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Purrose. Clinical investigations associate hypothyroidism with an increased risk for
microvascular complications, yet the mechanism by which thyroid hormone regulates
the development of diabetic retinopathy is not clearly understood. We investigated the
role of iodothyronine deiodinase 2 (DIO2) in the pathogenesis of diabetic retinopathy.

MerHobps. Retinas from streptozotocin-induced diabetic and nondiabetic mice were eval-
uated by RNA sequencing, RT-PCR, and immunostaining. Media and cell lysates from
mouse retinal microvascular endothelial cells and retinal astrocytes exposed to phys-
iologic (5 mM) and high glucose (25 mM) containing media were assessed by liquid
chromatography-tandem mass spectrometry to measure tetraiodothyronine (T4) and tri-
iodothyronine (T'3) concentrations and by Western blot analysis to determine the relation-
ship of T4/T3 to oxidative stress and inflammatory mediators. Cell death was determined
by Trypan Blue exclusion assay.

Resurrs. At 12 weeks of diabetes duration, retinas from diabetic mice compared with
nondiabetic mice demonstrated a significant decrease in Dio2 transcripts and Dio2 gene
and protein (P < 0.05) expression. When cultured in the presence of high glucose,
both mouse retinal astrocytes and microvascular endothelial cells demonstrated a signif-
icant reduction of DIO2 protein compared with cells cultured in physiologic glucose.
High glucose inhibited generation of T3, leading to a significantly increased T4/T3
(P < 0.0079). Supplementation of cells with T3, but not T4, prevented the high glucose-
induced rise in endothelial nitric oxide synthase, intercellular cell adhesion molecule 1,
and endothelial cell death (P < 0.0079).

Concrusions. Decreased intraretinal T3 owing to diabetes-induced loss of DIO2 may lead
to dysfunction and death of cells in the retina, thereby contributing to the pathogenesis
of early diabetic retinopathy.

Keywords: diabetic retinopathy, thyroid hormone, iodothyronine deiodinase 2,
inflammation, retinal microvascular endothelial cells

S everal lines of evidence demonstrate that hypothy-
roidism increases the risk for microvascular diseases,!™>
yet the mechanism by which thyroid hormone impacts the
pathogenesis of diabetic retinopathy has not been deter-
mined. Diabetic retinopathy, a complication of diabetes, is
characterized by dysfunction of both vascular and neuronal
cells.®7 Retinal microvascular endothelial cell degeneration
resulting in acellular capillaries is one of the hallmark lesions
of diabetic retinopathy.®? Studies have shown that, during
the early stage of diabetic retinopathy, impaired produc-
tion of oxidative stress as measured by nitric oxide gener-
ation (endothelial nitric oxide synthase [eNOS)) is trig-
gered, causing dysfunction in vasodilation.!® Activation of
inflammatory cascades induces production of intercellular
adhesion molecule 1 (ICAM1) and causes further vascular
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compromise.!'"!* The resultant vascular permeability and
vascular occlusion lead to local areas of ischemia in the
retina and, ultimately, vascular cell death and capillary
degeneration.’

Thyroid hormone is essential for a variety of physio-
logical processes including cell growth, differentiation, and
metabolism in mammals. It improves insulin secretion and
insulin signaling.!®> Compelling evidence suggests that tri-
iodothyronine (T3), the biologically active form of thyroid
hormone, is a survival factor and inhibits apoptosis in
pancreatic B-cells'® and in human luteinized granulosa
cells.'” T3 also contributes to the regulation of oxida-
tive stress and inflammatory markers. Increased levels of
TNFa, IL-6, and nitric oxide were observed in patients
with overt or subclinical hypothyroidism.'®=2° Low-grade
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inflammation causes coronary endothelial dysfunction in
patients with hypothyroidism compared with euthyroid
controls.'®?! Embryologically, layering and differentiation
of retinal cell types during development is dependent on
T3/tetraiodothyronine (T4) levels and hypothyroid status
(low T3/T4 levels) delays or alters these developmental
processes.?

