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Oxygen-induced pathological angiogenesis
promotes intense lipid synthesis
and remodeling in the retina

Alex Inague,1,2 Lilian Costa Alecrim,1,2 Jhonatas Sirino Monteiro,1 Marcos Yukio Yoshinaga,1

João Carlos Setubal,1 Sayuri Miyamoto,1,* and Ricardo José Giordano1,3,*
SUMMARY

The retina is a notable tissue with high metabolic needs which relies on special-
ized vascular networks to protect the neural retina while maintaining constant
supplies of oxygen, nutrients, and dietary essential fatty acids. Here we analyzed
the lipidome of the mouse retina under healthy and pathological angiogenesis us-
ing the oxygen-induced retinopathy model. By matching lipid profiles to changes
in mRNA transcriptome, we identified a lipid signature showing that pathological
angiogenesis leads to intense lipid remodeling favoring pathways for neutral lipid
synthesis, cholesterol import/export, and lipid droplet formation. Noteworthy, it
also shows profound changes in pathways for long-chain fatty acid production, vi-
tal for retina homeostasis. The net result is accumulation of large quantities of
mead acid, a marker of essential fatty acid deficiency, and a potential marker
for retinopathy severity. Thus, our lipid signature might contribute to better un-
derstand diseases of the retina that lead to vision impairment or blindness.
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INTRODUCTION

Lipid metabolism plays a central role in retina health and disease. For proper biological functioning, the

retina depends upon a series of specialized dietary lipids, such as retinol and highly unsaturated fatty acids

(HUFA), including docosahexaenoic 22:6 (DHA) and arachidonic 20:4 (ARA) acids. And, similarly to tissues

with high metabolic demands such as the heart and skeletal muscle, the retina also relies on glucose and

fatty acid b-oxidation in order to supply the energetic needs of the highly demanding photoreceptor cells.1

The vascular network is another notable feature of the retina which, as part of the central nervous system, is

protected by specialized barriers: the outer and the inner blood-retina barriers.2 The latter provides nutri-

ents and oxygen to the neural inner retina, while the former feeds the retinal-pigmented epithelial (RPE)

layer, which protects the inner retina and nourishes the photoreceptor cells. Thus, it is not surprising

that changes that affect retinal lipid metabolism and/or its delicate vascular network, have profound impli-

cations in tissue homeostasis and have been implicated as underlying mechanisms for many eye dis-

eases.1,3–6 Together, these diseases lead to different degrees of vision impairment and blindness, and

affect people of all ages, from premature babies to adults with important impact in our society and the

health system.

To better understand how changes in the vasculature of the eye affect retinal lipid metabolism and there-

fore, retinal health, we studied a well-accepted animal model of retinal pathological angiogenesis using

state-of-the-art lipidomic methods. The oxygen-induced retinopathy (OIR) mouse model reproduces

many of the clinical features observed in premature babies suffering from retinopathy of prematurity

(ROP) and to a lesser extent, diabetic retinopathy and other eye diseases.7,8 For instance, the alterations

in the vasculature induced by varying retinal oxygen levels in the OIR model cause the loss of astrocytes

and microglia,9 reduce neuronal function of the photoreceptor cells (rods and cones),10 and increase neu-

roinflammation.11–13 Here we show that these changes are coupled with intense lipid remodeling in the

whole retina. Not surprising, these changes affect cholesterol metabolism, which is essential for neuronal

growth and survival since they need cholesterol to repair and build more membranes,14,15 as wells as the

metabolism of very long-chain fatty acids, whose oxygenated derivatives (elovanoids) modulate the

viability and function of photoreceptor cells and RPE undergoing uncompensated oxidative stress.16,17
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Angiogenesis participates in several diseases, collectively known as angiogenesis-dependent diseases.18

Indeed, inhibitors of angiogenesis are already in the clinic and have been effective to treat patients with

illnesses as disparate as cancers and ophthalmic disorders, because they share in common the abnormal

growth of new blood vessels (pathological angiogenesis). Thus, the OIR model is ideal to study not only

retinopathy of prematurity but human angiogenesis-dependent diseases as a whole.7,19 Furthermore,

the OIR model has many advantages to study pathological angiogenesis. It relays on isogenic animals

(reducing genetic variability) and neovascularization is induced without direct manipulation of the retinas,

which allows for good reproducibility while minimizing artifactual and undesired side effects (i.e., caused by

the addition of exogenous recombinant growth factors or scaffolds necessary to induce angiogenesis in

other mouse models). Additionally, in previous work, we performed a time course comparative transcrip-

tomic analysis of the developmental (healthy) and diseased retinas (OIR model) to show that genes differ-

entially expressed between the physiological and pathological conditions could be used as a new gene

signature with high prognostic power for breast cancer, another angiogenesis-dependent disease.19 These

data reinforce the notion that the retina and the OIR model are excellent tools to study human angiogen-

esis-dependent diseases.

