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ARTICLE INFO ABSTRACT

Keywords: Thyroid hormone (TH) dyshomeostasis is associated with poor prognosis in acute and prolonged illness, but its
Deiodinase enzymes role in diabetic retinopathy (DR) has never been investigated. Here, we characterized the TH system in the
Low T3 state retinas of db/db mice and highlighted regulatory processes in MIO-M1 cells. In the db/db retinas, typical
ﬁifiﬁon drial dysfunction functional traits and molecular signatures of DR were paralleled by a tissue-restricted reduction of TH levels. A
Oxidative stress local condition of low T3 (LT3S) was also demonstrated, which was likely to be induced by deiodinase 3 (DIO3)
upregulation, and by decreased expression of DIO2 and of TH receptors. Concurrently, T3-responsive genes,
including mitochondrial markers and microRNAs (miR-133-3p, 338-3p and 29¢-3p), were downregulated. In MIO-
M1 cells, a feedback regulatory circuit was evidenced whereby miR-133-3p triggered the post-transcriptional
repression of DIO3 in a T3-dependent manner, while high glucose (HG) led to DIO3 upregulation through a
nuclear factor erythroid 2-related factor 2-hypoxia-inducible factor-1 pathway. Finally, an in vitro simulated
condition of early LT3S and hyperglycemia correlated with reduced markers of both mitochondrial function and
stress response, which was reverted by T3 replacement. Together, the data suggest that, in the early phases of DR,
a DIO3-driven LT3S may be protective against retinal stress, while, in the chronic phase, it not only fails to limit
HG-induced damage, but also increases cell vulnerability likely due to persistent mitochondrial dysfunction.

Abbreviations: ACF, acriflavine; ACN, acetonitrile; BRB, blood-retinal barrier; CPT2, carnitine palmitoyltransferase 2; DCFDA, 2,7'-dichlorofluorescin diacetate;
DIO2, type 2 deiodinase; DIO3, type 3 deiodinase; DMEM, Dulbecco's Modified Eagles Medium; DR, diabetic retinopathy; ERG, electroretinogram; FA, formic acid;
FBS, fetal bovine serum; GFAP, glial fibrillary acidic protein; HIF-1, hypoxia inducible factor-1; HO-1, heme oxygenase-1; LC-MS/MS, liquid chromatography coupled
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F. Forini et al.
1. Introduction

Neuronal damage has increasingly emerged as a primary patho-
physiologic trait of diabetic retinopathy (DR) [1-3], and protective
mechanisms are elicited in the retina in order to protect the neurons. For
instance, the upregulation of vascular endothelial growth factor (VEGF),
classically considered as a pathological hallmark in advanced stages of
DR, is likely to be induced as an early neuroprotective strategy [4,5].
Similarly, the early activation of autophagy may represent a retinal
response to contrast high glucose (HG)-induced cell death by apoptosis
[6]. Reduction of cell metabolism and of energy expenditure may
represent another mechanism by which the retina, similar to other tis-
sues, tries to protect itself from stress. Thyroid hormones (THs), namely
the biologically active 3,5,3-triiodothyronine (T3) and its precursor
thyroxine (T4), are well known regulators of metabolic homeostasis via
activation of mitochondrial biogenesis, respiration, function, and qual-
ity control [7-9]. Therefore, decreasing the intraretinal levels of THs
may represent a retinal strategy, similar to those involving VEGF over-
expression or autophagy activation, to reduce oxidative stress and cell
damage under hyperglycemic condition. Even though this compelling
hypothesis has never been investigated, the presence of TH receptors
[10-12], of the monocarboxylate transporter 8 [13], of TH responsive
cells [14], and of deiodinase enzymes [15,16] in the retina suggests the
possibility of a retinal, local regulation of the TH system to reduce
retinal stress. For instance, anti-TH treatments in experimental models
of congenital retinal diseases have been observed to protect cone pho-
toreceptors from degeneration [17-19]. However, a prolonged reduc-
tion of T3 levels, known as low T3 state (LT3S) might turn
disadvantageous when critical illness enters a chronic phase [20-23].
Indeed, subclinical hypothyroidism has been found to be associated with
DR in diabetic patients [24], and reduced T3 and T4 serum levels, even
in the euthyroid range, have been described to be negatively correlated
with DR in type 2 diabetic patients [25,26]. Generally, LT3S is associ-
ated with disease progression and poor long-term prognosis [20-23,27].
In these cases, adverse conditions might be mitigated by re-
establishment of T3 physiological levels, as observed in a rat model of
cardiac ischemia and reperfusion and in patients with myocardial
infarction [28-31]. Noteworthy, in addition to systemic alterations of
TH levels, local derangements of TH signaling can be observed in several
physiopathological conditions independent of T3 and T4 serum con-
centrations [32-35]. The main processes contributing to the regional
lowering of TH bioavailability in different diseased tissues and organs
are likely to include decreased TH cellular uptake, along with inhibition
of type 2 deiodinase 2 (DIO2), the enzyme responsible for the activation
of T4 into T3, and upregulation of type 3 deiodinase (DIO3), a fetal
protein which converts T4 into the biologically inactive reverse T3 (rT3)
[36].

It is still unknown whether, similar to other pathological conditions,
an intraretinal TH dyshomeostasis may be the result of an increased
activity or expression of DIO3 or a reduction of DIO2. Our hypothesis is
that in the retina, as in other organs or tissues, a LT3S develops as an
adaptive response to protect against diabetes-induced stressful condi-
tions, and that it may turn detrimental in the chronic stage contributing
to the progression of retinal damage.

Regarding possible mechanisms by which TH signaling may impact
on the retina in DR, an intriguing hypothesis is that LT3S may affect
recently identified T3-dependent microRNA (miRNA)/gene regulatory
circuits [30]. For instance, in a model of acute myocardial infarction in
rats, the downregulation of miR-133, miR-338, and miR-29, which are
also likely to be involved in DR evolution, was rescued by T3 replace-
ment [30]. Also, miRNA expression is altered in DR [37-39] and some of
the involved miRNAs may be associated with the regulation of retinal
TH. If, on the one hand, retinal TH signaling may depend on miRNA-
regulated mechanisms, on the other the modulation of T3 levels is
likely to affect the retina through altered mitochondrial function. Since
mitochondria play a significant role in the development of DR [40], it is

BBA - Molecular Basis of Disease 1870 (2024) 166892

plausible that TH dyshomeostasis may contribute to the pathophysi-
ology of the disease by interfering with mitochondrial activity.

The aims of the present work were (1) to demonstrate the presence of
a LT3S in the retina of db/db mice (a model of type 2 diabetes) in
concomitance with the presence of typical markers of DR; (2) to inves-
tigate, in an in vitro model, the possibility of a miRNA-based mechanism
for the regulation of retinal T3 levels; (3) to get insights into the possible
involvement of a LT3S -induced mitochondrial deregulation in the
development of DR.

2. Materials and methods
2.1. Animals

BKS.Cg—+Leprdb/+Leprdb/OlaHsd (db/db) male mice (ENVIGO, San
Pietro al Natisone, Udine, Italy), which are affected by type 2 diabetes
[41-43], were used. C57BL/6J mice were used as controls. In respect of
the 3Rs principles for ethical use of animals in scientific research, the
retinas analyzed 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 [44]. 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.