In mammals, thyroid hormone homeostasis is regulated
by a feedback loop connecting the hypothalamus, pitu-
itary, and thyroid. Thyrotropin-releasing hormone from the
hypothalamus stimulates the pituitary to generate thyroid-
stimulating hormone (TSH), which then binds to its recep-
tor on the thyroid. Within the thyroid, iodinases and deiodi-
nases regulate hormonogenesis and the storage of thyroid
hormone.”® Binding of TSH leads to release of thyroid
hormone into the circulation. Ultimately, circulating thyroid
hormone provides feedback to the hypothalamus to achieve
homeostasis. The predominant form of circulating thyroid
hormone is T4. However, the transcriptional regulation by
thyroid hormone is mediated by the nuclear bound T3.%
Various tissues express peripheral iodothyronine deiodi-
nases, which control the local conversion of T4 to T3.
T3 interacts with thyroid hormone receptors, which are
members of the nuclear receptor superfamily, which can
activate or repress gene transcription. Studies have shown
that more than 50% of T3 in the rodent brain is locally
generated by the action of deiodinases.”® Both iodothyro-
nine deiodinase 1 and iodothyronine deiodinase 2 (DIO2)
are involved in the conversion of T4 to the biologically
active hormone T3. More than 80% of plasma T3 originates
from extrathyroidal pathways and clinical studies demon-
strate DIO2 as the major contributor?*? to the cellular pool
of T3 in humans.?®

Clinically, the coexistence of hypothyroidism and
diabetes is quite common.?*~3% Given that hypothyroidism in
its overt or subclinical form may have deleterious effects on
the complications of diabetes,>® we investigated the expres-
sion of DIO2 in the retina using the streptozotocin-induced
diabetes model in mice and studied the potential effects of
thyroid hormone on the chronic inflammatory and oxida-
tive stress cascades involved in the pathogenesis of diabetic
retinopathy.

MATERIALS AND METHODS
Experimental Animals

Wild-type C57BL/6 male mice were purchased from Jack-
son Laboratories (Bar Harbor, ME, USA). Mice (8 weeks
of age) were randomly assigned to the diabetic or nondi-
abetic control groups. Mice in the diabetic group were given
five sequential daily, intraperitoneal injections of a freshly
prepared solution of streptozotocin (60 mg/kg body weight)
in citrate buffer (pH 4.5). Hyperglycemia was confirmed by
checking the blood glucose at least three times during the
second week after streptozotocin administration. Mice with
random blood glucose of more than 250 mg/dL glucose
were assigned to the diabetic group. Insulin was given as
needed to achieve slow weight gain without preventing
hyperglycemia and glucosuria (typically 0-0.2 U NPH insulin
subcutaneously, 0-3 times per week). The animals had free
access to both food and water and were maintained under
a 14-hour on/10-hour off light cycle. Food consumption and
body weight were measured weekly. Glycohemoglobin was
measured every 2 to 3 months throughout the experiment.
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All animal experiments were conducted in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Cell Culture

Mouse primary retinal endothelial cells were purchased
from Cell Biologics, Inc. (Chicago, IL, USA) were grown in
complete mouse endothelial cell medium (M1168-Kit, Cell
Biologics, Inc.) containing endothelial growth supplements;
VEGF, endothelial cell growth supplement, heparin, epider-
mal growth factor, hydrocortisone, 1-glutamine, antibiotic—
actinomycotic solution, and 5% fetal bovine serum (FBS).
The cells were received at passage 3 and the experi-
ments conducted from passage 5 to passage 11. Primary
retinal microvascular endothelial cells are characterized
by immunofluorescence staining with antibodies of VE-
cadherin (CD144, VE-cadherin Antibody, C-19, sc6458,
Santa Cruz Biotechnology, Dallas, TX, USA), AF1002 (R&D
Systems, Minneapolis, MN, USA) or CD31/PECAM-1 (Cata-
log No. 553370, Becton Dickinson, Franklin Lakes, NJ, USA)
by Cell Biologics Inc. These cells are devoid of bacteria,
yeast, fungi, and mycoplasma contamination as tested by
our Visual Science Research Core facility using spectropho-
tometric method and confirmed again by DNA staining using
Hoechst fluorochrome and visualizing under a fluorescence
microscope.

The mouse retinal astrocytes (mAST) were Kkindly
provided by N. Sheibani (University of Wisconsin, Madi-
son, WI, USA) and were originally isolated from Immor-
tomice®> were grown in DMEM containing 10% FBS. Cells
were seeded and grown in a 60-mm dish for all experiments
except for immunolabeling experiments. Retinal astrocytes
and microvascular endothelial cells (mRECs) were grown
in control medium (containing 5.5 mM glucose) or high-
glucose medium (containing 25 mM glucose) and were
cultured at 37°C in 5% CO,. Media was changed every other
day for 5 days. Thyroxine (Sigma, St. Louis, MO, USA) and
T3 (Sigma) were dissolved in 1 N NaOH at 1 mg/mL concen-
tration and further dilution was in 0.5% FBS-containing
media for mRECs and in 1% FBS containing media for
mAST. For immunofluorescence staining, Western blotting,
and mass spectrometry analysis, media was exchanged to
media containing 0.5% or 1% FBS on day 4, when cells were
at approximately 85% confluency, T3 or T4 was added and
incubated overnight.