Although the OIR model has been the subject of broad molecular characterization by transcriptomic,19–23

proteomic,24–26 and metabolomic27 analyses, to the best of our knowledge, to date no detailed lipidomic

study has been performed using this mouse model. Here, we performed a global time course lipidomic

analysis of pathological (OIR) and healthy retinas. The lipidomic profile of the retinopathic and healthy ret-

inas was then compared with their respective transcriptome to unveil molecular pathways and lipid metab-

olites that were affected by pathological angiogenesis. Given that angiogenesis is also a hallmark for two of

themajor eye diseases that lead to blindness, diabetic retinopathy, and age-relatedmacular degeneration,

we trust this integrated analysis may provide valuable insights on lipid pathways that could be used as tar-

gets for future therapeutic approaches for retinopathy and other retinal diseases dependent on patholog-

ical angiogenesis.
RESULTS

OIR promotes intense lipid remodeling in angiogenic retinas

To induce pathological angiogenesis in mice, we used the OIR model as previously described.19,28 In brief,

seven-day-old mice (postnatal day 7, P7) with their nursing mothers were submitted to 75% oxygen for

5 days. The high oxygen levels prevent physiological angiogenesis by inhibiting vascular endothelial

growth factor (VEGF) production during a crucial time in retinal development (Figure 1A). Whenmice return

to atmospheric oxygen levels, now on P12, the poorly vascularized retina experiences a strong hypoxic con-

dition, which dramatically increases Vegf expression beyond physiological levels. The net result is

abnormal growth of blood vessels with the formation of neovascular tufts at the border between the avas-

cular and vascular retina, along with a central area of vaso-obliteration (Figure 1B). To compare the global

lipid expression and remodeling in the retina under physiological and the OIR pathological angiogenesis,

we performed advanced non-targeted high-resolution lipidomic analysis using retinas from normally

developing and OIR mice.

We identified and quantified a total of 300 lipid species in both physiological (P) and pathological

(R) conditions, which were distributed in 20 lipid classes belonging to five different categories: sphingoli-

pids (SP), glycerophospholipids (GP), neutral lipids (NL), free fatty acids (FFA), and coenzyme Q (CoQ) (Fig-

ure 1C). Significant lipid remodeling was observed in physiological and pathological retinas with changes

in 277 lipids (92% of total) (one-way ANOVA followed by Tukey’s test, FDR-adjusted p value <0.05). Prin-

cipal component analysis (PCA) showed that there was a good agreement in the lipid profile of our replicas

and that changes in retinal lipidome occurs mainly according to time (principal component 1, PC1) and the

condition of the retina (physiological or pathological) (PC2) (Figure 1D). In sum, the physiological develop-

ment of newborn mice retinas promotes, by itself, changes in their lipid profile, which is further affected by

retinopathy.

A more detailed analysis was carried out to highlight the main changes induced by retinopathy, or patho-

logical angiogenesis. Lipid alterations are clearly visible during the peak of neovascularization, at postnatal

days 15 and 17 (independent of the condition, OIR or physiological retinas). Considering the 50most signif-

icantly altered lipid species, all samples could be correctly grouped according to their lipid composition in

time and condition of the retina (Figure 1E). The notable exceptions were theOIR samples at postnatal days
2 iScience 26, 106777, June 16, 2023



Figure 1. OIR promotes intense lipid remodeling in angiogenic retinas

(A) Cartoon schematic of the OIR model.

(B) Healthy and OIR mice retinas showing central area vaso-obliteration and vascular tufts.

(C) Number of individual lipid molecular species and their respective lipid classes.

(D) Principal component analysis using the most abundant 300 lipid species.

(E) Heatmap of the top 50 significantly altered lipid molecular species (one-way ANOVA followed by Tukey’s post-hoc

analysis, FDR-adjusted p value%0.05). Each horizontal row represents a molecular lipid; each vertical column represents

a sample. Euclidean distance andWard cluster algorithmwere applied to build the heatmap. The color code bar indicates

the log of the fold change of the mean concentration for a given lipid. See also Figures S1 and S2. Abbreviations for lipid
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Figure 1. Continued

categories. SP, sphingolipids; GP, glycerophospholipids; NL, neutral lipids; FFA, free fatty acids; CoQ, coenzyme Q.