2.2. Electroretinography

The mice were subjected to an electroretinogram (ERG) recording
routine that included an analysis of the rod pathway with scotopic ERG
(scERG), an analysis of the cone pathway with photopic ERG (phERG),
and an analysis of retinal ganglion cell (RGC) activity with pattern ERG
(PERG). After overnight dark-adaption, the mice were anesthetized by
an intraperitoneal injection of Avertin (1.25 % avertin/g body weight)
and gently restrained in a custom-made stereotaxic apparatus allowing
an unobstructed visual field. Body temperature was maintained at 37 °C
by mean of a feedback-controlled heating pad and corneal moisture was
ensured by adding balanced saline solution before and during the
recording session. Recording electrodes, consisting in a loop-shaped
silver-silver chloride wire, were carefully laid on the corneal surface
of each eye using micro manipulators. Stainless steel needles, one for
each eye, were used as reference electrodes after being inserted subcu-
taneously on the mouse scalp, while an additional stainless steel needle
was inserted at the tail root and used as ground electrode. ERG responses
were recorded and analyzed using a commercially available ERG setup
(Retimax Advanced, CSO, Firenze, Italy). ERG routine for each mouse
provided the sequential recording of scERG, phERG and PERG. scERG
recordings were performed by delivering five consecutive flash stimuli
at 10 cd-s/m? by means of a Ganzfeld bowl. Signals recorded simulta-
neously from each eye were averaged to reduce noise after 5000-fold
amplification and 1-100 Hz band-pass filtering. The average scERG
waveforms were analyzed by measuring the amplitude of the a-wave
(baseline to trough) and that of the b-wave (trough to peak). Immedi-
ately after the scERG session, the mice were adapted to 40.0 cd-s/m>
rod-saturating light for 1 min. Thence, cone-driven phERG responses
were recorded by delivering 50 consecutive flashlight stimuli at 5 cd-s/
m? over the same adaptation background. The phERG responses
simultaneously recorded from both eyes were amplified (5000-fold) and
band-pass filtered (1-100 Hz). The average phERG responses were
calculated by measuring the b-wave amplitude (baseline to peak) and
the photopic negative response (PhNR) amplitude (baseline to trough).
Finally, PERG recordings were acquired by delivering a visual stimulus



F. Forini et al.

consisting of contrast-reversing black and white (98 % contrast; 1 Hz
temporal frequency) by means of a 19" light emitting diode display
(area: 74° x 62°) aligned to the mouse cornea and spaced 25 cm from
the mouse eye (0.05 cyc/deg spatial frequency). PERG signals deriving
from each pattern reversal were amplified (10000-fold) and band-pass
filtered (1-30 Hz). Overall, the responses deriving from 900 consecu-
tive pattern reversals were averaged to reduce noise contamination by a
factor of \/ 900 = 30. The average PERG responses were calculated by
detecting the early positive inflection point (N35), the positive peak
(P50) and the belated negative trough (N95) to measure N35-P50 and
P50-N95 amplitudes. Immediately after ERG routine, mice were
euthanized by cervical dislocation, retinas were collected, immediately
frozen in liquid nitrogen, and stored at —80 °C until assay.

2.3. Immunofluorescence

Glial activation was assessed with an evaluation of glial fibrillary
acidic protein (GFAP) immunofluorescence in Miiller cells. This process,
called reactive gliosis, is typical of certain chronic pathologies, such as
DR [45]. Both control and db/db mice were sacrificed by cervical
dislocation. Their eyes were dissected and immersion fixed for 2 h at
room temperature in 4 % paraformaldehyde in 0.1 M phosphate buffer
(PB) and then stored at 4 °C in 25 % sucrose in 0.1 M PB. Subsequently,
the eyes were embedded in cryo-gel, frozen using liquid nitrogen, and
cut into 10 pm thick coronal sections with a cryostat. The sections were
mounted onto gelatinized slides and stored at —20 °C until use. For
immunostaining, the sections were incubated overnight with a rabbit
monoclonal antibody directed to GFAP (ab207165, dilution 1:400;
Abcam, Cambridge, United Kingdom) in PB containing 5 % bovine
serum albumin and 2 % TritonX-100. After overnight incubation, the
sections were incubated with secondary antibody conjugated with
Alexa-Fluor-488 (Life Technologies, Carlsbad, CA, USA, 1:200 dilution)
at room temperature for 2 h. Finally, the slides were coverslipped with
Fluoroshield Mounting Medium containing DAPI (Abcam). The images
were acquired using an epifluorescence microscope (Nikon Europe,
Amsterdam, The Netherlands) and adjusted for contrast and brightness
using Adobe Photoshop (Adobe Photoshop CS3; Adobe Systems,
Mountain View, CA, USA).

2.4. Liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS)

Materials and chemicals: T3, 13C6-T3, T4, and 13CG-T4 solutions, 100
pg/mL in methanol (MeOH) with 0.1 M NHj, were purchased from
Sigma Aldrich-Merck (St. Louis, MO, USA), as well as water LC-MS
grade, MeOH LC-MS grade, acetonitrile (ACN) LC-MS grade, 2-propanol
LC-MS grade, hexane HPLC grade, dichloromethane HPLC grade,
ammonium hydroxide (28 % NHj in Hy0, >99.99 % trace metal basis),
formic acid LC-MS grade (FA, >98 %). Bond-Elut Certify 130 mg Solid
Phase Extraction (SPE) cartridges were obtained from Agilent Tech-
nologies (Santa Clara, CA, USA), while homogenizing 2 mL Precellys
tubes were purchased from Bertin Technologies (Montigny-le-Bre-
tonneux, France).

2.4.1. Sample preparation (retinas)

Frozen retinas were quickly transferred to 2 mL homogenizing Pre-
cellys tubes, weighted and processed as reported previously [46,47].
Each sample was suspended in 1 mL of a solution made of 840 pL of ACN
and 150 pL of pure water added with 10 pL of a 10 ng/mL internal
standard mixture (13C6—T3 and 13C6—T4). After being vortexed, samples
were sonicated for 15 min and then homogenized using a Precellys 24-
Dual Homogenizer (Bertin Technologies) through three homogenization
steps of 45 s with 60 s pause at 5000 rpm. Homogenized samples were
sonicated again for 15 min and then centrifuged for 15 min at 22780 xg.
Supernatants were transferred to new 2 mL Eppendorf tubes and washed
three times using 1 mL of hexane to remove the phospholipid excess. The
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lower phase was dried under a gentle stream of nitrogen in a thermo-
stated block at 40 °C. The samples were reconstituted using 100 pL of
H,0: MeOH 70:30 (v/v), vortexed for 10 min, centrifuged for 15 min at
22780 xg, and 20 pL were injected in the LC-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.