RNA Sequencing

Total RNA Preparation and RNA Sequencing
Library Preparation. Retinas were collected from control
and 12-week diabetic mice and flash frozen on dry ice. Total
RNA was extracted with the RNeasy Plus Mini Kit (Qiagen,
Germantown, MD, USA). RNA quality was confirmed using
the 2100 Bioanalyzer (Agilent Technologies; Santa Clara,
CA). All RNA samples had an RNA integrity number of
greater than 9.0. Samples were prepared for sequencing
following Illumina TruSeg-style library preparation protocol.
Enrichment of mRNA was done following rRNA depletion
method (NEBNext rRNA Depletion Kit (Human/Mouse/Rat),
E6310X) and RNA libraries were prepared using the
NEBNext Ultra II Directional RNA Library Prep Kit for Illu-
mina (96RXNS) (New England Biolabs, Ipswich, MA, USA;
E7760L). Library quality was assessed using the 2100 Bioan-
alyzer. Sequencing was performed using a single read, 75-bp
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protocol on the Illumina HiSeq 2500 (Illumina, San Diego,
CA, USA).

Sequencing reads generated from the Illumina plat-
form were assessed for quality and trimmed for adapter
sequences using Trim Galore v0.4.2 (Babraham Bioinfor-
matics, Cambridge, UK), a wrapper script for FastQC and
cutadapt. Reads that passed quality control were then
aligned to the mouse reference genome (mml0) using
the STAR aligner v2.5.1. The aligned reads were analyzed
for differential expression using Cufflinks v2.2.1, an RNA
sequencing analysis package which reports the fragments
per kilobase of exon per million fragments mapped for
each gene. Differential analysis report was generated using
the cuffdiff command performed in a pairwise manner for
each group. Differential genes were identified using a signif-
icance cutoff of g-value of less than 0.05. The list of differ-
entially expressed genes in the retina between nondiabetic
and diabetic mice has been uploaded to the Gene Expression
Omnibus. The genes were then subjected to gene set enrich-
ment analysis (Gene Pattern, Broad Institute, Cambridge,
MA, USA) to determine any relevant processes that may be
differentially over-represented for the conditions tested.>®:3”
All of these processes were performed at the Institute for
Computational Biology, Case Western Reserve University.

Real-time PCR

Total RNA was isolated from 12 week-diabetic and
control mice retina using RNeasy Plus Mini Kit (Qiagen,
Germantown, MD, USA). First strand cDNA was synthe-
sized using Superscript III first-strand synthesis super
mix for quantitative RT-PCR (Invitrogen, Carlsbad, CA,
USA). Real-Time PCR primers were designed using
primer quest tools (IDT, Coralville, IA, USA) and synthe-
sized by IDT. Primer sequences for Dio2 forward,
CGATTGATGTGGCTCCCTAAA and reverse TCTGACTTTCT-
GCTTCGCTATC were used for the amplification. Beta-actin
forward (5-GAGGTATCCTGACCCTGAAGTA-3') and reverse
(5'-CACACGCAGCTCATTGTAGA-3") was used as the house-
keeping gene. Real-time PCR was performed following the
SYBR green quantitative PCR super mix for iCycler (Invit-
rogen, Carlsbad, CA, USA). PCR primer sequences were
designed with primer quest tools (IDT).

Immunofluorescence Staining of Retinal Sections
and Retinal Cells

DIO2 in formalin-fixed and paraffin-embedded retinal
sections of nondiabetic control and 28-week diabetic
mice was detected and quantified by immunofluorescence.
Briefly, tissue sections were deparaffinized using three
changes of xylene and rehydrated using different concen-
trations of alcohol washes. Antigen retrieval was done using
Tris (10 mM EDTA [1 mM] TWEEN-20 [0.05%] pH 9 by
microwaving for a total of 15 minutes (3 times, 5 minutes
each). The tissue sections were blocked for 1 hour in 1% BSA
in PBS and were stained with primary antibody (ab-77779
1:200) overnight at 4°C. The secondary antibodies were goat
anti-rabbit Alexa fluor 568 (Orange) was used at 1:500 dilu-
tion. Sections were then washed using PBS and incubated
with DAPI (Molecular Probes, Invitrogen detection technolo-
gies, Carlsbad, CA, USA) for 10 minutes to label the nucleus.
Omitting the primary antibodies in the incubation reaction
gave no signal.

