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Timed topical dexamethasone eye drops improve mitochondrial
function to prevent severe retinopathy of prematurity
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Abstract

Pathological neovascularization in retinopathy of prematurity (ROP) can cause visual impairment in preterm infants. Cur-
rent ROP treatments which are not preventative and only address late neovascular ROP, are costly and can lead to severe
complications. We showed that topical 0.1% dexamethasone eye drops administered prior to peak neovessel formation
prevented neovascularization in five extremely preterm infants at high risk for ROP and suppressed neovascularization by
30% in mouse oxygen-induced retinopathy (OIR) modeling ROP. In contrast, in OIR, topical dexamethasone treatment
before any neovessel formation had limited efficacy in preventing later neovascularization, while treatment after peak
neovessel formation had a non-statistically significant trend to exacerbating disease. Optimally timed topical dexametha-
sone suppression of neovascularization in OIR was associated with increased retinal mitochondrial gene expression and
decreased inflammatory marker expression, predominantly found in immune cells. Blocking mitochondrial ATP synthetase
reversed the inhibitory effect of dexamethasone on neovascularization in OIR. This study provides new insights into topi-
cal steroid effects in retinal neovascularization and into mitochondrial function in phase II ROP, and suggests a simple
clinical approach to prevent severe ROP.
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Abbreviations

ATP Adenosine triphosphate

CCLS CC motif chemokine ligand 5

CTRL Control

DEX Dexamethasone

EPO Erythropoietin

EPOR Erythropoietin receptor

HIFla  Hypoxia-inducible factor 1 subunit alpha

I-1B Interleukin-1 beta

-6 Interleukin-6

LC-MS Liquid chromatography coupled with mass
spectrometry

MCP1 Monocyte chemoattractant protein-1

NF-kB  Nuclear factor kappa B

NV Neovascularization

OIR Oxygen-induced retinopathy

P Postnatal day

ROP Retinopathy of prematurity

TNF Tumor necrosis factor

VEGFA  Vascular endothelial growth factor A

VEGFR  Vascular endothelial growth factor receptor

VO Vaso-obliteration

Introduction

Retinopathy of prematurity (ROP) is a retinal neurovascular
disorder in preterm infants who are born before completing
retinal neural and vascular development, into a relatively
hyperoxic extrauterine environment, particularly with sup-
plemental oxygen treatment. Hyperoxia suppresses physi-
ologic retinal vascular development, and recently formed
capillaries may be lost (vaso-obliteration, Phase I ROP).
As the neural retina slowly develops after birth, the avas-
cular retina without an oxygen and nutrient supply becomes
ischemic, driving pathological neovascularization in part
through excess vascular endothelial growth factor (VEGF)
(Phase IT ROP) [1, 2]. Current treatments for Phase II ROP
have limitations. Laser-photocoagulation destroys avascu-
lar retina. Intravitreal injection of anti-VEGF is costly, has
a high rate of neovascularization recurrence and the drug
may persist for weeks to months in the systemic circulation
[3], potentially inhibiting vascularization of other develop-
ing organs [4]. There is an urgent need to develop effective,
inexpensive and safe preventative treatments for ROP.
Dexamethasone is a glucocorticoid agonist. There are
many mixed reports of glucocorticoids suppressing (and
some enhancing) retinal neovascularization, but the detailed
mechanism of dexamethasone suppression of pathological
neovascularization is unknown. Importantly, the effects of
dexamethasone on preventing neovascular ROP may depend
on the route of administration, timing, and dose [5], which
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require a better understanding of the mechanisms that con-
trol the development of ROP. Clinical and experimental evi-
dence suggests that dexamethasone exerts anti-angiogenic
functions [6—9]. Dexamethasone also regulates metabolism,
and has the potential to protect against glial and neuronal
apoptosis [10—14] and to suppress microglial reactivity [15]
and resulting inflammation.

Topical dexamethasone eye drops are readily available
worldwide, and unlike laser and intravitreal anti-VEGF, are
easy to administer. If shown to be effective in preventing
neovascular ROP, this treatment might fulfill a great need
in both underdeveloped countries where the incidence of
ROP is increasing rapidly as well as in countries with more
advanced neonatal care. From a clinical perspective, topical
dexamethasone administration may avoid adverse effects of
systemic or intravitreal dexamethasone injection.

We conducted a small prospective pilot clinical study,
using topical 0.1% dexamethasone eye drops in Type 2 ROP
[16] in extremely preterm infants (gestational age 22 to 27
weeks) at very high risk for ROP. This treatment, admin-
istered prior to the development of severe ROP requiring
treatment, prevented ROP progression, promoted normal
retinal vascularization, and prevented the need for laser or
anti-VEGF treatment in all 5 cases. This was also reported
in a small retrospective study [17]. To understand the mech-
anisms and timing, we used the well-known mouse model
of ROP, oxygen-induced retinopathy (OIR) [18, 19] and
demonstrated that topical 0.1% dexamethasone eye drops
administered daily prior to peak neovessel formation opti-
mally suppressed neovascularization at P17. Treatment
prior to any neovessel formation showed minimal preven-
tion of neovascularization. Treatment after peak neovessel
formation was ineffective at reducing neovascularization
with a trend to increasing neovascularization. We found that
topical dexamethasone eye drops suppressed neovascular-
ization by modulating retinal mitochondrial function. This
study provides new therapeutic strategies for ROP and new
insights into mitochondrial control of Phase II ROP.

Methods
Patients

A pilot prospective clinical study was performed to evaluate
topical 0.1% dexamethasone eye drops in patients with ROP.
Dexamethasone was prescribed off label, and this study was
approved by the local ethics committee (Dnr 2019-02321,
Registration date 2019-05-02) and performed following the
committee regulations. It adhered to the Declaration of Hel-
sinki for human research.
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The inclusion criteria were the first sign of Type 2 ROP
with stage 3, zone II without plus disease, i.e., the beginning
of neovascularization. Infants fulfilling the inclusion crite-
ria were included over a period of one year (2019-2020).
Treatment with topical 0.1% dexamethasone eye drops was
started at the first sign of stage 3 ROP. If severe haziness
occurred, three drops/day were initiated for three days,
tapering to 2 drops for four days, whereafter one drop daily
was administered. Patients with stage 3 zone II were given
one drop daily until regression to stage 2, median five weeks
(range 1-13 weeks), whereafter, one drop every other day
was administered for one week. Screening was performed
with standardized protocols, classification, and ROP diag-
nosis were performed according to international screen-
ing guidelines [20] once to twice a week with RetCam, for
objective analyses, by three experienced ROP screeners
(AH, MP, and PL).

Exclusion criteria were infection in the eye, and no
patient was excluded.

Animals

C57BL/6J mice (#000664, Jackson Laboratory) were
housed under a 12-hourly light/dark cycle. Pups weighing
less than 5.0 g or more than 7.5 g at P17 were excluded [21].
Both littermate females and males were used. All animal
care and experiments were in accordance with the Associa-
tion for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research
and were approved by the Institutional Animal Care and Use
Committee at Boston Children’s Hospital (Protocol Num-
ber: 00001619).

Oxygen-induced retinopathy mouse model and
quantification

In mouse OIR, C57BL/6J pups and their nursing dam
were placed in a 75% oxygen chamber from P7 to P12 to
inhibit retinal vessel growth and induce vessel loss and then
returned to room air at P12. Relative hypoxia of avascular
retina induces both pathological neovascularization (NV)
and re-vascularization (reflected by decreased vaso-oblit-
eration, VO). Mice were euthanized using CO2 asphyxia-
tion or ketamine/xylazine (depending on age) and both eyes
were enucleated. After one-hour fixation with 4% parafor-
maldehyde, retinas were dissected and stained with isolec-
tin GS-IB4 (Alexa Fluor 594, #121413, Invitrogen) in 1
mmol/L CaCl2 in phosphate-buffered saline (PBS, (#10010-
023, Gibco) overnight at room temperature to visualize
blood vessels. Retinas were washed with PBS and mounted
using ProLong Glass Antifade Mountant (#P36980, Invi-
trogen). Images were taken at 50X magnification using a

Zeiss fluorescent microscope. VO and NV were quantified
using Image J [19]. The percentages of NV and VO of the
total retinal area were calculated and compared between
interventions.

Treatments

Dexamethasone sodium phosphate ophthalmic solution
(0.1% (1 mg/mL)), NDC 24208-720-02, Bausch Lomb Inc.)
was topically administered (5 uL) once per day to each eye
from P12 to P14 (prior to any neovessel formation), or P14
to P16 (prior to peak neovessel formation) or P17 to P19 (at
peak neovessel formation and regression). PBS was topi-
cally administered to both eyes of littermates as vehicle con-
trol. Oligomycin A (#11342, Cayman Chemical) (0.25 ng/g
body weight, dissolved in PBS with 20% ethanol) or vehi-
cle control (PBS with 20% ethanol) were intraperitoneally
injected in OIR mice from P14 to P16. Retinas were col-
lected at P17 and P20 to examine retinal vascular networks.