2.4.2. Sample preparation (serum)

Serum samples, collected from the mice at the time of sacrifice, were
processed as previously reported [46,48]. Briefly, 100 pL serum were
added with 10 pL of a 200 ng/mL internal standard mixture (*3C4-T3 and
13¢4-T4), equilibrated for 30 min at room temperature, then 300 pL of
cold acetone were added and samples were vortexed and kept 30 min at
4 °C to allow protein precipitation. After centrifugation at 22780 xg for
10 min, the supernatants were dried in a thermostated block at 40 °C
under a nitrogen stream until reaching ~100 pL. Afterwards, samples
were added with 400 pL of a 0.1 M potassium acetate buffer (pH = 4)
and submitted to SPE using Agilent Bond-Elut Certify 130 mg SPE car-
tridges. Before samples loading, cartridges were conditioned by
consecutive wetting with 2 mL of dichloromethane/2-propanol (75/25
v/v), 2 mL of methanol 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 methanol and 3.5 mL of
dichloromethane/2-propanol (75/25 v/v), 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, reconstituted with
100 pL of MeOH/H20 (30/70, v/v) and 5 pL were injected into the LC-
MS/MS system. Calibration curves were prepared by serial dilution with
methanol at concentrations ranging from 0.10 to 100 ng/mL.

2.4.3. LC-MS/MS instrumental layout

The instrumental 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 an AB-Sciex
(Concord, Ontario, Canada) QTRAP 6500+ mass spectrometer work-
ing as a triple quadrupole, equipped with an IonDrive™ Turbo V source.
Chromatographic separation was achieved by usinga 110 A, 2 x 50 mm,
3 pm particle size, Gemini C18 column (Phenomenex, Torrance, CA),
protected by a C18 Security Guard Cartridge and using (A) MeOH/ACN
(20/80 by volume) added with 0.1 % FA and (B) water containing 0.1 %
FA as mobile phases. The integrated switching valve was used to discard
both head and tail 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 %,
9.0-11.0 min (A) 100 %, 11.50-13.50 (A) 5 %. System control, data
acquisition and analyses were performed using an AB Sciex Analyst®
version 1.7 software. More details are given in Table S1 and Supple-
mentary Methods.

2.5. MIO-M1 cell culture

In vitro studies were performed using MIO-M1 cells, kindly provided
by Dr. Gloria Astrid Limb (Division of Ocular Biology and Therapeutics,
UCL Institute of Ophthalmology, London, UK). MIO-M1 is a spontane-
ously immortalized human Miiller cell line, which retains morphologic
features, marker expression and electrophysiological responses of pri-
mary isolated Miiller cells in culture. MIO-M1 cells were cultured in
Dulbecco's Modified Eagles Medium (DMEM, Lonza, Basel, Switzerland)
containing 5.5, or 25.0 mM glucose supplemented with 10 % fetal
bovine serum (FBS), 100 U/mL Penicillin-Streptomycin, and 2 mM L-
Glutamine (Euroclone, Milano, Italy) in a humidified incubator at 37 °C
in 5 % CO». The experiments were performed at 60-80 % cell density. In
the experiments involving T3 treatment, FBS was substituted with the
same amount of FBS deprived of TH with standard charcoal stripping
procedures (TH-free medium), in line with previous studies [49] and
with the American Thyroid Association guidelines [50]. Briefly, FBS was
absorbed overnight at 4 °C on dextran-coated activated charcoal (40
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mg/mL serum), the suspension was centrifuged to precipitate the
charcoal and the supernatant was filtered through 0.2 pm filters. The
culture medium was changed every other day. In different experiments,
MIO-M1 cells were treated with T3 at physiological concentrations (3
nM), 5 pM K67 (a Nuclear factor erythroid 2-related factor 2 [Nrf2]
inhibitor), or 5 pM acriflavine (ACF, a hypoxia inducible factor-1 [HIF-
1] inhibitor).

2.6. RNA extraction, cDNA synthesis, and Real-Time PCR (qPCR)

Total RNA from retinal samples or MIO-M1 cell cultures was
extracted with the miRNeasy mini kit reagent (Qiagen, Hilden, Ger-
many) or TRI reagent (Sigma-Aldrich) according to the manufacturer's
instructions. The cDNA was synthesized from 500 ng RNA using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) and
the LunaScript®RT SuperMix Kit (New England BioLabs) (for mRNA
transcript analysis), or the miScript II RT kit (Qiagen, Hilden, Germany)
(for miRNA transcript analysis) as indicated by the manufacturers.

For gene and miRNA expression analyses, the cDNA was processed in
triplicate in a Rotor-Gene Q real-time machine (Qiagen, Hilden, Ger-
many) using the Quantifast SYBR Green Mix (Qiagen, Hilden, Germany)
and the Luna®Universal qPCR Master Mix (New England BioLabs) (for
mRNA transcript analysis). To assess product specificity, a melting curve
analysis from 65 °C to 95 °C with a heating rate of 0.1 °C/s with a
continuous fluorescence acquisition was constructed. Gene transcript
values were normalized using Hprt, Hmbs or beta2 microglobulin (B2M)
reference genes. miRNA transcript values were normalized using
SnRNA-U6 and SnRNA-UI. The relative quantification of samples was
performed by Rotor Gene Q-Series Software (Qiagen, Hilden, Germany).
The analyzed miRNAs included miR-133a-3p, miR-338-3p, and miR-29c-
3p (from now on indicated as miR-133a, miR-338 and miR-29c, respec-
tively). The complete list of primer sequences is shown in Table S2A and
B.

2.7. Western blotting

For Western blot assay, retinal samples or MIO-M1 cell cultures were
lysed by three sonication cycles in RIPA lysis buffer (Santa Cruz
Biotechnology, Dallas, TX, USA) supplemented with phosphatase and
proteinase inhibitor cocktails (Roche Applied Science, Indianapolis, IN,
USA). The protein content was quantified by using Micro BCA Protein
Assay (Thermo Fisher Scientific, Waltham, MA, USA). Thirty micro-
grams of protein of each sample were separated by SDS-PAGE (4-20 %j;
Bio-Rad Laboratories, Inc., Hercules, CA, USA) and transferred onto
nitrocellulose membranes (Bio-Rad). Membranes were blocked with 5 %
non-fat diet milk for 1 h at room temperature, and subsequently incu-
bated overnight at 4 °C with the primary antibody (Table S3). After
washing in 1x Tris-Buffered Saline containing 0.05 % Tween-20,
membranes were incubated for 1 h at room temperature with HRP-
conjugated secondary anti-mouse or anti-rabbit antibodies (Table S3).
Blots were developed by the Clarity western enhanced chem-
iluminescence substrate (Bio-Rad), and the signal was detected by
means of ChemiDoc XRS+ (Bio-Rad). The optical density (OD) of the
target bands was evaluated by ImageLab 3.0 software (Bio-Rad). The
data were normalized to the corresponding OD of $-actin or of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB), as
appropriate loading control.

2.8. In silico analysis

The interaction between the 3'UTR of human, rat, and mouse DIO3
transcripts and the seed sequence of the conserved miR-133a was pre-
dicted in a previous paper [51]. The interactions between the 3'UTR of
human, rat, and mouse DIO3 transcripts and the seed sequence of the
conserved miR-338 or miR-29c were predicted using the online miRNA
target prediction tools miRWalk and TargetScan available at the
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following links: http://mirwalk.umm.uni-heidelberg.de/; https://www.
targetscan.org/vert_80 (accessed on September 22, 2022).