I0VS | December 2023 | Vol. 64 | No. 15 | Article 3 | 3

For immunofluorescence labeling of DIO2 and eNOS
in cells, mREC or mAST were plated and grown on
poly-i-lysine-coated glass coverslips for 5 days either in
normal or high glucose media. On day 4, media was
exchanged to include media containing 0.5% FBS (for mREC)
or 1.0% FBS (for mAST) and T3 or T4 was added to the
cultures and incubated overnight. On day 5, media was
removed, cells were washed with PBS, and cells were fixed
with 4% paraformaldehyde for 20 minutes. Blocking was in
3% BSA in PBST (TWEEN-20 0.05%) for 30 minutes. Primary
antibody, rabbit polyclonal to DIO2 (ab-77779, 1:1000, incu-
bated overnight); or rabbit monoclonal to eNOS (ab-199956,
1:250, at RT for 2 hours, Abcam, Cambridge, MA, USA) was
applied followed by secondary antibody Alexa Fluor 568
(1:500, Invitrogen A-1101, Grand Island, New York, USA)
for 1 hour.

The immuno-labeled retinal sections and retinal cells
were imaged on an Olympus FV1200 confocal laser scan-
ning microscope (Olympus, Center Valley, PA, USA) with a
40x UPlanFL N objective (NA;1.40) with oil. DAPI was used
for staining the cell nuclei and was detected by exciting the
sample with a 405-nm diode laser and the emission signal
was collected at 425 to 460 nm. Alexa Fluor 568 was detected
by exciting the sample with a 559 nm diode laser and the
emission signal was collected at 575 to 620 nm. Sequential
scanning mode was used to avoid crosstalk between chan-
nels. Images were processed with FluoView software. DIO2
level was expressed as relative mean fluorescence intensity.

Mass Spectrometry

Total T3 and T4 concentrations in mREC cell lysate and
media were measured by a liquid chromatography-multiple
reaction monitoring (LC-MRM) based method. Cell culture
media was collected and stored at —80°C until processing
for T3 or T4 extraction. For cell lysate, cells were washed
twice with PBS and lysed using 200 pL ice-cold acetoni-
trile (75%) in water containing 1% NH3;OH. Then, internal
standards ¥C¢-T3 and '*C4-T4 (Toronto Research Chemicals,
Toronto, Ontario, Canada) were added (20 pmol each) and
the whole cell extract was collected, vortexed for 30 seconds,
and centrifuged at 16,000 x g for 10 minutes. The supernatant
was collected and dried using a speed vacuum concentrator.
The sample was then reconstituted in DMSO: 0.1% formic
acid in water (1:1) and analyzed by LC-MRM using an Agilent
6460 Triple Quad LC/MS system (San Jose, CA, USA).

T3 and T4 from mREC media (DMEM without phenol
red) was extracted along with internal standards follow-
ing the method of Rathmann et al.*® To 400 pL medium,
ice-cold internal standards '*C¢-T3 and '*C¢-T4 (20 pmol
each) were added, and the medium was acidified by
adding 5 pL 30% HCI, vortexed for 20 seconds and incu-
bated at 37°C for 30 minutes in the dark. T3 and T4
were then extracted by adding 1 mL of freshly prepared
propanol/trimethyl butyl ether (30:70 v/v). The upper phase
was collected. The propanol/trimethyl butyl ether extrac-
tion was repeated one more time. The combined upper
phase was evaporated to dryness by a stream of nitrogen
gas and reconstituted in DMSO: 0.1% formic acid in water
(1:1) by vertex mixing for 20 seconds. The samples were
centrifuged at 14,000 rpm for 10 minutes and analyzed by
LC-MRM-MS.

Standard curves were made with T4 (0.024-6.25 nM for
cell lysate and 0.024-50.00 nM for media, Sigma) and T3
(0.024-6.25 nM, for cell lysate and 0.024-50 nM; Sigma) for
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media. Each concentration of T3 and T4 standards were
processed the same way as samples. Internal standards
13C4-T3 and 3C¢-T4 (20 pmol each) were added to the 200
pL of standard, vortex-mixed, centrifuged, vacuum-dried,
reconstituted in DMSO0:0.1% formic acid in water (1:1).
Analytes were separated using reverse phase C18 column
(Phenomenex 2.6 pym 100 A, 100.0 x 2.1 mm) with a linear
gradient of acetonitrile from 25% to 60% in water in the pres-
ence of 0.1% formic acid over a period of 8 minutes at a
flow rate of 0.2 mL/min. Nitrogen gas was used as the nebu-
lizer and collision gas. Injection volume was 10 pL. Analytes
were monitored by MRM in positive ion mode with collision
energy at 25 V for all the compounds. Agilent Mass Hunter
software 10.0 was used for all data acquisition and quantifi-
cation. The MRM transitions used were m/z 651.8 — 605.8
for T3, 777.7 — 731.7 for T4, 657.8 — 611.8 for *Cs-T3, and
783.7 — 737.7 for 3Cs-T4. Standard curves were linear (r* =
0.997 for T3, r* = 0.998 for T4) over the concentration range
of 0.024 to 6.25 nM for both T3 and T4.