Label-free LC-MS/MS proteomics
Sample preparation

OIR mice were euthanized at P17 using ketamine/xylazine
and retinas were immediately isolated. The two retinas from
each mouse were pooled for each sample and homogenized
in RIPA buffer (#89900, Thermo Fisher Scientific) with pro-
tease inhibitor (#P0044, Sigma) and phosphatase inhibitor
(#P8340, Sigma). Lysates were proteolyzed using the iST
in-solution digestion kit (#P.0.00027, PreOmics GmbH)
automated on the PreON robot (PreOmics). In brief, 50 pg
retina protein sample in 10 pL was added to 40 uL LYSE
buffer (PreOmics). The samples were trypsinized for 3 h
following the manufacturer’s instructions. Eluted peptides
were dried in a speed vacuum (Vacufuge, Eppendorf) and
resuspended in 40 uL LC-LOAD solution. In total, n=6
vehicle control and » =6 dexamethasone eye drops samples
were prepared.

Mass spectrometry

Mass spectra were acquired on Orbitrap Fusion Lumos
coupled to an Easy-nLC1000 HPLC pump (Thermo Fisher
Scientific). The peptides were diluted 5-fold using sample
loading buffer and 4 ul injections separated using a dual
column set-up: an Acclaim™ PepMap™ 100 C18 HPLC
Column, 75 pm X 70 mm (Thermo Fisher Scientific,
#164946); and an EASY-Spray™ HPLC Column, 75 pm X
250 mm (Thermo Fisher Scientific, #£ES902). The column
was heated at a constant temperature of 45 °C. The gradient
flow rate was 300 nL/min from 5 to 21% solvent B (0.1%
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formic acid in acetonitrile) for 75 min, 21 to 30% solvent
B for 15 min, and another 10 min of a 95%-5% solvent B
in a jigsaw wash. Solvent A was 0.1% formic acid in mass
spectrometry-grade water. The mass spectrometer was set
to 120,000 resolution, and the top N precursor ions ina 3 s
cycle time (within a scan range of m/z 400—1500; isolation
window, 1.6 m/z) were subjected to collision-induced disso-
ciation (CID, collision energy 30%) for peptide sequencing.

The acquired peptide spectra, comprising 12 retinal
samples (n =06 vehicle control and n =6 dexamethasone eye
drops) were searched with the Proteome Discoverer pack-
age (PD, Version 2.5) using the SEQUEST-HT search algo-
rithm against the Mouse UniProt database (63,603 entries,
updated January 2022). The digestion enzyme was set
to trypsin and up to two missed cleavages were allowed.
The precursor tolerance was set to 10 ppm and the frag-
ment tolerance window to 0.6 Da. Methionine oxidation and
n-terminal acetylation were set as dynamic modifications,
and cysteine carbamidomethylation as a static modification.
The PD Percolator algorithm calculated the peptide false
discovery rate (FDR) and peptides were filtered based on
an FDR threshold of 1.0%. Peptides that were only assigned
to one given protein group and not detected in any other
protein group were considered unique and used for further
analyses. A minimum of 2 unique peptides for each protein
were required for the protein to be included in the analyses.
The Feature Mapper was enabled in PD to quantify pep-
tide precursors detected in the MS1 but may not have been
sequenced in all samples. Chromatographic alignment was
performed with a maximum retention time shift of 10 min,
mass tolerance of 10 ppm and signal-to-noise minimum of
5. Precursor peptide abundances were based on their chro-
matographic intensities and total peptide amount was used
for PD normalization.

Analysis

Data were further analyzed using the statistical software,
Qlucore (Qlucore, Sweden, version 3.5). We performed a
two-group comparison (dexamethasone vs. control eye
drops) using the log-transformed protein group means, the
student’s t-test for each protein’s comparison (p-value),
and the Benjamini-Hochberg procedure to calculate the
FDR adjusted p-value (q value). We employed Ingenuity
Pathway Analysis (IPA, QIAGEN) to evaluate signaling
pathways from gene expression data. IPA calculates Fish-
er’s exact p-value for overlapping differentially expressed
genes with curated gene sets representing canonical bio-
logical pathways. In addition, IPA calculates a Z-score for
the direction of gene expression for a pathway based on the
observed gene expression in the dataset. The Z-score signi-
fies whether expression changes for genes within pathways
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are consistent with what is expected based on previously
published analyses annotated in the Ingenuity Knowledge
Base [22]. Significant pathways were defined as those with
a Z-score absolute value>1 or an overlap p-value <0.05.
Principal component analysis was performed on unfiltered
proteome (p=1).

Real-time quantitative PCR (RT-qPCR)

Mice were euthanized at P17 using ketamine/xylazine and
retinas were immediately isolated. Total RNA was extracted
from pooled retinas of both eyes with PureLinkTM RNA
Mini Kit (#12183025, Invitrogen), and cDNA was gen-
erated with iScriptTM Reverse Transcription Supermix
(#1708841, Bio-Rad). RT-qPCR was performed using
SYBR Green qPCR Master Mix (#522076, Bimake.com)
and CFX96TM Real-Time PCR Detection System (Bio-
Rad, California, USA). Data were quantified using the AACt
method with Cyclophilin A as the internal control Supple-
mentary Table 1 shows primer sequences of target genes.

Single-cell RNA sequencing and transcriptome
analysis

In the single-cell datasets of “Study - Single-cell RNAseq
of Normoxic and OIR mouse retina by Drop-seq” (NCBI’s
Gene Expression Omnibus accession no. GSE150703) [23],
gene expression of inflammatory markers was analyzed.

Statistics

All data are presented as the mean+ SEM. The normality
and variance of the data set were confirmed using a histo-
gram, Shapiro-Wilk normality test, and a quantile-quantile
plot. Mann-Whitney U test was used if the data set was
not normally distributed. When normality was given, two-
tailed unpaired t-test was used when the data set showed
equal variance, and Welch’s test was used if the data set had
unequal variance (Prism v9.0, GraphPad Software, Inc.). P
values < 0.05 were considered statistically significant.

Results

A pilot clinical study of topical 0.1% dexamethasone
eye drops in Type 2 ROP prior to neovessel
formation prevented progression to Type 1 ROP and
promoted normal vascular development

We conducted a pilot clinical study of five extremely preterm
infants (gestational ages at birth from 22 to 27 weeks) with
type 2 ROP (stage 3, zone II without plus disease) treated
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Fig. 1 A pilot clinical study of
topical 0.1% dexamethasone

eye drops Type 2 ROP prior to
neovessel formation prevented
progression to Type 1 ROP,

and promoted normal vascular
development. (a, b) Representa-
tive fundus images of Case 3
(Table 1). Born gestational age
25 weeks, birth weight 700 g,
female. Start of dexamethasone
treatment (a) in right eye (R)
and (b) left eye (L) at postmen-
strual age (PMA) 36 +2 weeks.
Red arrows indicate a ridge at
the leading edge of develop-

ing retinal vasculature. (¢, d)
Representative fundus images of
Case 3 (Table 1), at the end of
dexamethasone treatment (c¢) in R
eye and (d) L eye at PMA 4442
weeks. Red arrows indicate the
extent of re-vascularization at
the end of treatment. Dotted
lines indicate the leading edge of
vascular development at start of
dexamethasone treatment (PMA
36+2)

Table 1 Dexamethasone eye drops in five extremely preterm infants with type 2 ROP prevented type 1 ROP

Pt. GA BW Sex Indication for treatment DEX (0.1%) dose DEX start DEX end Post-treatment results
w+d) () PMA PMA
(wW+d) (w+d)

1 22+4 430 M ROP Type 2 (stage 3, zone  1drop 3x/d x 4d, 33+0 34+4 Regression of ROP, vascular-

I, no plus), haze 1drop 2x/d x 3d, ization to zone 3, less haze
ldrop/d x 4d

2 2443 720 M ROP Type 2 (stage 3, zone  ldrop/d x 1d, 34+3 47+6 Regression of ROP, vascular-
11, no plus) 1 drop qod ization to zone 3, less haze

3 2540 700 F ROP Type 2 (stage 3, zone  ldrop/d x 1d, 36+2 4442 Regression of ROP, vascular-
11, no plus) 1 drop qod ization to zone 3, less haze

4 27+4 565 F ROP Type 2 (stage 3, zone  ldrop/d x 1d, 36+4 41+4 Regression of ROP, vascular-
11, no plus) 1 drop qod ization to zone 3, less haze

5 25+4 750 M ROP Type 2 (stage 3, zone  1drop/d x 1d, 37+1 39+4 Regression of ROP, vascular-
11, no plus) 1 drop qod ization to zone 3, less haze

Abbreviations Pt., patient, GA, gestational age; w, weeks; d, days; BW, birth weight; M, male; F, female; DEX, dexamethasone eye drops; PMA,

postmenstrual age; qod, every other day

with dexamethasone (0.1%) eye drops during the period
2019-2020. Topical dexamethasone off-label treatment
(Fig. 1a, b) regressed ROP stage 3 lesions and promoted
normal vascular development (Fig. lc, d). In 5/5 clinical
cases, topical dexamethasone prevented ROP progression
to severe type 1 ROP and prevented the need for laser treat-
ment of retinal neovascularization (Table 1). Potential ocu-
lar complications including high intraocular pressure and
cataract were not observed in any infants.