2.9. Luciferase activity assay

The dual firefly-and-renilla/luciferase-reporter gene assay was per-
formed to evaluate the ability of miR-133a and miR-338 to directly bind
the 3' untranslated regions (3'UTR) of DIO3 mRNA and repress trans-
lation. The reporter vector was generated by cloning the entire sequence
of the mouse DIO3 3'UTR transcript downstream the luciferase reporter
gene within the pGLU Dual-luciferase reporter plasmid vector as pre-
viously described [43]. For the luciferase assays, MIO-M1 cells were
plated in 12-multiwell plates at a density of approximately 80,000 cells
per well and maintained in DMEM with 5.5 mM glucose. After plating
for 24 h, the cells were cotransfected via 6 h incubation with 500 ng of
reporter vector, 100 ng of pRL control vector-TK (Renilla, Promega,
Madison, WI, USA), and increasing concentrations of the miR-133a or
miR-338 mimic (0.25 nM, 50 nM, 100 nM). The control mimic was used
to ensure an equal total concentration of miR mimic in each well. As
transfectant, 1.5 pL aliquots of lipofectamine 2000/well (Thermo Fisher
Scientific) were used according to the manufacturer's instructions. After
transfection for 48 h, the cells were processed with the Dual-Luciferase
Reporter Assay System (Promega) kit according to the manufacturer's
instructions. Briefly, after cell lysis and recovery of the cytosolic fraction
by 10 min centrifugation at 12,000 rpm, the luminescence was quanti-
fied in 20 pL of the sample using the GloMax-Multi detection system
(Promega) luminometer.

2.10. miRNA gain and loss of function

For miR-133a and miR-338 gain and loss of function experiments,
MIO-M1 cells were plated in 12-multiwell plates at a density of
approximately 80,000 cells per well and maintained in TH-free medium
with 5.5 mM glucose. After plating for 24 h, the cells were transfected
for 5 h with a mixture containing 1.5 pL of transfectant lipofectamine
2000 (Thermo Fisher Scientific) and 100 nM of the miR-133a mimic or
control mimic (Eurofins Genomics, Ebersberg, Germany), or 2'0-meth-
ylated-mir133a decoy or control 2'0-methylated decoy (Eurofins Geno-
mics). The mimic and decoy sequences are shown in Table S4. At the end
of the transfection protocol, the cells were kept for 48 h in TH-free
medium with 5.5 mM glucose in the presence or absence of 3 nM T3
and then evaluated for DIO3 mRNA expression with qPCR.

2.11. Evaluation of intracellular ROS levels by flow cytometry

Reactive oxygen species (ROS) were evaluated in MIO-M1 cells
cultured with 5.5 or 25 mM glucose for 24 h. Subsequently, the cells
were detached using trypsin-EDTA (Euroclone, Milan, Italy), centri-
fuged at 400 xg for 5 min and then re-suspended in complete medium
that was pre-equilibrated at 37 °C with 5 pM of DCFDA (Sigma-Aldrich).
The cells were then incubated for 30 min at 37 °C, in the dark. A positive
control sample was prepared adding 20 mM H,0, during the incubation
with the dye. The cells were then promptly analyzed through a BD
FACSCanto II Flow Cytometer detecting DCFDA fluorescence in the FITC
channel and the results were analyzed using the FlowJo software.

2.12. Statistical analysis

All variables met the condition for parametric analysis. Data were
analyzed using either Student's t-test, for single comparisons, or one-way
analysis of variance (ANOVA) followed by Tukey's post-hoc test, for
multiple comparisons. The results were expressed as mean + SEM of the
biological replicates in each experiment (individual data points are
shown in each graph; Prism 8; GraphPad software, San Diego, CA, USA).
Differences with p < 0.05 were considered significant.


http://mirwalk.umm.uni-heidelberg.de/;
https://www.targetscan.org/vert_80
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3. Results
3.1. Glycemia and plasma levels of T3 and T4 in db/db mice

As expected, db/db mice displayed a significantly increased blood
glucose concentration, with respect to controls, with values around 500
mg/ml (Fig. 1A). This alteration of glycemia did not correlate with
changes of circulating TH levels. Indeed, neither T3 (Fig. 1B) nor T4
(Fig. 1C) plasma levels were altered in db/db mice.

3.2. The retinas of db/db mice display functional traits and molecular
signatures typical of DR

The electroretinographic routine displayed in Fig. 2 was designed to
obtain a comprehensive evaluation of the retinal function, including
dark- and light-adapted activity of photoreceptors, post-receptoral
retina and RGCs. The analysis of the dark-adapted scERG (Fig. 2A)
revealed a significant decrement, in db/db mice as compared to con-
trols, of both the photoreceptor-related a-wave amplitude and the b-
wave amplitude, related to dark-adapted post-receptoral activity.. In
addition to alterations in the dark-adapted response, mainly deriving
from the rod pathway, db/db mice also displayed altered light-adapted
PhERG responses relative to cone-mediated retinal activity (Fig. 2B). In
this respect, db/db mice displayed a significant decrease in the ampli-
tudes of both post-receptoral phERG b-wave and the RGC-related PANR
as compared with those of control mice. The overall alteration in
receptoral and post-receptoral activity in db/db mice was reflected on
impaired RGC activity, specifically assessed using PERG (Fig. 2C). In this
respect, db/db mice displayed significant alterations of both the n35-
p50 and p50-n95 components of the response as compared to controls.

Together with retinal functional alterations, a different pattern of
GFAP immunofluorescence was observed between control and db/db
retinas. As shown in Fig. 2D, GFAP immunofluorescence in controls was
confined to astrocytes within the ganglion cell layer, while in retinas of
db/db mice it labeled the processes of numerous Miiller cells typically
extending throughout the retinal thickness (Fig. 2E).

The retinal levels of Nrf2 and NF-kB were investigated as major
markers of oxidative stress and inflammation, respectively. In particular,
Nrf2 is a redox-sensitive transcription factor that, in response to
increased free radicals, enters the cell nucleus and promotes the tran-
scription of antioxidant genes [52]. On its hand, NF-kB is an oxidant-
sensitive transcription factor that regulates the expression of genes
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involved in inflammatory responses [53], and the levels of its phos-
phorylated form pNF-kB can be used as an index of pro-inflammatory
activity. As shown in Fig. 2F, Nrf2 protein levels were significantly
increased in the retinas of db/db mice with respect to controls, indi-
cating the presence of high levels of oxidative stress. At the same time,
the retinas of db/db mice showed a pNF-kB/NF-kB ratio higher than that
in control retinas (Fig. 2G), indicating an increased pro-inflammatory
activity. Increased levels of oxidative stress and inflammatory markers
in db/db retinas were associated with typical hallmarks of DR such as
VEGF overproduction and damage of the blood-retinal barrier (BRB). In
this respect, qPCR data showed that db/db retinas had significantly
higher expression of VEGF mRNA (Fig. 2H) and lower expression of zona
occludens 1 (ZO1, a protein of the tight junction expressed in the BRB)
mRNA than control retinas (Fig. 2I).

3.3. Diabetes induces significant changes in TH levels and in markers of
TH signaling in the retina

TH concentrations measured in the retina using mass spectrometry
showed that both T3 and T4 levels were significantly reduced with
respect to those in control retinas: T3 3.04 + 0.39 pmol/g vs 4.43 £+
0.52 pmol/g (Fig. 3A); and T4, 2.88 & 0.30 vs 11.45 + 1.18 pmol/g
(Fig. 3B).