Total T3 and T4 concentrations in the media and in
cell lysate were calculated by normalizing the value to
total cell number. For that, just before cell harvest, phase
contrast microscopy images of cells in the dishes were taken
with a 10x/0.30-NA objective on a Leica microscope (Leica
Microsystems, Buffalo, NY, USA). Images of cells at nine
regions in dishes (center of the plate, two points, 1 and 2
cm apart from the center to each right, left, top, and bottom)
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Diabetes regulates Dio2 in the retina. Using the RNA sequencing (A) and real-time quantitative PCR (B) techniques, the retinas
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were taken using a program set up on Metamorph Imaging
Software (Molecular Devices, San Jose, CA, USA). The total
number of cells were quantified by extrapolating areas from
nine regions to the total area of the dish. Thyroid hormones
T3 and T4 in the media and in cell lysate were expressed as
femtomoles per million cells.

Western Blotting

Cells were harvested using cell lysis buffer, sonicated,
centrifuged and the supernatants were used for immunoblot-
ting. Proteins (20-30 pg) were separated on a sodium
dodecyl-sulfate polyacrylamide gel electrophoresis and elec-
troblotted onto nitrocellulose membranes. Membranes were
blocked using blocking buffer from Li-COR Biosciences.
Primary antibodies used were rabbit polyclonal to ICAM1
(10020-1-AP, 1:1000, Proteintech, Rosemont, IL, USA), rabbit
monoclonal to eNOS (ab199956, 1:1000, Abcam), goat poly-
clonal to tubulin (ab21057 1:1000, Abcam) were applied
for overnight at 4°C followed by secondary antibod-
ies IRDye 800CW, donkey anti-rabbit (926-32213, 1:5000),
IRDye 680RD, donkey anti-goat (926-68074, 1:5000) from
Li-COR Biosciences (Lincoln, NE, USA) for 1 hour at
room temperature. The immunoblots were visualized using
LiCOR Odyssey Imaging System and the band intensity was
measured using Image studio software (Li-COR Biosciences).
Data represent the results from four to five experiments.
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from the diabetic mice (SD, black bar, 12 weeks of diabetes duration, # = 6) demonstrated decreased Dio2 mRNA transcripts compared with
the retinas from nondiabetic control mice (ND, white bar, n = 6). P < 0.004 (RNA seq) and P < 0.001 (real time PCR). (C) Mouse retinal
sections were analyzed for DIO2 expression by immunofluorescence staining revealed presence of DIO2 throughout the retinal layers. All
images shown correspond to the maximum intensity projection of a z-stack. (D) Decreased DIO2 expression is detected in the retinas of
diabetes mice (squares; n = 4) at 28 weeks of diabetes duration compared with retinas from nondiabetic mice (circles,; n = 6) as measured

by mean fluorescence intensity (P < 0.05). Scale bar, 50 um.
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Ficure 2. High glucose inhibits DIO2 protein expression in retinal endothelial cells. Primary mouse retinal endothelial cells were grown
in physiologic (5.5 mM, NG) or high (25 mM, HG) glucose for 5 days. On day 4, media was exchanged with 0.5% FBS containing media
and treatment with T3 (1 nM) or T4 (1 nM) was for overnight. Growing cells in high glucose (black bar) resulted in decreased DIO2
protein expression measured by (A) Western blot analysis (P < 0.02) compared with cells grown in physiologic glucose (wbhite bar).
(B) immunofluorescence staining of mREC for DIO2. Scale bar, 50 pm. Data are representative of four independent experiments.

Supplementation of Cultured Cells With Thyroid Statistical Analysis

Hormone and Cell Death Assay Results are expressed as means £ SD. The data were

Mouse primary retinal endothelial cells were cultured for  analyzed by the nonparametric Kruskal-Wallis test followed
5 days in either physiologic or high glucose media. Media by the Mann-Whitney U test. Differences were considered
was changed every other day. T3 (1 nM) or T4 (1 nM) statistically significant when the P was less than 0.05.
were added to the medium for the entire 5 days in culture.

Cell viability was measured by Trypan Blue exclusion assay.