Time-dependent effect of topical 0.1%
dexamethasone eye drops on neovascularization in
mouse OIR

In mouse OIR, retinal neovessel growth begins at about
postnatal day (P) 14, with peak neovessel formation at
P17, followed by spontaneous regression between P17 and
P25 (Fig. 2a). We applied one drop daily of dexametha-
sone (0.1%) or control for three days at three key stages in
phase II ROP: (a) prior to any neovascular formation (P12-
P14), (b) prior to peak neovessel formation (P14-P16), and
(c) at peak neovessel formation and subsequent regression
(P17-P19).
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a Po P7 P12 P14 P17 P25
[ Roomair(21%0,) | 75%0, 21% O,
Vessel loss Proliferation | Regression
Neovessel =
. Start Peak .
Phase | Phase Il

b

Early treatment prior to any neovessel formation

PO P7 P12 P14 P17
[21% 0, 75% 0, | 21%0, |
q A
DEX or CTRL
e

Early treatment prior to peak neovessel formation

PO P7 P12 P14 P17
[21% 0, 75%0, || 21%0, |
—p A

DEX or CTRL

h i

Late treatment during regression

PO P7 P12 P14 P17 P20
[21% 0, ] 75% 0, | 21% O, |
—}A

DEX or CTRL

Fig. 2 Effect of topical 0.1% dexamethasone eye drops on neovascu-
larization with treatment during different intervals during OIR devel-
opment. (a) Schematic of mouse oxygen-induced retinopathy (OIR)
and longitudinal development of neovascularization. Hyperoxia (75%
0,) from postnatal day (P) 7 to P12 induces retinal vaso-obliteration.
After returning to room air (21% O,) at P12 the avascular retina drives
neovessel formation starting at P14, peaking at P17 with subsequent
regression. (b, e, h) Schematics of topical 0.1% dexamethasone eye
drops (DEX) or control eye drops (CTRL) treatment intervals in OIR.
(b) P12 to P14 (prior to any neovessel formation) (e) P14 to P16 (prior
to peak neovessel formation) (h) P17 to P19 (during peak neovessel
formation and regression). Retinas were collected at P17 (b-g) or P20
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(h-j). (c, f, i) Representative images of whole mounted retinas after
OIR mice were treated with DEX or CTRL were shown. Retinal ves-
sels (red, lectin), neovascular area highlighted in white. Scale bar,
2 mm. (d, g, j) Percentage of neovascular area over whole mounted
retinas of OIR mice treated topically with DEX vs. CTRL from: (d)
P12-P14, evaluated at P17: CTRL, n=8; DEX, n=7 retinas; Two-
tailed unpaired t-test; *p <0.05. Mean values+SEM; (g) P14-P16
evaluated at P17: CTRL, n=16; DEX, n=14 retinas; Two-tailed
unpaired t-test; ***p<0.001. (j) P17-P19 evaluated at P20: CTRL,
n=12; DEX, n=12 retinas; (d, g, j) Two-tailed unpaired ttest; ns, not
significant
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Topical dexamethasone decreased retinal neovessel
formation at P17 by 10% when applied from P12 to P14
(Fig. 2b, c, d) and decreased neovascularization by 30%
when applied from P14 to P16 (Fig. 2e, f, g). When applied
from P17 to P19, there was a trend to increased P17 neo-
vascularization, which was not statistically significant
(Fig. 2h, i, j). Topical dexamethasone did not significantly
impact vaso-obliteration (Supplementary Fig. 1a, b, d, e, g,
h), indicating no suppression of physiological retinal vessel
growth. Body weight was comparable in all treatment ver-
sus control groups (Supplementary Fig. lc, f, i), suggesting
no major toxicity.

a C

Early treatment prior to peak neovessel foramtion

PO P7 P12 P14 P17
[21% 0, 75%0, || 21%0, |
=) A Harvest
DEX or CTRL

(30% drop in NV)

LC-MS/MS-based label-free proteomics

¢ 7
N Peptid_e Peptide
S l(; separation analysis

Label-free proteomic analyses of P17 OIR retinas
with topical dexamethasone treatment prior to
peak neovessel formation

To investigate potential pathways modulated by maximum
topical dexamethasone suppression of neovascularization
in OIR (P14-P16 treatment, prior to peak neovessel forma-
tion), we conducted label-free liquid chromatography cou-
pled with mass spectrometry (LC-MS) based proteomics on
retinas at P17 (Fig. 3a) as this timing in OIR aligns with
clinical results in ROP patients (Fig. 1a-d).

Decreased in DEX Increased in DEX

i s 184 protein
144 proteins Crot? - 84 proteins
: « Selenbp1
:  Sledalo
. ., ., —Coxdi2

LC-MS MS/MS
0-+— T v T T
-4 -2 0 2 4
log2 (fold change)
DEX vs. CTRL canonical pathway
Decreased Increased -log10 (p value)
DEX 5
o NIK-->noncanonical NF-kB signaling - @)
(] ¢ 4
° Regulation of Apoptosis - @ 3
L]
1@w— e ——3(10%) Signaling by NOTCH4 4 O 2
o . T Mitochondrial Dysfunction - .
© N
° ‘ . lon channel transport - ) Protein count

‘ ° HIF1a Signaling - ® ® 4
CTRL | Class | MHC mediated antigen | ® o7

! processing and presentation . 13

2z Oxidative Phosphorylation ®
T 1 T 1

Fig. 3 Label-free proteomic analyses of P17 OIR retinas with topical
dexamethasone treatment prior to peak neovessel formation (P14-P16).
(a) Overview of the experimental time course. Label-free LC-MS/MS-
based proteomics of P17 OIR retinas treated topically with one drop per
day of 0.1% DEX or CTRL from P14 to P16 (prior to peak neovessel
formation). CTRL, n=6; DEX, n=6 mice (2 retinas from each mouse
pooled for n=1). (b) Principal component analysis plot of unfiltered
proteome (p=1 for n=3,936 proteins; 2 or more unique peptides).
(¢) Number of identified and statistically significant (p < 0.05) proteins
in the dataset. In DEX group versus CTRL group, 184 proteins with

T
3 -2 A1 0 1 2 3
IPA Z-score

increased and 144 proteins with decreased in abundance. Volcano plot
of differentially abundant proteins in P17 OIR DEX vs. CTRL retinas.
Each data point in blue represents a unique protein considered sig-
nificant (p <0.05). Selected proteins (with low p-value or high fold
change) involved in mitochondrial dysfunction, ion channel transport,
and oxidative phosphorylation in Ingenuity Pathway Analysis (IPA)
were labeled. (d) IPA activation Z-scores for selected canonical path-
way in DEX group compared to CTRL group. Pathways were sorted
by -logl0 (p value). Significant pathways were defined as those with a
z-score absolute value > 1 or an overlap p value <0.05
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Principal component analysis of the unfiltered proteome
(p=1, q=1) revealed distinct protein profiles in topical
dexamethasone (0.1%) vs. control-treated retinas (Fig. 3b).
A total of 3,936 proteins were characterized by at least 2
unique peptides, and 328 proteins had statistically signifi-
cant changes in abundance (p <0.05, q<0.59). Of the sig-
nificantly altered proteins, 184 had increased intensities
and 144 had decreased intensities in the topical dexametha-
sone- versus control-treated groups (Fig. 3¢). We identified
differentially activated pathways using Ingenuity Pathway
Analysis (IPA) [22] (Fig. 3d). The mitochondria dysfunc-
tion pathway was decreased, and ion channel transport
and oxidative phosphorylation pathways were increased in
topical dexamethasone-treated OIR retinas. Inflammation,
including nuclear factor-kB (NF-kB) signaling and class 1
MHC mediated antigen processing and presentation, was
decreased in dexamethasone-treated OIR retinas, which
supports that dexamethasone, a well-known anti-inflam-
matory agent, influences the retinal proteome. Angiogenic
pathways, including signaling by NOTCH4 and hypoxia-
inducible factor 1 subunit alpha (HIFla) signaling, were
decreased in dexamethasone-treated OIR retinas.

Topical dexamethasone treatment (P14-P16)
suppressed P17 neovascularization via
mitochondrial ATP production in mouse OIR

We found significantly increased expression of genes asso-
ciated with mitochondrial activity at P17 in retinas treated
with topical dexamethasone eye drops (0.1%) during P14-
P16 (Fig. 4a), consistent with the proteomics data (Fig. 3c,
d).