The marked changes in T3 and T4 concentrations observed in db/db
retinas were likely to be caused by changes in DIO2 and DIO3 expression.
The relative qPCR analysis showed that, with respect to controls, in db/
db retinas DIO2 mRNA expression was dramatically reduced (Fig. 3C),
while DIO3 mRNA expression was increased significantly (Fig. 3D).
Consequently, the ratio DIO3/DIO2 mRNA was also increased (Fig. 3E).
At the level of protein content, DIO2 was significantly decreased in db/
db with respect to control retinas, although to a much lower extent than
DIO2 mRNA (Fig. 3F), while both DIO3 protein (Fig. 3G) and the DIO3/
DIO2 protein ratio (Fig. 3H) were significantly increased.

The most prevalent TH receptors in the adult murine central nervous
system are THRal (60 % of the total) and THRB2 (30 % of the total)
[54]. As shown in Fig. 4, the expression of both receptor types was
significantly decreased in db/db compared to control retinas, both at the
mRNA (Fig. 4A, B) and at the protein (Fig. 4D, E) level, but the ratios
THRa1/THRB2 mRNA (Fig. 4C) and THRal/THRB2 protein (Fig. 4F)
were not significantly different between control and db/db retinas.
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Fig. 1. Blood glucose levels (A) and plasma concentrations of T3 (B) and of T4 (C) evaluated with mass spectrometry in db/db mice at 16 weeks of age compared to

co-aged wild type mice (control). ***p < 0.001 vs. control.
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Fig. 2. Analysis of variations in retinal activity and in markers of DR in retinas of db/db mice at 16 weeks of age compared to co-aged wild type mice (control). (A)
Representative recordings and quantitative analysis of scERG responses. Statistically significant reductions were observed in the db/db retinas relative to the am-
plitudes of both the a-wave and the b-wave. (B) Representative recordings and quantitative analysis of phERG responses. Statistically significant reductions were
observed in the db/db retinas relative to the phERG b-wave amplitude and to the PhNR amplitude. (C) Representative recordings and quantitative analysis of PERG
responses. db/db mice showed a significant reduction of the response in both the n35-p50 and the p50-n95 components. (D) and (E) show the GFAP immunostaining
patterns in control and db/db retinas, respectively (scale bar, 50 pm). (F) and (G) show the immunoreactive bands and the protein levels, relative to control, of Nrf2
and of pNF-kB/NF-kB, respectively. f-Actin was used as an internal standard. (H) and (I) show the mRNA levels, relative to control, of VEGF and of zona occludens 1
(Z01) mRNA, respectively. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer. **p < 0.01, ***p < 0.001

vs control.
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Fig. 4. THR expression in retinas of db/db mice at 16 weeks of age compared to co-aged wild type mice (control). THRal mRNA and THRA2 mRNA levels are shown
in (A) and (B), respectively, while the ratio THRa1/THR$2 mRNA is shown in (C). Western blots (immunoreactive bands and protein levels) of THRa and THRp are in

(D) and (E), respectively, while the ratio THRa/THRp protein is shown in (F).

3.4. Expression of T3-responsive miRNAs and markers of mitochondrial
function are altered in db/db retinas

Given the pivotal role of T3-dependent miRNAs in fine tuning TH
action, we investigated the retinal expression of miR-133a, miR-338, and
miR-29c, three miRNAs that have been previously observed to be
downregulated by stress (cardiac ischemia) and upregulated by T3
replacement [31]. As shown in Fig. 5A-C, all the three miRNAs were
markedly downregulated in the retinas of db/db mice with respect to
controls. Regarding the analysis of TH-responsive markers of mito-
chondrial function, peroxisome proliferator-activated receptor-gamma
coactivator 1 alpha (PGC-la) is known as the master regulator of
mitochondrial biogenesis and metabolic homeostasis [55], carnitine
palmitoyltransferase 2 (CPT2) is an enzyme essential for § oxidation of
long-chain fatty acids in the mitochondria [56], and mitofusin 2 (MFN2)
is an outer mitochondrial membrane GTPase playing critical roles in
mitochondrial dynamic and quality control, together with MFN1 and
protein OPA1, [57]. As shown in Fig. 5D-F, the transcripts of PGC-1a,
CPT2, and MFN2 were significantly reduced in db/db retinas as
compared to controls.

*p < 0.05, **p < 0.01, ***p < 0.001 vs control.

3.5. MIO-M1 cells respond to HG with modulation of deiodinase enzyme
expression in a Nrf2/HIF-1a-dependent manner

To investigate possible mechanisms involving TH signaling in both
the healthy and the diseased retina, in vitro studies were designed using
MIO-M1 cells as experimental models. As a first step, to corroborate the
in vivo results, we sought to confirm the causal involvement of HG
exposure in the induction of a stress response and in the modulation of
DIO enzymes. To this purpose, we evaluated the levels of oxidative stress
and of VEGF expression along with the expression of DIO2 and DIO3 in
cells exposed to HG. Not surprisingly, MIO-M1 cells responded to a 24 h
HG treatment with increased ROS production (Fig. 6A, B) and VEGF
upregulation (Fig. 6C). In addition, in line with the in vivo study, both
24 and 72 h of incubation in HG resulted in significant downregulation
of DIO2 paralleled by upregulation of DIO3 both at level of gene
expression and protein content (Fig. S1, Fig. 6D and E).

Regarding possible mechanisms of DIO3 induction under stress
conditions, evidence in extra-retinal tissues demonstrates that DIO3 may
be upregulated through a HIF-1a-dependent pathway [58]. In addition,
a variety of experimental observations indicate that oxidative stress may
stimulate HIF-1a stabilization through Nrf2 activation and, likely, heme
oxygenase-1 (HO-1) expression (see [5] for references). To assess the
activation of this signaling cascade in MIO-M1 cells, we tested whether
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Fig. 5. Expression of miRNAs and of markers of mitochondrial function in retinas of db/db mice at 16 weeks of age compared to co-aged wild type mice (control).
The levels of miR-133a (A), miR-338 (B); and miR-29c¢ (D) were significantly decreased in db/db retinas. Similarly, the mRNAs of mitochondrial markers PGC-1a (D),
CPT2 (E), and MFN2 (F) were also decreased in db/db retinas. **p < 0.01, ***p < 0.001 vs control.

the HG-driven DIO3 upregulation could be prevented by inactivation of
HIF-1a or of Nrf2 activity in cells cultured in HG for 24 h. As shown in
Fig. 6F, the HG-stimulated induction of DIO3 expression was prevented
by co-treatment with either the HIF-1 inhibitor ACF or the Nrf2 inhibitor
K67.

3.6. DIO3 expression is regulated by miR-133a in MIO-M1 cells

Given that, in db/db mice, the retinal expression of T3-dependent
miRNAs (miR-133a, miR-338, and miR-29c) was inversely associated
with that of DIO3, we assessed whether DIO3 downregulation could
depend on miRNA-mediated transcriptional repression. To test this hy-
pothesis, we firstly conducted an in silico analysis followed by an in vitro
validation with reporter gene assay and gain and loss of function ex-
periments. The interaction between DIO3 and miR-133a was predicted in
a previous paper [51], where it was demonstrated that miR-133a regu-
lates DIO3 mRNA expression through a 3'UTR dependent mechanism. In
the in silico analysis performed here, the search for mir-29¢ binding sites
on DIO3 mRNA gave no results, while miR-338 resulted as a putative
DIO3 mRNA inhibitor targeting its 3'UTR (Table 1). Therefore, the
subsequent in vitro validation experiments were restricted to miR-133a
and miR-338, with the hypothesis that they could mediate T3-induced
DIO3 downregulation.