Briefly, an aliquot of cell suspension was diluted 1:1 (vol/vol) ResuLTs

with 0.4% Trypan Blue, and the cells were counted with a
hemocytometer. Cell death was defined as the percentage of
blue-stained cells or dead cells versus the total number of Diabetic mice at 12-week and 28-week diabetes dura-
cells. tion had greater concentrations of fasting blood glucose
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Ficure 3. High glucose suppresses DIO2 protein expression in astrocytes. Astrocytes have been implicated in chronic inflammatory
processes in diabetic retinopathy. (A) Western blot analysis of DIO2 protein in mAST grown in high glucose (25 mM [HG]; black bar)
for 5 days demonstrated a decreased DIO2 protein expression compared with cells grown in physiologic glucose (5.5 mM [NGI; white bar).
Treatment with T3 (1 nM) or T4 (1 nM) was in 1.0% FBS-containing media for overnight. (B) immunofluorescence staining of mREC for
DIO2. Scale bar, 50 pm. Data are representative of the results from five independent experiments (P < 0.002).
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Ficure 4. High glucose decreases intracellular T3 concentration and increases intracellular T4/T3 in mREC. (A) Representative image of a
MRM chromatograms of T3 (0.029 nM) and thyroxine (T4, 0.350 nM) in mouse primary retinal endothelial cell lysate. Cells were grown in
physiologic (5.5 mM, NG) or high glucose (25 mM [HG]) conditions for 5 days. On day 4, media was exchanged to 0.5% FBS containing media
without phenol red and treatment with T3 (1 nM) or T4 (1 nM) was for overnight. High glucose inhibited (B) intracellular T3 synthesis,
which resulted in decreased cellular T3 concentration (P < 0.0087), (C) increased T4 level (P < 0.0317), and (D) increased T4/T3 ratio
(P < 0.0079). Supplementing T3 improved high glucose-induced rise in intracellular T4/T3 ratio, which was not achieved with T4 treat-
ment. Analysis of cell culture media reflected the intracellular thyroid hormone levels. High glucose conditions resulted in decreased T3
(E) P < 0.0159 and increased T4 (F) P < 0.0317 levels in media compared with media of cells grown in normal glucose. Addition of T3
showed improved T4/T3 ratio (G) P < 0.0079 in cells grown under high conditions. Details of mass spec conditions are given in the method

section. Data are representative of results from five independent experiments.
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Ficure 5. T3 inhibits high glucose-induced oxidative stress and inflammatory markers in mREC. Cells were grown in physiologic
(5.5 mM) or high (25 mM) glucose conditions for five days. On day 4, media was exchanged with 0.5%FBS media and T3 (1 nM) or
T4 (1 nM) was added and incubated overnight. eNOS expression was analyzed by (A) Western blot analysis and (B) immunofluorescence
staining. High glucose induced eNOS expression in cells grown in high glucose (P < 0.0079). Treatment with T3 but not T4 attenuated
high glucose-induced eNOS levels in mREC (P < 0.03). Confocal microscopy of mREC stained for eNOS (red) expression was observed
mainly in the Golgi. The nuclei were stained with DAPI (blue). (C) Increased ICAM1 expression was observed in cells grown in high glucose
(P < 0.002) compared with cells grown in physiologic glucose. Similar to eNOS, treatment with T3 but not T4 prevented high glucose
induced ICAM1 level in mREC (P < 0.004). Scale bar, 50 ym. NG, physiologic glucose; HG, high glucose. Data are representative of the

results from four or five independent experiments.

(577 £17 mg/dL vs. 528 + 29 mg/dL for 12-week diabetic
mice vs. 28-week diabetic mice) and glycohemoglobin (9.34
+ 0.95% vs. 10.88 £ 0.84% for 12-week diabetic mice vs.
28-week diabetic mice) compared with their age-matched,
nondiabetic controls (177 + 18 mg/dL vs. 148 + 25 mg/dL
for nondiabetic control of 12-week diabetic mice vs. 28-week
diabetic mice) and glycohemoglobin (1.28 £+ 0.82% vs. 3.74
+ 0.09% for nondiabetic control of 12-week diabetic mice
vs. 28-week diabetic mice).