We wished to determine if topical dexamethasone eye
drops (P14-P16, prior to peak neovessel formation) sup-
pressed P17 neovascularization in OIR mice through
increased mitochondrial function. We inhibited mitochon-
drial ATP F1FO synthetase [24], the final enzyme of oxi-
dative phosphorylation generating ATP from ADP for
energy production in the mitochondrial electron transport
chain with daily intraperitoneal oligomycin A administra-
tion from P14 to P16 (Fig. 4b). Oligomycin alone versus
vehicle control significantly increased retinal neovascular-
ization at P17 (Fig. 4c, d) with no significant alteration in
retinal vaso-obliteration (Supplementary Fig. 2a, b). Oli-
gomycin treatment did not affect body weight (Supplemen-
tary Fig. 2¢), indicating no severe toxicity. Since label-free
proteomics indicates the correlation between mitochondria
related pathways and inflammatory pathway/HIF1a signal-
ing, we investigated inflammatory- and hypoxia regulated
pro-angiogenic markers in P17 OIR retinas treated with oli-
gomycin or vehicle control by RT-qPCR. Oligomycin sig-
nificantly increased pro-inflammatory markers (7nf, 1115,
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Fig. 4 Topical dexamethasone treatment prior to peak neovessel for- }
mation (P14-P16) suppresses P17 neovascularization via mitochon-
drial ATP production. (a) Quantification of mitochondrial mRNA
gene expression levels in P17 retinas from OIR mice treated with
one drop per eye per day of DEX or CTRL from P14 to P16 (prior
to peak neovessel formation). CTRL, n=4; DEX, n=4 mice (2 reti-
nas from each mouse pooled for n=1). Two-tailed unpaired t-test for
Cox4i2, Cox6al, Atp6vib2, Tomm70a, and Tufin; Mann-Whiteny U
test for Atp6via; ¥*p <0.05; ¥**p<0.01; ¥***p <0.001; ****p <0.0001.
Mean values+SEM. (b) Schematic of oligomycin (mitochondrial
ATP synthase inhibitor) intervention in OIR from P14 to P16 (prior
to peak neovessel formation). (¢) Representative images of P17 whole
mounted retinas from OIR mice after oligomycin (0.25ug/g, i.p., daily)
or vehicle P14-P16. Retinal vessels (red, lectin). NV was highlighted
in white. Scale bar, 2 mm. (d) Percent neovascular area of whole reti-
nal area in P17 OIR after oligomycin or control administration in (b).
Vehicle control (Vehicle), n=16; Oligomycin, n=11 retinas; Two-
tailed unpaired t-test; **p <0.01; ns, not significant. (e) Quantification
of inflammation- and angiogenesis-related mRNA expression levels in
P17 retinas in OIR mice treated with oligomycin or vehicle control
administration. Vehicle, n=4; Oligomycin, n=3 mice (2 retinas from
each mouse pooled for n=1). Two-tailed unpaired t-test; *p <0.05;
**p<0.01; ns, not significant. Mean values+ SEM. (f) Schematic of
intervention in OIR mice treated with oligomycin (0.25ug/g, i.p.) in
addition to 0.1% dexamethasone eye drops (Oligomycin+DEX) or
control eye drops (Oligomycin+ CTRL) from P14 to P16 (prior to peak
neovessel formation). (g) Representative images of whole mounted
P17 retinas of OIR mice after treatment with Oligomycin+CTRL or
Oligomycin+DEX from P14 to P16. Retinal vessels are visualized
with lectin (red) and NV is highlighted in white. Scale bar, 2 mm. (h)
Quantification of NV as percentage of total retinal area in P17 OIR ret-
inas in mice treated with Oligomycin+ CTRL or Oligomycin+DEX
from P14 to P16. Oligomycin+CTRL, n=9; Oligomycin+DEX,
n="7 retinas. DEX and CTRL groups from Fig. 2g are included for
comparison. One-way ANOVA; *p<0.05; **p<0.01; ***p<0.001;
***¥p <0.0001; ns, not significant

116) and pro-angiogenic markers including erythropoietin
(Epo) and erythropoietin receptor (EpoR), but not vascu-
lar endothelial growth factor a (Vegfa) and Vegf receptor
2 (Vegfr2) (Fig. 4e). To determine if topical dexametha-
sone eye drops treatment suppressed neovascularization
in OIR through increased mitochondrial function, mouse
pups were treated with systemic oligomycin in addition to
either topical dexamethasone eye drops (DEX + oligomy-
cin) or control eye drops (CTRL+ oligomycin) daily from
P14 to P16 (Fig. 4f). At P17, neovascularization did not
differ between DEX + oligomycin and CTRL + oligomycin
groups, suggesting that oligomycin attenuated dexametha-
sone suppression of neovascularization (Fig. 4g, h). Topical
dexamethasone eye drops plus oligomycin and control eye
drops plus oligomycin treatments did not affect vaso-oblit-
eration and body weight (Supplementary Fig. 2d-f).

Our results suggested that topical dexamethasone eye
drops administered prior to peak neovessel formation (P14-
P16) increased mitochondrial function and that blocking
mitochondrial ATP synthesis with oligomycin attenuated
the suppressive effect of topical dexamethasone eye drops
on P17 neovascularization.



Angiogenesis

a Early treatment prior to
peak neovessel formation

Genes involved in mitochondrial activity
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Topical dexamethasone treatment suppressed pro-
inflammatory gene expression in OIR retinas in a
time-dependent manner

We also examined in P17 OIR retinas, the impact of topical
dexamethasone eye drops (0.1%) treatment on pro-inflam-
matory- and hypoxia-regulated pro-angiogenic markers

during treatment at three intervals noted above (Fig. 2b,
e, h). We selected common pro-inflammatory markers e.g.
Tnf, I11b, 116. These initiators of inflammation lead to down-
stream upregulation of chemokines. Since we are inter-
ested in knowing how the mitochondria control immune
cell response, we employed chemokines from a literature
review specifically for ROP [25], including monocyte
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chemoattractant protein 1 (McpI) and C-C motif chemokine
ligand 5 (Ccl5), which function as a chemoattractant for
monocytes. CD11b-positive microglia/macrophage are pre-
dominantly found in the outer nuclear layer and secrete high
levels of Tnf and the McpI and Ccl5, which is suggested to
initiate an auto-regulatory loop for chemotactic migration

to local sites of apoptotic and inflammatory cascades events
[26]. Dexamethasone treatment from P12 to P14 slightly
decreased P17 OIR retinal gene expression levels of pro-
inflammatory markers 7nf'and Ccl2/Mcp1 (but not /11b, 116
or Ccl5), and minimally decreased hypoxia-regulated pro-
angiogenic markers Vegfa, Vegfi2, Epo, and EpoR (Fig. 5a).
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Fig. 5 Topical dexamethasone treatment at different intervals during
OIR progression differentially suppressed pro-inflammatory and pro-
angiogenic gene expression. (a-c) Quantification of inflammation- and
angiogenesis-related mRNA expression levels in P17 (a, b) or P20 (¢)
retinas in OIR mice treated with DEX or CTRL (a) from P12 to P14
(prior to any neovessel formation). CTRL, n=7; DEX, n=7 mice (2
retinas from each mouse pooled for n=1); Two-tailed unpaired t-test
for Tnf, 1l1b, Vegfa, Vegfr2, Epo, EpoR; Mann-Whitney U-test for
Mcpl and Ccl5; Welch’s test for 116, *p<0.05; **p<0.01; ns, not
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significant. Mean values + SEM. (b) from P14 to P16 (prior to peak
neovessel formation). CTRL, n=7; DEX, n=8 mice (2 retinas from
each mouse pooled for n=1); Two-tailed unpaired t-test; *p <0.05;
**p<0.01; ***p<0.001; ns, not significant. Mean values + SEM. (c)
from P17 to P19 (during peak neovessels and neovessel regression).
CTRL, n=4; DEX, n=4 mice (2 retinas from each mouse pooled for
n=1); Two-tailed unpaired t-test; ¥*p <0.05; ns, not significant. Mean
values + SEM
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Dexamethasone treatment from P14 to P16 decreased more
significantly P17 OIR retinal gene expression levels of 7xf,
111b, 116, Ccl2/Mcpl, Ccl5 and modestly suppressed pro-
angiogenic markers Epo and did not affect Vegfa, Vegfi2,
or EpoR (Fig. 5b). Dexamethasone treatment from P17 to
P19 decreased P20 OIR retinal gene expression levels of 7Tnf’
but not //1b, 116, Ccl2/Mcpl, Ccl5 nor angiogenesis mark-
ers Vegfa, Vegfr2, Epo, and EpoR (Fig. 5¢). Taken together,
topical dexamethasone suppressed pro-inflammatory and
pro-angiogenic markers in OIR depending on the timing of
topical dexamethasone treatment. Single-cell analysis of P17
mouse OIR retinas [23] demonstrated that Tnf, 111b, Ccl2/
Mcpl, and Ccl5 were expressed almost solely in immune
cells (Supplementary Fig. 3). These findings suggested that
topical dexamethasone treatment suppresses neovascular-
ization in OIR retinas by targeting immune cells.