For the luciferase activity assay in MIO-M1 cells, the entire human
3'UTR of DIO3 mRNA, containing both the consensus sequence for miR-
133a and the predicted consensus sequence for miR-338, was cloned in a

reporter vector downstream of the luciferase gene. We found that miR-
133a mimic dose-dependently inhibited the expression of the reporter
(Fig. 7A), while miR-338 mimic did not influence the reporter expression
(Fig. 7B). The modulatory effect of miR-133a was further confirmed by
analyzing gene expression variations of DIO3 in MIO-M1 transfected
with miR-133a mimic or decoy in the presence or absence of T3 at
physiological concentration (3 nM). As shown in Fig. 8C, in the presence
of miR-133a mimic, the transcript of DIO3 was significantly reduced,
while it was dramatically increased after miR-133a inhibition with a
decoy sequence. Similar to miR-133a mimic, also T3 administration
determined a downregulation of DIO3 mRNA levels, which was pre-
vented in great part by T3 and mir133a decoy co-administration. No
effects of mimics or decoys for miR-338 were observed on DIO3
expression (Fig. 7D).

3.7. Modulation of T3 influences both MIO-M1 cell response to stress and
mitochondrial markers

The experimental protocol used in these experiments was designed to
reproduce the putative scenario occurring in the early phases of DR and
to assess the responses of MIO-M1 cells to LT3S correction with T3
replacement. Four groups of treatment were compared (Fig. 8A): 1) a
control group, mimicking the physiological condition, was maintained
for 14 days in physiological concentration of glucose (5.5 mM) and of T3
(3 nM) (control); 2) a second group, mimicking the initial condition of
hyperglycemia with preserved T3 levels, was maintained for 14 days in



F. Forini et al. BBA - Molecular Basis of Disease 1870 (2024) 166892
A B C
100 . _
m [ unstained 4000+ . uln, 59
% 80 . 5.5 mMglucose  — L =
~ 4
§ f E 25mMglucose = 3000 e L
© —
S 60 Exo, < S 3- :
[
3 2 2000- £
N 40+ o < 24
£ S Z
5 90 iC 1000 = .
ZO 20 s w 1
]
01, e - . 0- W
102 10° 104 10° 55 250 55  25.0
FITC-A::DCFDA Glucose (mM) Glucose (mM)
D E N F
DIO2 sl == == 31 kDa DIO3 | ¥ " 31kDa
pactin fbmt® 4>, B-actin oyt 42 D2
1.5 2.5 & 44
£ £ o o *
e e
g M $ 7 207 * o 39 ’
@16 1,04 @10 P
a e ek a 8 1.5 &
[
o 2 : = s 10 j;' Z] .
O & 0.54 or ’ r4 HH yp
o oo x 1 - »
o~ a = 0.5- £ . H .
S S 8 [
0.0- 0.0- Qo e
o © o o © o oD & @
% QQP‘ Q& “ QQ?‘ Q& o xvo RC
o & EXES P NN
Vv Vv Ve P

Glucose (mM)

Glucose (mM)

Glucose (mM)
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high (25.0 mM) glucose. (C) VEGF mRNA levels evaluated with gPCR in MIO-M1 cells incubated in normal (5.5 mM) or high (25.0 mM) glucose. (D) and (E) show,
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Table 1

Prediction output for miR-338.
Species miRNA ID Refseq-id Start End
Homo Sapiens MIMAT0000763 NM_001362.4 973 979
Mus musculus MIMAT0000582 NM_172119.2 245 260
Rattus Norvegicus MIMAT0000581 NM_017210 252 258

HG and 3 nM T3 (HG + T3); 3) a third group was maintained for 8 days
in HG + T3 followed by 6 days in HG without T3 to mimic the early
phase of LT3S (HG-T3); 4) a fourth group, mimicking a T3 replacement
procedure, was cultured for 8 days in HG + T3, followed by 3 days in
HG-T3, and further three days in HG + T3 (HG-T3 + T3). A stress
response, indicated by increased Nrf2 and VEGF mRNA abundance, was
observed in the HG + T3 group p (Fig. 8B and C). T3 removal in the HG-
T3 group reduced both markers of stress to control levels, while T3
replacement (group HG + T3-T3) provoked a new increase of both pa-
rameters. Interestingly, PGC-1a and CPT2, markers of mitochondrial
biogenesis and fatty acid oxidation, showed a similar pattern of
expression, with an increase in HG + T3, a decrease to control levels
subsequent to T3 removal (HG-T3), and a new rise after T3 replacement
(HG-T3 + T3) (Fig. 8D and E).

10

4. Discussion

Among the stressors participating to neuronal damage in DR, meta-
bolic imbalance due to HG is emerging as a primary factor driving cell
suffering. As a consequence, neural cell types with high energy demand,
such as RGCs, display important alterations since from early phases of
DR. These cells may instate early adaptive responses as an attempt to
improve cell resilience, which, instead, may turn into pathological fac-
tors with the progression of the disease. In this respect, the over-
expression of VEGF, the induction of autophagy, and the reorganization
of RGC dendritic arborizations have been proposed to represent early
cellular responses to the stress provoked by hyperglycemia [1,4,59]. The
present study suggests that the regulation of the retinal, local TH system
might represent a further adaptive mechanism aimed at preserving
cellular energy and reducing metabolic pitfalls after early exposure to
HG. Indeed, our results show that in diabetic retinas there is a decrease
of TH levels, likely due to a decrease of DIO2 expression paralleled by an
increase of DIO3 expression, together with a decreased expression of
THRs, contributing to the establishment of a LT3S. Our data also show
that diabetic retinas are characterized by altered expression of selected
miRNAs, suggesting possible mechanisms of deiodinase expression
regulation, and of mitochondrial markers, indicating possible conse-
quences of TH alterations on mitochondria. These aspects were further
analyzed in vitro using MIO-M1 cell cultures, in which we found HG
induced alterations similar to those observed in diabetic mouse retinas
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(C) DIO3 mRNA expression (relative to control) in MIO-M1 cells incubated for 48 h with 100 nM miR-133a mimic or 100 nM miR-133a decoy, in the presence or
absence of 3 nM T3. (D) DIO3 mRNA expression (relative to control) in MIO-M1 cells incubated for 48 h in the presence of 100 nM miR-338 mimic or 100 nM miR-338
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miR-133a mimic; °°°p < 0.001 vs miR-133a decoy.