Lipid classes: Cer, ceramide; SM, sphingomyelin; CL, cardiolipin; LysoPC, lysophosphatidylcholine; PC,

phosphatidylcholine; LysoPE, lysophosphatidylethanolamine; PE, phosphatidylethanolamine; PG,

phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; Ch, free cholesterol; CE, cholesteryl ester;

DG, diacylglycerol; TG, triacylglycerol; FFA, free fatty acid; o- and p-before lipid class mean plasmanyl- and

plasmenyl-phospholipids, respectively.
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12 and 12.5 (R12 and R12.5), which were all grouped together. This suggests that the first 12 h of relative

hypoxia do not induce major changes in retinal lipidome.

Interestingly, the most significantly altered lipid species correspond to neutral lipids, such as cholesteryl

esters (CE) and triacylglycerols (TG), in addition to glycerophospholipids esterified to HUFA, for instance

DHA (22:6) and ARA (20:4), and very long-chain fatty acids (VLCFA) with more than 30 carbons (Figure 1E).

Other main differences: (i) P12, R12, and R12.5 are specially enriched in phosphatidylcholine species linked

to saturated and monounsaturated fatty acids (SFA and MUFA, respectively), besides CE molecular spe-

cies. Concentrations of these species then decrease as time progress, being especially low in the P17 group

(physiological condition); (ii) R12 and/or R12.5 also present significant lower concentrations of total lipids,

diacylglycerol (DG), phosphatidylglycerol (PG), and sphingomyelin (SM) (Figure S1A), in addition to precur-

sors for the n-3 and n-6 series of fatty acids (Figure S1B); (iii) in general, higher concentrations of TG are

observed at days 15 and 17 (P15, R15, P17 and R17), and these lipid species are specially enriched in reti-

nopathy (R17), particularly those linked to DHA and ARA. Finally, (iv) glycerophospholipids esterified to

HUFA and VLCFA are enriched at postnatal days 15 and 17, the majority of them in the physiological con-

dition (P15 and P17).

Most of these findings were confirmed by pairwise comparisons (Figure S2). We observed that, at all post-

natal days, the pathological condition induced a decrease in the concentration of phospholipids linked to

HUFA, including phosphatidylcholines esterified to highly unsaturated VLCFA, with the exception of P15

versus R15, in which no significant change was observed for many of these lipid species (fold change

R1.5 with FDR-adjusted p value%0.05). In OIR, decreased concentrations were also observed for TG spe-

cies linked to polyunsaturated fatty acids (PUFA, with 2 or 3 unsaturations) and highly unsaturated fatty

acids (HUFA, with more than 3 unsaturations) (P12 x R12; P12 x R12.5), in addition to poly- and highly un-

saturated CE species (P12 x R12; P12 x R12.5; and P15 x R15). In contrast, a massive increase in the concen-

tration of TG lipid species was detected at postnatal days 15 andmainly 17 in OIR retinas. A similar increase

occurred to CE molecular species in OIR retinas at postnatal day 17 (P17 x R17).

Substantial increase in neutral lipid concentration is linked to the formation of lipid droplets

and occurrence of reverse cholesterol transport in pathological retinas

OIR clearly drives a substantial increase in total neutral lipid levels, particularly total CE at postnatal day 17,

and total TG at postnatal days 15 and 17 (Figure 2A). All CE 15 molecular species were increased in the

pathological condition at postnatal day 17 (R17 group), regardless of the degree of unsaturation (Fig-

ure 2B). Of these 15 species, 14 were significantly augmented in pathological retinas when compared to

healthy retinas (fold changeR1.5, FDR-adjusted p value%0.05) (Figure 2C). The same pattern of increased

concentration in retinopathy was observed for all 67 TG species at postnatal day 17 (Figure S3A). In total,

55 TG species had significant increased concentrations due to the disease, regardless of the degree of un-

saturation (Figure S3B).

Integration of lipidomic with transcriptomic data allowed to better delineate the neutral lipid synthesis

pathways that are altered in OIR (Figures 2D and 2E). For the lipidomic-transcriptomic comparison ana-

lyses, we employed two criteria: (a) key regulatory genes whose expression levels were significantly

changed, considering log2(fold change) > 1.5 or log2(fold change) < 0.5, and p value <0.05; these individual

genes are cited in the text and figures. We also considered another situation (b) when the overall expres-

sion (regardless of the fold change value) of multiple genes in a given pathway was significantly altered (p

value <0.05) in retinopathy (Data S1) (Figures 2D, 2E, and 2F). These altered pathways are indicated in the

text and figures as well.