Discussion

Studies of effects on ROP of systemic administration, of
glucocorticoids inform our understanding of the importance
of drug timing and dose. Postnatal systemic glucocorticoids
reduce the incidence of severe ROP in some but not all
studies [27, 28]. Meta-analysis of 196,264 infants from 63
studies (Pubmed search: “steroid*”, “cortico*”, “betameth-
asone”, “dexamethasone”) shows that antenatal corticoste-
roid exposure may decrease ROP severity but not prevent
ROP [29]. In a large cohort study of 1,472 neonates with
birth weight <500 g, postnatal steroid exposure is associ-
ated with a higher risk of ROP. However, conclusions are
limited as the steroid type, delivery route, timing, or dose
are not defined [30]. A small retrospective study suggests
that dexamethasone eye drops (0.1%) prior to peak neoves-
sel formation (Type 2 ROP) before potential laser therapy
markedly inhibits progression to severe neovascularization
(Type 1 ROP) and decreases the need for laser or anti-VEGF
treatment [17] aligned with the findings of our small pro-
spective pilot study in extremely preterm infants at very
high risk for severe ROP. Dexamethasone eye drops deliv-
ered prior to the onset of severe neovascularization (Type
2 ROP) prevented progression to severe ROP (Type 1) and
promoted normal vascular development in 5/5 infants. In
OIR mice modeling ROP, we found that daily 0.1% dexa-
methasone eye drops administered prior to peak neovessel
formation (versus earlier or later intervention) optimally
suppressed pathological neovascularization at P17, associ-
ated with increased mitochondrial energy production and
suppression of inflammation.

Glucocorticoid (dexamethasone) signaling directly
regulates mitochondrial transcription via local mito-
chondrial glucocorticoid response elements (GREs) and

glucocorticoid receptors [31, 32]. Short-term glucocorticoid
exposure may induce mitochondrial biogenesis and increase
respiratory chain activity. In contrast, long-term glucocor-
ticoid exposure may cause respiratory chain dysfunction,
decrease energy production, and increase reactive oxidative
stress and mitochondrial structural abnormalities [32—34].
Adverse effects of prolonged and high-dose dexametha-
sone include impaired glucose clearance and disturbed fatty
acid metabolism [35—40]. Therefore, the dose and timing
of dexamethasone delivery in premature infants need to be
tightly controlled. Topical delivery is a safer approach for
treating eye diseases, and our findings suggest that topical
dexamethasone has a time-dependent inhibitory effect on
neovascularization. The maximum impact of dexametha-
sone on neovascularization correlated with dexamethasone-
induced increased mitochondrial activity. Our resent finding
suggests a significant decrease in mitochondrial respiration
in mouse OIR retinas between P14 and maximum neovessel
proliferation at P17 [41]. Consistent with this finding, inhi-
bition of mitochondrial energy production by oligomycin
from P14 to P16 exacerbated neovascularization, and oligo-
mycin attenuated dexamethasone suppression of neovascu-
larization. We propose that topical dexamethasone improves
mitochondrial function and thereby prevents severe neovas-
cular ROP. We also observed decreased gene expression
of pro-inflammatory markers and erythropoietin with opti-
mally timed dexamethasone suppression of neovasculariza-
tion without affecting Vegf gene expression. Conversely,
oligomycin treatment (P14-16) increased pro-inflammatory
markers and erythropoietin associated with increasing neo-
vascularization without affecting Vegf gene expression.
Although VEGFA is a major contributor to pathological
neovascularization in ischemic retinopathy, some patients
with neovascular diseases are refractory to anti-VEGF
therapy [42]. Several studies have suggested that there are
VEGF-independent mechanisms in hypoxia-induced retinal
neovascularization. For example, omega-3 polyunsaturated
fatty acid intervention (P14-16) reduces retinal inflamma-
tory activity via peroxisome proliferator-activated recep-
tor gamma and shows less retinal neovascularization in
P17 OIR retinas without altering Vegfa mRNA levels [43].
Fibroblast growth factor 21 intraperitoneal administration
(P12-16) suppresses P17 OIR pathological neovasculariza-
tion through adiponectin and 7nf, but the inhibitory effect
is independent of Vegfa [44]. Inflammation is a significant
contributor to neovessel growth in OIR [44, 45]. Erythro-
poietin also significantly contributes to neovascularization
in hypoxic retina [46, 47] which is mediated by HIFla and
stimulates endothelial progenitor cells as does VEGF [48].
Our findings suggest that timed dexamethasone eye drops
could be an alternative, safe and effective approach to treat
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retinal neovascularization, especially in those resistant to
anti-VEGF therapy.

Our observations suggest a link between improved mito-
chondrial function and suppression of inflammation, possi-
bly through immune cells. Among immune cells, microglia/
macrophages are the potential source of retinal cytokines/
chemokines and pro-angiogenic factors [26]. Pro-inflamma-
tory macrophages need to have a rapid, vigorous response
to damaged tissue, involving the generation of pro-inflam-
matory cytokines (many of which require HIFla), which
require increased glucose uptake and glycolysis [49]. A
switch to aerobic glycolysis accompanied by microglia
activation occurs in several neurodegenerative diseases
(stroke, Parkinson’s and Alzheimer’s diseases) [S0-52]. A
recent single-cell transcriptomics analysis in OIR retinas
has identified a cluster of activated microglia that are more
glycolytic [53]. Compromised mitochondrial function leads
to increased systemic inflammation and macrophage activa-
tion in mice with global deficiency of mitochondrial com-
plex I [54]. By contrast, anti-inflammatory myeloid cells use
oxidative phosphorylation (with limited glycolysis). There
is also a profound increase in fatty acid oxidation and mito-
chondrial biogenesis gene expression in anti-inflammatory
macrophages [55]. Blocking glycolysis in activated microg-
lia reduces pro-inflammatory responses [51, 56] and trig-
gers metabolic shifts to fatty acid oxidation, increased ATP
production, and high phagocytic activity in brain microglia
[57]. Loss of critical glycolytic enzymes Pfkfb3 or Pkm2 in
myeloid cells decreases neovascularization in mouse OIR
[53, 58]. We speculate that increased mitochondrial function
in myeloid cells after treatment with dexamethasone causes
a metabolic switch to a quiescent anti-inflammatory pheno-
type. Further studies are needed to validate this hypothesis.

Our current work has limitations. Strengthening our
findings in the current small pilot investigation requires a
larger, randomized prospective clinical study. In addition, in
the clinical study, topical dexamethasone caused regression
of neovessels and promoted normal vessel development,
whereas in the OIR mouse model, neovascularization was
suppressed, but revascularization did not incrase. This dif-
ference may be attributed to variations in treatment duration
(weeks in clinical settings versus three days in OIR), the rel-
ative size of the eyes in mice compared to humans, or other
mechanisms not elucidated in this study. Moreover, we
cannot fully exclude the possibility that oligomycin might
change systemic inflammatory status in myeloid cells and in
turn affect retinopathy. Further investigations are needed to
clarify the underlying mechanisms behind dexamethasone
modulation of mitochondrial function and inflammation in
myeloid cells.

In summary, we found that topical 0.1% dexamethasone
eye drops during early neovessel formation suppressed
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pathological neovascularization in phase II ROP through
modulation of mitochondrial activity. This study provides
new therapeutic strategies for ROP and new insights into
mitochondrial function in Phase II ROP.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10456-
024-099438-2.

Acknowledgements L.E.H.S. is supported by NIH RO1EY017017,
RO1EY030904, BCH IDDRC (1U54HD090255), BCH Technol-
ogy Development Fund, and Mass Lions Eye Foundation 73735 and
74543. A.H. is supported by The Swedish Research Council (DNR#
#2020—-01092), Government grants under the ALF agreement ALF-
GBG-717971, and The Wallenberg Clinical Scholars. Z.F. is supported
by NIH RO1EY032492, ROIEY017017, Boston Children’s Hospital
(OFD/BTREC/CTREC Faculty Career Development Grant 97906,
Pilot Grant 92214, Ophthalmology Foundation 85010), and Mass Lions
Eye Foundation 77821. M.A is supported by NIH RO1HL126901,
RO1HL149302, and Kowa Company Ltd, Nagoya, Japan.

Author contributions L.E.H.S, A.H., Z.F. conceived the project and
designed the experiment. A.H., M.P., P.L. treated patients and collected
patient data. H.Y., M.B., TK., G.C., K.N., C.W., J.L. conducted experi-
ments and curated data. H.Y., M.B., G.C., TK., Y.T.,, S.A.S. performed
data analysis. H.Y., L.LE.H.S., Z.F., A.H., M.P. wrote the manuscript.
M.B.PL, TK,Y.T,S.AS.,JJ,MA,KN., ZF.,AH.,LEH.S.re-
viewed and edited the manuscript. All authors reviewed and approved
the submission.