and in which we detected a feedback regulatory mechanism involving
miR133a and leading to DIO3 upregulation through a Nrf2 - HIF-1
dependent pathway. Finally, in an in vitro experimental setup with
MIO-M1 cells mimicking a condition of early DR, we found that T3
removal (mimicking LT3S) reduced, while T3 replacement increased,

the retinal stress induced by HG.
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Fig. 8. Effects of the presence/withdrawal/replacement of T3 on cellular stress and on mitochondrial function in MIO-M1 cells cultured in HG. (A) Experimental
setup: MIO-M1 cells were grown in normal (5.5 mM) glucose in the presence of 3 nM T3 (control). At experiment onset, one group of cells was exposed to high (25
mM) glucose (HG) and was cultured in this condition for 8 days. The first experimental group (HG + T3) was cultured for the subsequent 6 days (total = 14 days) in
the same condition (25 mM glucose, 3 nM T3). The second experimental group (HG-T3) was cultured for the last 6 days in a medium devoid of T3 (LT3S mimic). In
the third experimental group (HG-T3 + T3), T3 was removed from the medium after the first 8 days and was replaced after 3 further days of incubation until day 14
(LT3S mimic plus T3 replacement). Oxidative stress (evaluated with Nrf2 mRNA expression, B) and VEGF mRNA expression (C) were increased in the HG + T3 group,
they were reduced to control levels in the HG-T3 group and were increased again in the HG-T3 + T3 group. Similar patterns were observed in the expression of the
mitochondrial markers PGC-1a (D) and CPT2 (E) mRNAs. *p < 0.05, **p < 0.01 vs control.
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4.1. Pathological hallmarks of DR correlate with altered TH signaling at
local level

Clinical studies indicate a negative correlation between circulating
TH levels and risk of developing DR [24-26,60], although there are also
reports indicating that thyroid dysfunction does not have any link with
diabetic complications, including DR [61]. In order to clarify possible
relationships between the TH system and DR progression, we correlated
plasma and retinal levels of TH with major hallmarks of DR in the db/db
mouse model of type 2 diabetes mellitus.

The db/db mouse has been used as a model of DR in a number of
studies, which provided a variety of data for the characterization of the
retinas of these mice. In particular, our scERG analyses are consistent
with those of previous findings in db/db mice aged 9-28 weeks
demonstrating decreased amplitudes and increased implicit times of a-
and b-waves mainly elicited by the rod-mediated pathway [42,62-66].
In addition, our data provide further evidence of altered cone-mediated
pathway as demonstrated by decreased phERG b-wave and PhNR am-
plitudes in db/db retinas. Dysfunctional rod- and cone-mediated path-
ways resulted in altered RGC activity, as demonstrated by decreased
PERG responses, previously observed also in db/db mice aged 28 weeks
[59]. Altered retinal activity correlated with typical molecular changes
occurring over DR progression such as reactive gliosis, the increase in
oxidative stress, inflammation, and VEGF expression, and the decrease
of tight junction protein ZO1, in line with previous observations
[41,42,62,64,67-70]. In addition, retinal thickening [41] or thinning
[42,71], apoptosis in the RGC layer [42,62,67], glutamate/aspartate
transporter downregulation and glutamate accumulation [42,62], and
microvascular changes [62,64,70,72], including some vessel prolifera-
tion in the most aged mice [70], were also reported in db/db retinas. In
summary, our observations, together with previously published data,
allow to establish that at 16 weeks of age, db/db mice are affected by DR
and that their retinas are characterized by marked functional deficits at
the level of both the outer and the inner retina, increased oxidative stress
and inflammation, VEGF overexpression, and BRB breakdown. In addi-
tion, the present work provides novel evidence of the presence of a LT3S
in these retinas.

The occurrence of DR hallmarks in db/db mice appeared to be in-
dependent from changes in T3 or T4 plasma levels, at least at 16 weeks
of age, since no differences were recorded between the circulating TH
levels of db/db mice and those of controls. In contrast, we observed a
LT3S within the retina, with marked decreases of both T3 and T4 con-
centrations, suggesting that important TH-based mechanisms are likely
to take place within the retina and influence the development of DR
independent of circulating TH. The possibility of a local control of TH
signaling in the retina is in line with a number of observations. For
instance, a mechanism has been described recently in which the control
of TH signaling among different retinal cell types plays a pivotal role in
light/dark adaptation [73] and, in general, there is evidence indicating
that deiodinases can regulate intracellular TH levels, in both animals
and humans, independent of systemic TH [74]. In particular, TH can be
deiodinated by three different deiodinases (DIO1, DIO2 and DIO3). Both
DIO1 and DIO2 convert the prohormone T4 into the active hormone T3,
thereby increasing TH signaling, while DIO3 converts T4 and T3 into rT3
and 3,5-diiodothyronine (T2), respectively, both of which have only low
affinity for THR [75]. Thus, deiodinase enzymes in target cells regulate
T3 availability and provide a tissue-specific level of regulation of TH
signaling. As demonstrated by the present results, local LT3S in db/db
retinas correlates with increased DIO3 expression and decreased DIO2
expression, suggesting a reprogramming of the retinal TH system to-
wards a decrease of T4 conversion into T3 and an increase of the inactive
forms rT3 and T2, resulting in overall reduction of TH signaling.

Delving into DIO2 in db/db retinas, we observed that the reduction
of its mRNA expression was much more pronounced than that of DIO2
protein. This discrepancy could be attributed to the complex post-
transcriptional regulation of DIO2 gene expression. Indeed, DIO2
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mRNA, on the one hand undergoes alternative splicing, and on the other
it contains both 3’ and 5 untranslated regions harboring regulative el-
ements (some open reading frames and adenine- and uracil-rich ele-
ments, respectively) that impact on the mRNA half-life and translation
efficacy [76]. These mechanisms could be dysregulated in the retina
during DR, altering the DIO2 mRNA to protein ratio.

A reduced T3 signaling in the diabetic retina is likely to be induced
not only by an increased DIO3 expression, but also by THR down-
regulation. Indeed, our data report significant decreases of both THRa1
and THRp2 expression. Changes in THR expression have been reported
also in the diabetic kidney and in stressed cardiomyocytes, however in
these cases the observed changes included an increased expression of
THRa that was interpreted as a fetal reprogramming aimed at providing
metabolic benefits to the stressed tissues [28]. In line with previous
results in a model of brain ischemia [77], our observations indicate that
in the retinas of db/db mice the response of the THR system to stress
seems to be different from that in other organs.

4.2. Oxidative stress and HIF-1a regulate DIO3 levels under HG

The evidence provided in the present studies indicates that DIO3 is
the main responsible for the induction of a LT3S in the diabetic retina,
similar to previous observations in the ischemic heart [51,58]. In the
setting of cardiac ischemia, a mechanism of metabolic regulation during
hypoxic-ischemic injury has been clarified, in which induction of DIO3
with consequent reduction of local TH signaling is promoted by HIF-1
[58]. Since HIF-1 is known to play a central role in DR [5,78], we hy-
pothesized that the decrease of T3 levels observed in db/db retinas is
due to HIF-1-mediated increase of DIO3 expression. This hypothesis was
tested using an in vitro model of MIO-M1 cells exposed to HG, which
displayed alterations in oxidative balance and VEGF expression together
with a significant upregulation of DIO3, well resembling the in vivo
condition. Noteworthy, blockade of HIF-1 prevented the HG-induced
increase of DIO3 mRNA expression, thus confirming a role of HIF-1 on
DIO3 upregulation. In addition, our previous observations indicated that
HIF-1o stabilization, necessary for the formation of HIF-1, may be
caused, among other factors, by Nrf2 activation [5] and the existence of
an intracellular Nrf2 - HIF-1 pathway regulating DIO3 expression is
consistent with the observation reported here that Nrf2 blockade abol-
ishes DIO3 mRNA overexpression in MIO-M1 cells cultured in HG. In
summary, the data of the present study, together with those of previous
investigations, suggest a mechanism like the one depicted in Fig. 9,
where HG-induced oxidative stress would activate Nrf2, which, likely
through an increase of HO-1 expression (see [5] for references), would
promote HIF-1a stabilization, resulting in increased DIO3 expression
and LT3S.