Dio2 in the Mouse Retina During Diabetes

RNA sequencing of retinal samples from 12-week
streptozotocin-induced diabetic mice demonstrated a signif-
icant decrease in Dio2 mRNA transcript, one of the top 100

differentially expressed gene identified (Supplementary
Fig. S1), compared with nondiabetic control mice (Fig. 1A).
The gene expression pattern was confirmed by real-
time quantitative PCR and the result showed nearly a
50% decrease in Dio2 expression in the retinas from
streptozotocin-induced diabetic mice compared with nondi-
abetic control mice (Fig. 1B). To understand where in
the retina local thyroid hormone production occurs, we
examined retinal cross-sections by the immunofluorescence
method. Evaluation of confocal images of retinal sections
revealed that DIO2 is diffusely expressed in multiple
layers of the retina, as reported previously® (Fig. 1C).
Measuring the fluorescence intensity of DIO2 in retinal
layers indicated that the protein expression is signifi-
cantly decreased in the retina from streptozotocin-induced
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diabetic mice compared with nondiabetic control mice
(Fig. 1D).

Effect of High Glucose on DIO2 Protein
Expression in Retinal Cells

To mimic diabetic-like conditions, cells were grown in high
glucose (25 mM glucose) and compared its effect on DIO2
protein expression with cells grown in physiologic glucose
(5 mM glucose) using Western blotting. Growing mREC
under high glucose conditions for 5 days inhibited DIO2
protein expression by more than 20% compared with cells
grown in physiologic glucose (Fig. 2A). Immunofluorescence
staining of mREC for DIO2 correlated with the Western
blot results (Fig. 2B). The decreased staining for DIO2 was
observed around the nuclei, in agreement with the known
localization of DIO2 in the endoplasmic reticulum.

DIO2 expression in mAST was also influenced by
high glucose concentration in the media. A significantly
decreased DIO2 level was observed in cells grown in high
glucose compared with normal glucose (Figs. 3A and 3B)
(P < 0.002).

High Glucose Impaired Intracellular Thyroid
Hormone Concentration in mREC

Thyroid hormone levels in cell lysates and in culture media
were measured by LC-MRM-MS methods. Representative
MRM chromatograms of T3 and T4 in cell lysate are shown
in Figure 4A. Mouse retinal endothelial cells were grown in
physiologic or high glucose conditions for 5 days. A signifi-
cantly decreased T3 level was observed in cells grown under
high glucose conditions compared with physiologic glucose
(Fig. 4B). Because T4 to T3 conversion is suppressed within
the cells under high glucose conditions, increased intra-
cellular T4 is detected (Fig. 4C), leading to an increased
T4/T3 ratio in mREC (Fig. 4D). Treatment with 1 nM T3,
but not 1 nM T4, improved the intracellular T3 concentra-
tion in mREC (Fig. 4D). Overall, the T4/T3 ratio was simi-
larly elevated in cells grown in high glucose as well as cells
treated with T4 (Fig. 4D). To confirm that the decrease in
T3 did not reflect release of T3 into the extracellular media,
the media from endothelial cells under high glucose condi-
tions were analyzed for thyroid hormone levels. Thyroid
hormone levels in the media corroborated the intracellular
T3 and T4 concentrations, showing decreased T3 (Fig. 4E)
and increased T4 (Fig. 4F) levels in the media of cells grown
under high glucose conditions compared with physiologic
conditions. T4/T3 ratio was similarly elevated in media of
cells grown under high glucose as well as cells treated with
T4 (Fig. 4G) (P < 0.0079).

T3 Inhibits High Glucose-induced Oxidative
Stress and Inflammatory Markers in mREC

Previous studies have demonstrated that the high glucose
condition increases nitric oxide synthase expression in
endothelial cells.®*-4* Here we wanted to see the effect of
supplementation of thyroid hormones on eNOS expression
in mREC. High glucose containing media resulted in elevated
levels of eNOS (Figs. 5A and 5B) in mREC compared with
cells grown in physiologic glucose. Addition of T3 to the
culture medium reduced the high glucose-induced increase
in eNOS production by the endothelial cells (Figs. S5A
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FiGure 6. T3 protects mREC from high glucose-mediated cell death.
Endothelial cells were grown in physiologic glucose (5.5 mM [NG])
or high (25 mM [HG]) glucose media for 5 days. Media was changed
every other day. Fresh hormones were added every day to main-
tain the desired experimental condition. Increased cell death was
observed, when mouse retinal endothelial cells were grown in a
HG condition compared with cells grown in physiologic glucose (P
< 0.0079). Supplementation of T3 but not T4 protected high glucose
induced cell death in mREC (P < 0.03). Data are representative of
the results from five independent experiments.

and 5B). However, treatment with T4 was not effective in
bringing down high-glucose-induced eNOS in mREC.

Increased ICAM1 expression is known to induce adhe-
sion of circulating leukocytes to the vascular endothelium.
ICAM1 blockade using monoclonal antibodies prevented
retinal leukostasis and vascular leakage in rat models
of streptozotocin-induced diabetes.*> Increased expression
of ICAM1 was observed in cells grown in high glucose
compared with normal glucose in mREC (Fig. 5C), as previ-
ously demonstrated.** Treatment with T3 was more effective
than T4 in inhibiting the high glucose-induced expression of
ICAM1 in mREC.