Data availability All the data supporting the conclusions of this study
are included within the article and supplementary data. All the other
data and materials are available upon request to the corresponding
author. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE[52] partner reposi-
tory with the dataset identifier PXD052730 and 10.6019/PXD052730.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Hellstrom A, Smith LE, Dammann O (2013) Retinopathy of pre-
maturity. Lancet 382(9902):1445-1457. https://doi.org/10.1016/
S0140-6736(13)60178-6


https://doi.org/10.1007/s10456-024-09948-2
https://doi.org/10.1007/s10456-024-09948-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(13)60178-6
https://doi.org/10.1016/S0140-6736(13)60178-6

Angiogenesis

10.

11.

12.

13.

14.

15.

16.

Fu Z, Nilsson AK, Hellstrom A, Smith LEH (2022) Retinopa-
thy of prematurity: metabolic risk factors. Elife 11. https:/doi.
org/10.7554/eLife.80550

Sato T, Wada K, Arahori H, Kuno N, Imoto K, Iwahashi-Shima C,
Kusaka S (2012) Serum concentrations of bevacizumab (avastin)
and vascular endothelial growth factor in infants with retinopathy
of prematurity. Am J Ophthalmol 153(2):327-333e321. https://
doi.org/10.1016/j.aj0.2011.07.005

Zehden JA, Mortensen XM, Reddy A, Zhang AY (2022) Sys-
temic and ocular adverse events with Intravitreal Anti-VEGF
therapy used in the treatment of Diabetic Retinopathy: a review.
Curr Diab Rep 22(10):525-536. https://doi.org/10.1007/
s11892-022-01491-y

Yossuck P, Yan Y, Tadesse M, Higgins RD (2000) Dexametha-
sone and critical effect of timing on retinopathy. Invest Ophthal-
mol Vis Sci 41(10):3095-3099

Nakao S, Hata Y, Miura M, Noda K, Kimura YN, Kawahara S,
Kita T, Hisatomi T, Nakazawa T, Jin Y, Dana MR, Kuwano M,
Ono M, Ishibashi T, Hafezi-Moghadam A (2007) Dexamethasone
inhibits interleukin-1beta-induced corneal neovascularization:
role of nuclear factor-kappab-activated stromal cells in inflam-
matory angiogenesis. Am J Pathol 171(3):1058-1065. https://doi.
org/10.2353/ajpath.2007.070172

Cebeci Z, Kir N (2015) Role of implants in the treatment of dia-
betic macular edema: focus on the dexamethasone intravitreal
implant. Diabetes Metab Syndr Obes 8:555-566. https://doi.
org/10.2147/DMS0.S73540

Rotschild T, Nandgaonkar BN, Yu K, Higgins RD (1999)
Dexamethasone reduces oxygen induced retinopathy in
a mouse model. Pediatr Res 46(1):94-100. https://doi.
org/10.1203/00006450-199907000-00016

Lawas-Alejo PA, Slivka S, Hernandez H, Bry K, Hall-
man M (1999) Hyperoxia and glucocorticoid modify reti-
nal vessel growth and interleukin-1 receptor antagonist in
newborn rabbits. Pediatr Res 45(3):313-317. https://doi.
org/10.1203/00006450-199903000-00004

Wenzel A, Grimm C, Seeliger MW, lJaissle G, Hafezi F,
Kretschmer R, Zrenner E, Reme CE (2001) Prevention of pho-
toreceptor apoptosis by activation of the glucocorticoid receptor.
Invest Ophthalmol Vis Sci 42(7):1653-1659

FulJ, Lam TT, Tso MO (1992) Dexamethasone ameliorates retinal
photic injury in albino rats. Exp Eye Res 54(4):583-594. https://
doi.org/10.1016/0014-4835(92)90137-h

She H, Nakazawa T, Matsubara A, Connolly E, Hisatomi T, Noda
K, Kim I, Gragoudas ES, Miller JW (2008) Photoreceptor pro-
tection after photodynamic therapy using dexamethasone in a rat
model of choroidal neovascularization. Invest Ophthalmol Vis
Sci 49(11):5008-5014. https://doi.org/10.1167/iovs.07-1154
Gallina D, Zelinka CP, Cebulla CM, Fischer AJ (2015) Activa-
tion of glucocorticoid receptors in Muller glia is protective to
retinal neurons and suppresses microglial reactivity. Exp Neurol
273:114-125. https://doi.org/10.1016/j.expneurol.2015.08.007
Hao W, Wenzel A, Obin MS, Chen CK, Brill E, Krasnoperova
NV, Eversole-Cire P, Kleyner Y, Taylor A, Simon MI, Grimm C,
Reme CE, Lem J (2002) Evidence for two apoptotic pathways
in light-induced retinal degeneration. Nat Genet 32(2):254-260.
https://doi.org/10.1038/ng984

Hou Y, Xie J, Wang S, Li D, Wang L, Wang H, Ni X, Leng S,
Li G, Hou M, Peng J (2022) Glucocorticoid receptor modulates
myeloid-derived suppressor cell function via mitochondrial
metabolism in immune thrombocytopenia. Cell Mol Immunol
19(7):764-776. https://doi.org/10.1038/s41423-022-00859-0
Chiang MF, Quinn GE, Fielder AR, Ostmo SR, Paul Chan RV,
Berrocal A, Binenbaum G, Blair M, Peter Campbell J, Capone
A Jr., Chen Y, Dai S, Ells A, Fleck BW, Good WV, Elizabeth
Hartnett M, Holmstrom G, Kusaka S, Kychenthal A, Lepore D,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lorenz B, Martinez-Castellanos MA, Ozdek S, Ademola-Popoola
D, Reynolds JD, Shah PK, Shapiro M, Stahl A, Toth C, Vinekar
A, Visser L, Wallace DK, Wu WC, Zhao P, Zin A (2021) Inter-
national classification of retinopathy of Prematurity, Third Edi-
tion. Ophthalmology 128(10):e51—e68. https://doi.org/10.1016/j.
ophtha.2021.05.031

Ohnell HM, Andreasson S, Granse L (2022) Dexamethasone Eye
drops for the treatment of retinopathy of Prematurity. Ophthalmol
Retina 6(2):181-182. https://doi.org/10.1016/j.0ret.2021.09.002
Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R,
Sullivan R, D’ Amore PA (1994) Oxygen-induced retinopathy in
the mouse. Invest Ophthalmol Vis Sci 35(1):101-111

Connor KM, Krah NM, Dennison RJ, Aderman CM, Chen J,
Guerin KI, Sapieha P, Stahl A, Willett KL, Smith LE (2009)
Quantification of oxygen-induced retinopathy in the mouse: a
model of vessel loss, vessel regrowth and pathological angio-
genesis. Nat Protoc 4(11):1565-1573. https://doi.org/10.1038/
nprot.2009.187

International Committee for the Classification of Retinopathy of
P (2005) The International classification of retinopathy of Pre-
maturity revisited. Arch Ophthalmol 123(7):991-999. https://doi.
org/10.1001/archopht.123.7.991

Stahl A, Chen J, Sapieha P, Seaward MR, Krah NM, Denni-
son RJ, Favazza T, Bucher F, Lofqvist C, Ong H, Hellstrom A,
Chemtob S, Akula JD, Smith LE (2010) Postnatal weight gain
modifies severity and functional outcome of oxygen-induced pro-
liferative retinopathy. Am J Pathol 177(6):2715-2723. https://doi.
org/10.2353/ajpath.2010.100526

Kramer A, Green J, Pollard J Jr., Tugendreich S (2014) Causal
analysis approaches in Ingenuity Pathway Analysis. Bioinformat-
ics 30(4):523-530. https://doi.org/10.1093/bioinformatics/btt703
Binet F, Cagnone G, Crespo-Garcia S, Hata M, Neault M, Dejda
A, Wilson AM, Buscarlet M, Mawambo GT, Howard JP, Diaz-
Marin R, Parinot C, Guber V, Pilon F, Juneau R, Laflamme
R, Sawchyn C, Boulay K, Leclerc S, Abu-Thuraia A, Cote JF,
Andelfinger G, Rezende FA, Sennlaub F, Joyal JS, Mallette FA,
Sapiecha P (2020) Neutrophil extracellular traps target senes-
cent vasculature for tissue remodeling in retinopathy. Science
369(65006). https://doi.org/10.1126/science.aay5356