4.3. A regulatory feedback mechanism involving miR-133a regulates T3-
dependent DIO3 expression

It is increasingly recognized that T3-dependent miRNAs are involved
in post transcriptional regulation of a variety of genes relevant to organ
physiology and pathophysiology [79]. For instance, in a model of acute
myocardial infarction in rats, miR-133a, miR-338, and miR-29c down-
regulation has been found to correlate with LT3S, with T3 replacement
resulting effective in restoring miRNA levels [31]. Interestingly, these
miRNAs were also downregulated in db/db retinas, suggesting their
possible involvement in altered TH signaling. Among these miRNAs,
miR-133a and miR-338 were predicted to regulate DIO3 protein levels
through translational inhibition, thus raising the possibility that DIO3
might also be regulated by a T3-dependent feedback loop through spe-
cific miRNAs. Our results obtained with the luciferase reporter assay
show that miR-133a, but not miR-338, can post-trascriptionally repress
DIO3 in MIO-M1 cells. This observation is confirmed by the opposite
changes of DIO3 mRNA abundance after administration of a miR-133a
mimic or decoy. Our findings also show a downregulation of DIO3
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Fig. 9. Graphical representation of the proposed mechanisms for TH system modulation in retinal cells under diabetic conditions and its relevance for metabolic
stress. (A) In early phases of DR, the exposure to HG is likely to trigger early metabolic alterations driving mitochondrial hyperactivity, thus increasing ROS pro-
duction and oxidative stress (OS), which would trigger Nrf2 activation and the expression of antioxidant enzymes. Among them, HO-1 may mediate the cross-
activation of HIF-1, which would act as a transcriptional activator of DIO3. Consequently, DIO3 upregulation would alter TH balance by promoting both the con-
version of T4 into r'T3 and that of T3 into T2. As a result, the levels of the active hormone T3 would decrease and instate a local LT3S. (B) The drop in T3 levels would
promote further DIO3 upregulation, since the decreased activation of THRs would lead to down-regulation of miR133a and consequent decrease of its inhibitory
effect on DIO3 expression. The reduced T3-dependent negative feedback on DIO3 expression would sustain a self-feeding loop enhancing local LT3S in retinal cells
over DR progression. In early stages, LT3S would represent a compensatory response to repress excessive mitochondrial activity. However (C), the long-lasting
repression of mitochondrial activity by LT3S might exacerbate the belated mitochondrial dysfunction due to ROS-driven damage, thus promoting energetic failure.

expression following T3 administration and a partial reversal of this
effect by blockade of miR-133a function. Together, these observations
are consistent with a T3-mediated inhibitory action of DIO3 expression
mediated by miR-133a (Fig. 9). The residual induction of DIO3 following
T3 and miR-133a decoy co-treatment, suggests that DIO3 levels may be
regulated by multiple T3-dependent pathways.

4.4. LT3S may affect the retinal response to stress through an action on
mitochondrial function

In db/db mice, the retinal LT3S is concomitant with important al-
terations of genes relevant to mitochondrial function, as evidenced by
significant decreases of PGC-1a, CPT2, and MFN2 expressions. PGC-1a
plays a central role in mitochondrial biogenesis through the activation of
different transcription factors in response to stimuli such as cold or ex-
ercise [47,55]. This factor is known to be regulated by T3 [79,80] and it
has been reported to mediate the growth-promoting activity of T3 in
developing Purkinje cells [81]. CPT2 cooperates with CPT1 in the fatty
acid oxidation pathway in the mitochondria [56] and the expression of
both enzymes is under the control of T3 [82,83]. MFN2 is a key player in
a variety of mitochondrial functions [84] that are known to be influ-
enced by TH [85]. Collectively, our observations indicate that the

14

mitochondrial impairment highlighted by changes in PGC-1a, CPT1 and
MEFN?2 expressions is likely to be caused, at least in part, by the occur-
rence of a LT3S.

The experiments in which MIO-M1 cells were cultured with or
without T3 represent a condition that is likely to characterize the early
phases of DR. Our observations show that HG induces a stress response
in MIO-M1 cells (increased ROS and VEGF expression) only in the
presence of T3. Therefore, a LT3S in early phases seems to have bene-
ficial effects, while T3 replacement at these times is likely to worsen the
cellular stress response. The data also show that T3 affects mitochon-
drial markers of biogenesis and fatty acid oxidation, suggesting that the
effects of T3 on cellular stress are likely to be mediated by modulation of
mitochondrial function. .In the long term (as shown by our observations
in db/db retinas), the parameters of mitochondrial biogenesis and
function are low, but the stress parameters (oxidative stress, inflam-
mation, VEGF expression, and BRB damage) are increased, suggesting
that prolonged mitochondrial inhibition caused by LT3S loses its bene-
ficial effects and in the chronic phase it becomes detrimental. Data in the
literature indicate that retinal mitochondria in diabetes are character-
ized by early and transient activation followed by later decline [86]. The
findings of the present work provide evidence that local TH regulation
and LT3S are likely to play central roles in these phenomena.
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5. Conclusions

The present studies demonstrate for the first time a local LT3S in the
diabetic retina. Among TH, we have focused on the biological signifi-
cance of local T3 lowering in the retina, as T3 is widely known as the
biologically active form of TH. However, the concurrent decrement in
local T4 levels, as observed in db/db retinas, may also play a role in the
TH-dependent response to HG-induced stress, which will deserve
attention in future studies.

As summarized in Fig. 9, our data suggest a feedback mechanism in
which DIO3 expression is regulated by T3 levels through mediation of
miR-133a (and likely of other factors). This mechanism would be altered
by hyperglycemia, which causes oxidative stress, HIF-1a stabilization,
and, consequently, DIO3 upregulation. As shown by our data, the
resulting LT3S causes a decrease of some mitochondrial markers, which
we may interpret as a sign of impaired mitochondrial function, a con-
dition that, in early phases of DR, would help the tissue against the stress
caused by HG. Interestingly, a T3 replacement strategy in this phase may
remove the beneficial effect of LT3S and restore the damaging effects of
HG. However, in the chronic phase LT3S is no longer associated with
retinal protection. It is reasonable to hypothesize that prolonged mito-
chondrial dysfunction, caused by persistent LT3S, not only fails to limit
the HG-induced damage, but also renders the cells more vulnerable due
to decreased metabolic homeostasis. Although in other scenarios a T3
replacement strategy may have a therapeutic value [29,30], this does
not seem to be the case in DR, at least in the early phases of the disease.
Whether such strategy may have beneficial effects at later stages of DR
remains to be elucidated with further investigations.
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