Glycerol-3-phosphate acyltransferase 3 (Gpat3), which converts glycerol-3-phosphate (G3P) to lysophos-

phatidic acid (LysoPA), is increased in OIR retinas at P15. Increases were also observed for
4 iScience 26, 106777, June 16, 2023



Figure 2. Increased neutral lipid synthesis and lipid droplets formation in pathological retinas

(A) Normalized mass values (ng of lipids/mg of proteins) for neutral lipid classes in control and OIR retinas. Data are

represented as mean G SEM (Mann-Whitney-Wilcoxon test, *p % 0.05, **p % 0.01, ***p % 0.001).

(B) Heatmap with all CE 15 lipid species at postnatal day 17. The color code bar indicates the log of the fold change of the

mean concentration for each given CE.

(C) Pairwise comparisons of CE mass alterations promoted by OIR at postnatal day 17. X axis corresponds to log2(fold

change) observed for each CE lipid species. Fold change was set to R1.5; FDR-adjusted p value %0.05 was used for

significance.

(D) Schematic showing the synthesis pathways of TG and CE, neutral lipids stored in lipid droplets.

(E) Schematic showing the formation of CE in the extracellular medium, after efflux of cholesterol and action of LCAT in

(apo)lipoproteins. In both diagrams, genes that are differentially expressed (p value %0.05) in pathological retinas are
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Figure 2. Continued

highlighted in red (increased expression) or blue (decreased expression) colors. Legend: (+ or -) 0.6% log2(fold

change) < 1.0; (++ or –) 1.0% log2(fold change) < 2.0; (+++ or —) 2.0% log2(fold change) < 3.0; (++++ or ——) 3.0%

log2(fold change).

(F) Volcano plots with genes whose expression is increased (red) or decreased (blue) in OIR at postnatal days 12, 12.5, 15

and 17. Only genes mentioned in Figures 2D and 2E are shown. See also Figure S3 and Data S1. Abbreviations. G3P,

glycerol-3-phosphate; LysoPA, lysophosphatidic acid; PA, phosphatidic acid; PL, phospholipid; MG, monoacylglycerol;

LXR, liver X receptor.
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1-acylglycerol-3-phosphate O-acyltransferase 2 (Agpat2) and phospholipase D1 (Pld1); both lead to the

production of phosphatidic acid (PA). Interestingly, phospholipase D family members 4 (Pld4) and 5

(Pld5) are also increased in the disease, although no phospholipase activity has been demonstrated for

these isoenzymes29,30 (Figure 2D).

Next, different diacylglycerol-producing pathways were considerably up-regulated in the pathological

condition: a) from PA to DG, through the catalysis by lipin 3 (Lpin3). The reverse reaction even seems

down-regulated, since a series of diacylglycerol kinases (Dgkb, Dgkg, Dgkq and Dgkz) are moderately

reduced in the disease; b) from monoacylglycerol (MG) to DG, with a strong increase in monoacylglycerol

O-acyltransferase 2 (Mogat2) gene expression at postnatal days 15 and 17, and a slight decrease in diacylgly-

cerol lipase alpha (Dagla) expression at the same times; c) from phosphatidylcholine (PC), through the action

of sphingomyelin synthase 2 (Sgms2), leading to the formation of SM and DG as by-product (Figure 2D).

In the final step, DG is converted to TG through catalysis by diacylglycerol acyltransferase (DGAT) enzymes.

Both Dgat1 and Dgat2 mRNAs were present and quantified in normal and OIR retinas, although only the

expression of Dgat2 was slightly increased at postnatal day 12.5. Endothelial lipase (Lipg), which can act as

a TG lipase, was significantly reduced in retinopathy, corroborating the TG accumulation observed in the

lipidomic data. In addition to TG molecular species, the detected increase in CE may be linked to higher

expression of the genes sterol O-acyltransferase 1 (Soat1) and especially sterol O-acyltransferase 2 (Soat2),

the latter showing high fold change values in the pathological retinas at postnatal days 15 and 17. Indeed,

molecular species of TG and CE are stored intracellularly in lipid droplets, and a number of structural

markers of lipid droplets presented increased gene expression in retinopathy, including: perilipin 2

(Plin2), perilipin 3 (Plin3), fat storage-inducing transmembrane protein 1 (Fitm1), transmembrane protein

159 (Tmem159/Ldaf1), hypoxia inducible lipid droplet associated (Hilpda), caveolin 1, caveolae protein

(Cav1), caveolae associated protein 1 (Cavin1), and caveolae associated protein 3 (Cavin3) (Figure 2D).