Pagliarani A, Nesci S, Ventrella V (2013) Modifiers of the oligo-
mycin sensitivity of the mitochondrial F1F0-ATPase. Mitochon-
drion 13(4):312-319. https://doi.org/10.1016/j.mito.2013.04.005
Rivera JC, Holm M, Austeng D, Morken TS, Zhou TE, Beaudry-
Richard A, Sierra EM, Dammann O, Chemtob S (2017) Reti-
nopathy of prematurity: inflammation, choroidal degeneration,
and novel promising therapeutic strategies. J Neuroinflammation
14(1):165. https://doi.org/10.1186/s12974-017-0943-1
Karlstetter M, Scholz R, Rutar M, Wong WT, Provis JM, Lang-
mann T (2015) Retinal microglia: just bystander or target for
therapy? Prog Retin Eye Res 45:30-57. https://doi.org/10.1016/j.
preteyeres.2014.11.004

Wright K, Wright SP (1994) Lack of association of gluco-
corticoid therapy and retinopathy of prematurity. Arch Pedi-
atr Adolesc Med 148(8):848-852. https://doi.org/10.1001/
archpedi.1994.02170080078015

Sobel DB, Philip AG (1992) Prolonged dexamethasone therapy
reduces the incidence of cryotherapy for retinopathy of prematu-
rity in infants of less than 1 kilogram birth weight with broncho-
pulmonary dysplasia. Pediatrics 90(4):529-533

Zeng Y, Ge G, Lei C, Zhang M (2022) Beyond fetal immu-
nity: a systematic review and Meta-analysis of the Association
between Antenatal Corticosteroids and Retinopathy of Prema-
turity. Front Pharmacol 13:759742. https://doi.org/10.3389/
fphar.2022.759742

@ Springer


https://doi.org/10.1016/j.ophtha.2021.05.031
https://doi.org/10.1016/j.ophtha.2021.05.031
https://doi.org/10.1016/j.oret.2021.09.002
https://doi.org/10.1038/nprot.2009.187
https://doi.org/10.1038/nprot.2009.187
https://doi.org/10.1001/archopht.123.7.991
https://doi.org/10.1001/archopht.123.7.991
https://doi.org/10.2353/ajpath.2010.100526
https://doi.org/10.2353/ajpath.2010.100526
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1126/science.aay5356
https://doi.org/10.1016/j.mito.2013.04.005
https://doi.org/10.1186/s12974-017-0943-1
https://doi.org/10.1016/j.preteyeres.2014.11.004
https://doi.org/10.1016/j.preteyeres.2014.11.004
https://doi.org/10.1001/archpedi.1994.02170080078015
https://doi.org/10.1001/archpedi.1994.02170080078015
https://doi.org/10.3389/fphar.2022.759742
https://doi.org/10.3389/fphar.2022.759742
https://doi.org/10.7554/eLife.80550
https://doi.org/10.7554/eLife.80550
https://doi.org/10.1016/j.ajo.2011.07.005
https://doi.org/10.1016/j.ajo.2011.07.005
https://doi.org/10.1007/s11892-022-01491-y
https://doi.org/10.1007/s11892-022-01491-y
https://doi.org/10.2353/ajpath.2007.070172
https://doi.org/10.2353/ajpath.2007.070172
https://doi.org/10.2147/DMSO.S73540
https://doi.org/10.2147/DMSO.S73540
https://doi.org/10.1203/00006450-199907000-00016
https://doi.org/10.1203/00006450-199907000-00016
https://doi.org/10.1203/00006450-199903000-00004
https://doi.org/10.1203/00006450-199903000-00004
https://doi.org/10.1016/0014-4835(92)90137-h
https://doi.org/10.1016/0014-4835(92)90137-h
https://doi.org/10.1167/iovs.07-1154
https://doi.org/10.1016/j.expneurol.2015.08.007
https://doi.org/10.1038/ng984
https://doi.org/10.1038/s41423-022-00859-0

Angiogenesis

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Movsas TZ, Spitzer AR, Gewolb IH (2016) Postnatal corticoste-
roids and risk of retinopathy of prematurity. ] AAPOS 20(4):348—
352. https://doi.org/10.1016/j.jaapos.2016.05.008

Du J, McEwen B, Manji HK (2009) Glucocorticoid receptors
modulate mitochondrial function: a novel mechanism for neu-
roprotection. Commun Integr Biol 2(4):350-352. https://doi.
org/10.4161/cib.2.4.8554

Kokkinopoulou I, Moutsatsou P (2021) Mitochondrial glucocor-
ticoid receptors and their actions. Int J Mol Sci 22(11). https://doi.
org/10.3390/ijms22116054

Hunter RG, Seligsohn M, Rubin TG, Griffiths BB, Ozdemir Y,
Pfaff DW, Datson NA, McEwen BS (2016) Stress and corticoste-
roids regulate rat hippocampal mitochondrial DNA gene expres-
sion via the glucocorticoid receptor. Proc Natl Acad Sci U S A
113(32):9099-9104. https://doi.org/10.1073/pnas. 1602185113
Psarra AM, Sekeris CE (2011) Glucocorticoids induce mitochon-
drial gene transcription in HepG2 cells: role of the mitochondrial
glucocorticoid receptor. Biochim Biophys Acta 1813(10):1814—
1821. https://doi.org/10.1016/j.bbamcr.2011.05.014

Chap Z, Jones RH, Chou J, Hartley CJ, Entman ML, Field JB
(1986) Effect of dexamethasone on hepatic glucose and insulin
metabolism after oral glucose in conscious dogs. J Clin Invest
78(5):1355-1361. https://doi.org/10.1172/JCI112722

Koorneef LL, van der Meulen M, Kooijman S, Sanchez-Lopez
E, Scheerstra JF, Voorhoeve MC, Ramesh ANN, Rensen PCN,
Giera M, Kroon J, Meijer OC (2022) Dexamethasone-associated
metabolic effects in male mice are partially caused by deple-
tion of endogenous corticosterone. Front Endocrinol (Lausanne)
13:960279. https://doi.org/10.3389/fend0.2022.960279

Amin SB, Sinkin RA, McDermott MP, Kendig JW (1999) Lipid
intolerance in neonates receiving dexamethasone for bronchopul-
monary dysplasia. Arch Pediatr Adolesc Med 153(8):795-800.
https://doi.org/10.1001/archpedi.153.8.795

de Fatima Silva F, Komino ACM, Andreotti S, Boltes Reis G,
Caminhotto RO, Landgraf RG, de Souza GO, Sertie RAL,
Collins S, Donato J Jr., Bessa Lima F (2022) Dexamethasone-
Induced adipose tissue redistribution and metabolic changes: is
gene expression the main factor? An animal model of chronic
hypercortisolism. Biomedicines 10(9). https://doi.org/10.3390/
biomedicines10092328

Liu Y, Havinga R, Bloks VW, Baller JF, van der Leij FR, Reijn-
goud DJ, Sauer PJ, Kuipers F (2007) Postnatal treatment with
dexamethasone perturbs hepatic and cardiac energy metabo-
lism and is associated with a sustained atherogenic plasma lipid
profile in suckling rats. Pediatr Res 61(2):165—170. https://doi.
org/10.1203/pdr.0b013e31802d89ff

Gounarides JS, Korach-Andre M, Killary K, Argentieri G,
Turner O, Laurent D (2008) Effect of dexamethasone on glucose
tolerance and fat metabolism in a diet-induced obesity mouse
model. Endocrinology 149(2):758-766. https://doi.org/10.1210/
en.2007-1214

Yagi H, Boeck M, Nian S, Neilsen K, Wang C, Lee J, Zeng Y,
Grumbine M, Sweet IR, Kasai T, Negishi K, Singh SA, Aikawa
M, Hellstrom A, Smith LEH, Fu Z (2024) Mitochondrial control
of hypoxia-induced pathological retinal angiogenesis. Angiogen-
esis. https://doi.org/10.1007/s10456-024-09940-w

Rodrigues EB, Farah ME, Maia M, Penha FM, Regatieri C, Melo
GB, Pinheiro MM, Zanetti CR (2009) Therapeutic monoclonal
antibodies in ophthalmology. Prog Retin Eye Res 28(2):117-144.
https://doi.org/10.1016/j.preteyeres.2008.11.005

Stahl A, Sapieha P, Connor KM, Sangiovanni JP, Chen J, Ader-
man CM, Willett KL, Krah NM, Dennison RJ, Seaward MR,
Guerin KI, Hua J, Smith LE (2010) Short communication:
PPAR gamma mediates a direct antiangiogenic effect of omega
3-PUFAs in proliferative retinopathy. Circ Res 107(4):495-500.
https://doi.org/10.1161/CIRCRESAHA.110.221317

Springer

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Fu Z, Gong Y, Liegl R, Wang Z, Liu CH, Meng SS, Burnim
SB, Saba NJ, Fredrick TW, Morss PC, Hellstrom A, Talukdar S,
Smith LE (2017) FGF21 Administration suppresses retinal and
choroidal neovascularization in mice. Cell Rep 18(7):1606—1613.
https://doi.org/10.1016/j.celrep.2017.01.014

