is underscored by its wide dynamic
range, instrument-dependent, enabling the comprehensive analysis of compounds across a
broad concentration spectrum, spanning from trace levels to high concentrations. MS/MS
further amplifies the analytical capabilities by facilitating the fragmentation of ions. This not
only provides additional structural insights but also enhances specificity in the identification
of compounds. The adaptability of MS is evident in its ability to operate with multiple
ionization interfaces, such as ESI and APCI, thereby expanding its applicability to different
types of compounds. One notable advantage of MS is its reduced susceptibility to interference
from co-eluting compounds or matrix effects, setting it apart from some other detectors. This

characteristic ensures cleaner chromatograms and, consequently, more accurate results.

High-resolution mass spectrometers, a subset of this analytical technique, demonstrate the
ability to distinguish between ions with similar m/z ratios. This capability significantly
enhances the resolution and identification of closely related compounds. The versatility of mass
spectrometers extends across a wide range of compound analyses, including small organic
molecules, peptides, proteins, and large biomolecules. The application of MS as a detector in
HPLC systems offers a plethora of advantages, making it a powerful tool for analytical

investigations across diverse scientific domains.

This thesis explores the multifaceted benefits of HPLC-MS/MS and delves into its applications
in TH detection and quantification, showcasing its versatility and precision. The application of
HPLC-MS/MS, particularly utilizing the Sciex Qtrap 6500 mass spectrometer, in our case

operating as a triple quadrupole, is explored for the TH analysis across different pursuits.

The utilization of HPLC-MS/MS firstly aimed to measure serum levels of TH in a mouse
pharmacological model of hypothyroidism to explore the possible benefits of alternative
replacement therapies for the treatment of adult on set hypothyroidism and their impact on
neurogenesis and neurobiological alterations. The significance of moderate TH changes in
inducing notable impairments in memory and neurogenesis was underscored. Through

meticulous analysis, it was revealed that L-T4 alone was both necessary and sufficient to
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restore memory and neuroprogenitors levels to the euthyroid state. Despite the hypothetical
impact of TIAM on neurogenic pathways, no evidence supporting the involvement of non-
canonical TH signalling was found. This prompts the need for further exploration in subsequent

studies to fully comprehend the intricate mechanisms at play.

Subsequently, the use of HPLC-MS/MS and other molecular biology techniques, facilitated
and demonstrated the existence of a local LT3S in the diabetic retina. The focus on the
biological significance of local T3 lowering in the retina, coupled with the concurrent
decrement in local T4 levels, shed a light on the TH-dependent response to HG-induced stress.
The intricate feedback mechanism involving DI/O3 expression, regulated by T3 levels through
mediation of miR-133a, was revealed. This mechanism, altered by hyperglycaemia, oxidative
stress, and HIF-1la stabilization, led to LT3S, offering early-phase protection against HG-
induced stress. However, a T3 replacement strategy in this phase might negate the beneficial
effect of LT3S. Interestingly, in the chronic phase, LT3S was no longer associated with retinal

protection, suggesting a complex temporal dynamic that influences retinal responses in DR.

Thanks also to the development of a new optimized HPLC-MS/MS method for the
contemporary detection of T3, T4, MIT and DIT, the enzyme DEHAL1 was revealed as a key
factor in iodine metabolism within the thyroid gland. The research elucidated its role in iodine
reuse during deficiency and optimal iodine storage in sufficiency. The model of animal
dehalogenase deficiency presented in the study supports the proposed paradigm that genetic
factors mediate the relationship between iodine nutrition and status. Elevated iodotyrosines
were 1dentified as biomarkers for the risk of iodine-deficient hypothyroidism, offering

translational insights awaiting validation in clinical settings.

Eventually, the measurement of serum and urine DIT and MIT candidate them as sensitive
indicators of iodotyrosines deiodination defects and the presence of DEHAL1/IYD mutations.
This approach surpassed traditional urine iodine levels and thyroid function tests, providing
valuable diagnostic and management insights into dehalogenase-related disorders. The findings
underscored the importance of personalized and nuanced approaches in addressing the clinical

heterogeneity observed in affected individuals.

In conclusion, the diverse projects underscore the instrumental role of HPLC-MS/MS in
advancing our understanding of TH dynamics across various physiological and pathological
contexts. The precision and versatility of this technique have yielded invaluable insights,

paving the way for future research endeavours and potential clinical applications.
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Embarking on the journey of mastering the HPLC-MS/MS technique at the Mass Spectrometry
Centre of the Department of Pathology at the University of Pisa, and other molecular biology
techniques, has been an exquisite experience, contributing immeasurably to the depth of my
scientific understanding. The privilege of learning under the guidance of exceptional
professionals and scientists, notably my supervisor Prof. Alessandro Saba, whose mentorship
has been invaluable, and the esteemed Prof. Riccardo Zucchi, has been truly enriching.
Moreover. I would like to extend my heartfelt gratitude to CISUP (The Center for Instrument
Sharing of the University of Pisa) for their invaluable support in enabling the acquisition of the
Sciex 6500+ Qtrap instrument, which significantly contributed to the results discussed in my
PhD thesis. Collaborating with these remarkable individuals not only enhanced my technical
proficiency but also fostered a collaborative spirit that transcends disciplines. The knowledge
gained has propelled me to engage with numerous national and international scientific
professionals, enabling me to contribute to the scientific community with groundbreaking
works. This journey has not only expanded my scientific horizons but has also left an indelible
mark, and I am immensely grateful for the opportunity to have been part of this transformative

experience. Thank you.
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