T3 Protects mREC From High Glucose-mediated
Cell Death

Analysis of degenerate capillaries in the retina resulting
from endothelial cell death is a measure for the assess-
ment of diabetic retinopathy in a research setting. An
increased amount of vascular as well as neuronal cell loss
was observed in the retina during diabetes. Previous studies
have demonstrated high glucose alone induces cell death in
in vitro experiments.®> Here, we tested the effect of T3 and
T4 on high glucose-induced cell death in mREC. Growing
cells in high glucose for 5 days induced cell death (Fig. 6)
and supplementation of T3, but not T4, protected mREC
from high glucose-mediated cell death (Fig. 6).

DISCUSSION

DIO2 is an intracellular regulatory enzyme of thyroid
hormone metabolism essential for maintaining the local
active thyroid hormone levels in cells and tissues.?* Our
current study demonstrated that in vivo or in vitro exposure
of retinal cells to elevated glucose concentrations resulted
in a significant decrease in DIO2 expression compared
with physiologic glucose concentrations. The decrease in
DIO2 expression resulted in decreased enzymatic conver-
sion of T4 to T3, dampening the intracellular active thyroid
hormone levels and resulting in an increased T4/T3 in
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Ficure 7. Effect of thyroid hormone on the pathophysiology of
diabetic retinopathy. This schematic depicts the potential role of
thyroid hormone in the regulation of inflammatory cascades and
capillary degeneration in the retina during diabetes.

retinal endothelial cells. Decreased T3 levels exacerbated
expression of oxidative stress and inflammatory markers in
mREC, which are part of the chronic inflammatory state
leading to endothelial cell death (Fig. 7). Thus, early detec-
tion of hypothyroidism and supplementation with thyroid
hormone, specifically to achieve normalization of T3 concen-
trations, may be beneficial in the prevention of diabetic
retinopathy.

Diabetes mellitus and thyroid disease are two closely
associated endocrine disorders. Epidemiological studies
conducted in different ethnic groups reported that the preva-
lence of thyroid dysfunction is higher in subjects with
diabetes compared with those without diabetes and it is esti-
mated to affect 6% to 20%*° of individuals living with type
2 diabetes and the prevalence is much higher in the type 1
diabetes population. Patients with type 1 diabetes develop
thyroid dysfunction at an early age compared with the
general population and one out of four children with type
1 diabetes are prone to developing autoimmune hypothy-
roidism. 748

Similar to our results, other vascular beds are sensitive
to the extrathyroidal synthesis of thyroid hormone. Studies
using rat aorta media and human coronary artery vascu-
lar smooth muscle cells and endothelial cells demonstrate
that local intracellular production of T3 by DIO2 plays
an important role in regulating vascular homeostasis.* In
addition, clinical studies have demonstrated an increased
level of oxidative stress and inflammatory markers (e.g.,
nitric oxide, C-reactive protein, IL-6, and TNF-«) in the
plasma of subjects with subclinical and overt hypothyroid
conditions'®?! and has been associated with microvascular
dysfunction.'?

One of the most common strategies for the treat-
ment of hypothyroidism is r-levothyroxine administration.
However, some hypothyroid patients on levothyroxine treat-
ment remain symptomatic, even after normalization of serum
TSH levels.”® These patients present with higher serum total
and free T4 and approximately 10% lower serum total and
free T3 levels compared with controls,’’ which resulted in
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an increased serum T4/T3. The normalization of cellular T3
may be important to follow in addition to normalization of
TSH with levothyroxine treatment.

Thyroid hormone action depends on the bioavailability of
active thyroid hormone, which again depends on the expres-
sion and activity of local iodothyronine deiodinases. Dio2
(Thr92Ala) polymorphism observed in subjects with insulin
resistance,’! thus, there may also be genetic predisposition
to the effects of thyroid hormones on the development of
diabetes-related organ pathology.

Our study is limited by the use of the mouse model
and mouse retinal cell lines, which may or may not trans-
late to similar findings in humans. Yet, these animal stud-
ies do highlight a modifiable, adjuvant treatment to poten-
tially alter the course of diabetic retinopathy. Combination
therapy for hypothyroidism with T4 and T3 is attaining
more attention these days. However, further study is needed
to better understand treatment approaches and therapeutic
targets for hypothyroidism and the likelihood of beneficial
effects on diabetic retinopathy and other complications of
diabetes.
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