Fu Z, Lofqvist CA, Shao Z, Sun Y, Joyal JS, Hurst CG, Cui
RZ, Evans LP, Tian K, SanGiovanni JP, Chen J, Ley D, Hansen
Pupp I, Hellstrom A, Smith LE (2015) Dietary omega-3 poly-
unsaturated fatty acids decrease retinal neovascularization by
adipose-endoplasmic reticulum stress reduction to increase adipo-
nectin. Am J Clin Nutr 101(4):879-888. https://doi.org/10.3945/
ajen.114.099291

Chen J, Connor KM, Aderman CM, Smith LE (2008) Erythropoi-
etin deficiency decreases vascular stability in mice. J Clin Invest
118(2):526-533. https://doi.org/10.1172/JCI33813

Watanabe D, Suzuma K, Matsui S, Kurimoto M, Kiryu J, Kita
M, Suzuma I, Ohashi H, Ojima T, Murakami T, Kobayashi T,
Masuda S, Nagao M, Yoshimura N, Takagi H (2005) Erythro-
poietin as a retinal angiogenic factor in proliferative diabetic reti-
nopathy. N Engl J Med 353(8):782-792. https://doi.org/10.1056/
NEJMoa041773

Grant MB, Boulton ME, Ljubimov AV (2008) Erythropoietin:
when liability becomes asset in neurovascular repair. J Clin Invest
118(2):467-470. https://doi.org/10.1172/JCI134643

O’Neill LA, Hardie DG (2013) Metabolism of inflammation
limited by AMPK and pseudo-starvation. Nature 493(7432):346—
355. https://doi.org/10.1038/nature11862

Baik SH, Kang S, Lee W, Choi H, Chung S, Kim JI, Mook-Jung I
(2019) A breakdown in metabolic reprogramming causes Microg-
lia Dysfunction in Alzheimer’s Disease. Cell Metab 30(3):493—
507e496. https://doi.org/10.1016/j.cmet.2019.06.005

Pan RY, He L, Zhang J, Liu X, Liao Y, Gao J, Liao Y, Yan Y, Li
Q, Zhou X, Cheng J, Xing Q, Guan F, Zhang J, Sun L, Yuan Z
(2022) Positive feedback regulation of microglial glucose metab-
olism by histone H4 lysine 12 lactylation in Alzheimer’s dis-
ease. Cell Metab 34(4):634-648¢636. https://doi.org/10.1016/j.
cmet.2022.02.013

Li Y, Lu B, Sheng L, Zhu Z, Sun H, Zhou Y, Yang Y, Xue D,
Chen W, Tian X, Du Y, Yan M, Zhu W, Xing F, Li K, Lin S, Qiu
P, Su X, Huang Y, Yan G, Yin W (2018) Hexokinase 2-depen-
dent hyperglycolysis driving microglial activation contributes to
ischemic brain injury. J Neurochem 144(2):186-200. https://doi.
org/10.1111/jnc.14267

Liu Z, Shi H, Xu J, Yang Q, Ma Q, Mao X, Xu Z, Zhou Y, Da Q,
Cai Y, Fulton DJ, Dong Z, Sodhi A, Caldwell RB, Huo Y (2022)
Single-cell transcriptome analyses reveal microglia types associ-
ated with proliferative retinopathy. JCI Insight 7(23). https://doi.
org/10.1172/jci.insight. 160940

Jin Z, Wei W, Yang M, Du Y, Wan Y (2014) Mitochondrial com-
plex I activity suppresses inflammation and enhances bone resorp-
tion by shifting macrophage-osteoclast polarization. Cell Metab
20(3):483—-498. https://doi.org/10.1016/j.cmet.2014.07.011

Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel
CR, Wagner RA, Greaves DR, Murray PJ, Chawla A (2006)
Oxidative metabolism and PGC-lbeta attenuate macrophage-
mediated inflammation. Cell Metab 4(1):13-24. https://doi.
org/10.1016/j.cmet.2006.05.011

Cheng J, Zhang R, Xu Z, Ke Y, Sun R, Yang H, Zhang X, Zhen
X, Zheng LT (2021) Early glycolytic reprogramming con-
trols microglial inflammatory activation. J Neuroinflammation
18(1):129. https://doi.org/10.1186/s12974-021-02187-y

Leng L, Yuan Z, Pan R, Su X, Wang H, Xue J, Zhuang K, Gao
J, Chen Z, Lin H, Xie W, Li H, Chen Z, Ren K, Zhang X, Wang
W, Jin ZB, Wu S, Wang X, Yuan Z, Xu H, Chow HM, Zhang
J (2022) Microglial hexokinase 2 deficiency increases ATP
generation through lipid metabolism leading to beta-amyloid


https://doi.org/10.1016/j.celrep.2017.01.014
https://doi.org/10.3945/ajcn.114.099291
https://doi.org/10.3945/ajcn.114.099291
https://doi.org/10.1172/JCI33813
https://doi.org/10.1056/NEJMoa041773
https://doi.org/10.1056/NEJMoa041773
https://doi.org/10.1172/JCI34643
https://doi.org/10.1038/nature11862
https://doi.org/10.1016/j.cmet.2019.06.005
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1111/jnc.14267
https://doi.org/10.1111/jnc.14267
https://doi.org/10.1172/jci.insight.160940
https://doi.org/10.1172/jci.insight.160940
https://doi.org/10.1016/j.cmet.2014.07.011
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1186/s12974-021-02187-y
https://doi.org/10.1016/j.jaapos.2016.05.008
https://doi.org/10.4161/cib.2.4.8554
https://doi.org/10.4161/cib.2.4.8554
https://doi.org/10.3390/ijms22116054
https://doi.org/10.3390/ijms22116054
https://doi.org/10.1073/pnas.1602185113
https://doi.org/10.1016/j.bbamcr.2011.05.014
https://doi.org/10.1172/JCI112722
https://doi.org/10.3389/fendo.2022.960279
https://doi.org/10.1001/archpedi.153.8.795
https://doi.org/10.3390/biomedicines10092328
https://doi.org/10.3390/biomedicines10092328
https://doi.org/10.1203/pdr.0b013e31802d89ff
https://doi.org/10.1203/pdr.0b013e31802d89ff
https://doi.org/10.1210/en.2007-1214
https://doi.org/10.1210/en.2007-1214
https://doi.org/10.1007/s10456-024-09940-w
https://doi.org/10.1016/j.preteyeres.2008.11.005
https://doi.org/10.1161/CIRCRESAHA.110.221317

Angiogenesis

58.

59.

clearance. Nat Metab 4(10):1287-1305. https://doi.org/10.1038/
$42255-022-00643-4

Liu Z, Xu J, Ma Q, Zhang X, Yang Q, Wang L, Cao Y, Xu Z,
Tawfik A, Sun Y, Weintraub NL, Fulton DJ, Hong M, Dong Z,
Smith LEH, Caldwell RB, Sodhi A, Huo Y (2020) Glycolysis
links reciprocal activation of myeloid cells and endothelial cells
in the retinal angiogenic niche. Sci Transl Med 12(555). https://
doi.org/10.1126/scitranslmed.aay1371

Perez-Riverol Y, BaiJ, Bandla C, Garcia-Seisdedos D, Hewapathi-
rana S, Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper

A, Eisenacher M, Walzer M, Wang S, Brazma A, Vizcaino JA
(2022) The PRIDE database resources in 2022: a hub for mass
spectrometry-based proteomics evidences. Nucleic Acids Res
50(D1):D543-D552. https://doi.org/10.1093/nar/gkab1038

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1038/s42255-022-00643-4
https://doi.org/10.1038/s42255-022-00643-4
https://doi.org/10.1126/scitranslmed.aay1371
https://doi.org/10.1126/scitranslmed.aay1371

	﻿Timed topical dexamethasone eye drops improve mitochondrial function to prevent severe retinopathy of prematurity
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Patients
	﻿Animals
	﻿Oxygen-induced retinopathy mouse model and quantification
	﻿Treatments
	﻿Label-free LC-MS/MS proteomics
	﻿Sample preparation
	﻿Mass spectrometry
	﻿Analysis


	﻿Real-time quantitative PCR (RT-qPCR)
	﻿Single-cell RNA sequencing and transcriptome analysis
	﻿Statistics
	﻿Results
	﻿A pilot clinical study of topical 0.1% dexamethasone eye drops in Type 2 ROP prior to neovessel formation prevented progression to Type 1 ROP and promoted normal vascular development
	﻿Time-dependent effect of topical 0.1% dexamethasone eye drops on neovascularization in mouse OIR
	﻿Label-free proteomic analyses of P17 OIR retinas with topical dexamethasone treatment prior to peak neovessel formation
	﻿Topical dexamethasone treatment (P14-P16) suppressed P17 neovascularization via mitochondrial ATP production in mouse OIR
	﻿Topical dexamethasone treatment suppressed pro-inflammatory gene expression in OIR retinas in a time-dependent manner

	﻿Discussion
	﻿References