Collectively, the transcriptomic and lipidomic data suggest that lipid droplet production in the retina is

substantially augmented in the pathological retinas.

Transcriptomic analysis also showed that cholesterol import/export through the high-density lipoprotein

(HDL) pathway is activated. The expression of the lecithin cholesterol acyltransferase (Lcat) gene is consid-

erably increased in retinopathy at postnatal days 12.5, 15, and 17 (log2 fold change = 1.28, 1.17, and 1.10,

respectively), pointing to an increase in the production/maturation of HDL (Figure 2E). The LCAT enzyme

esterifies free cholesterol (Ch) on nascent lipoproteins that mediate intraretinal cholesterol transport.31,32

In pre-b-HDL, LCAT catalyses esterification and production of CE, leading to the formation of mature

spherical HDL particles.33 Major protein components of HDL34 are also up-regulated in retinopathy accord-

ing to expression data for the following genes: Lcat, alpha-2-macroglobulin (A2m), amylase 1 (Amy1), com-

plement component 3 (C3), complement component 4B (C4b), clusterin (Clu), glutathione peroxidase 3

(Gpx3), granulin (Grn), hemopexin (Hpx), paraoxonase 1 (Pon1), paraoxonase 3 (Pon3), retinol binding pro-

tein 1 (Rbp1) and 4 (Rbp4), transferrin (Trf), transthyretin (Ttr), and wingless-typeMMTV integration site fam-

ily members (Wnt), including member 2 (Wnt2), 5A (Wnt5a), 9A (Wnt9a), 11 (Wnt11), and 16 (Wnt16) (Data

S1). These data are also in agreement with the overall increase in the expression of other genes related to

cholesterol import/export into cells, such as apolipoprotein B receptor (Apobr), scavenger receptor class

B, member 1 (Scarb1/SR-B1), macrophage scavenger receptor 1 (Msr1/SR-A1), and CD36 molecule (Cd36).

These indicated receptors, in addition to low-density lipoprotein (LDL) ingestion via phagocytosis and

macropinocytosis, are essential for lipoprotein internalization. Lipoproteins are then degraded in lyso-

somes, releasing cholesterol into the intracellular environment (Figure 2E).

Cholesterol metabolism also relies on a series of esterases to produce more soluble metabolites which are,

therefore, easier to be eliminated. So, it is worth noting the unusual high expression of cholesterol
6 iScience 26, 106777, June 16, 2023
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25-hydroxylase (Ch25h) in retinopathy (log2 fold change = 2.78, 2.70, and 3.35 at postnatal days 12.5, 15,

and 17, respectively). CH25H catalyses the formation of 25-hydroxycholesterol (25-ChOH), an agonist of nu-

clear receptors liver X receptors (LXRs).35,36 LXRs regulate gene expression of ATP-binding cassette sub-

family A member 1 (Abca1), which is increased in OIR retinas at postnatal days 15 and 17, and promotes

cholesterol efflux from cells via lipid-poor apoA-I (pre-b-HDL)37 (Figure 2E). Interestingly, 25-ChOH also re-

stricts activation of SREBP2, a sterol-sensing transcription factor that regulates cholesterol biosynthesis.38

This is in agreement with expression data of 23 genes whose products belong to the cholesterol biosyn-

thesis pathway39 and which are down-regulated in retinopathy (Data S1).
Lipid saturation degree is markedly altered by OIR toward the production of MUFA and

PUFA with up to 3 unsaturations

Total SFA, MUFA, PUFA, and HUFA (examples in Figure 3A) were quantified considering all detected lipid

classes in the lipidomic analysis. In our analysis, we considered PUFA all fatty acids with two or three unsa-

turations, and HUFA all those with more than three unsaturations, including, for instance, DHA and ARA. In

general, OIR retinas showed an increase in MUFA concentrations compared to healthy retinas at postnatal

days 12, 12.5, and 17 (Figure 3B). In contrast, PUFA concentration was decreased at P12.5, but subsequently

recovered at P15 and increased at P17, while HUFA concentration was generally decreased in OIR retinas at

all different time points.

When we consider the lipid classes that are mostly enriched with HUFA—cholesteryl esters (CE), phospha-

tidylethanolamines (PE), PE plasmalogens (pPE) and phosphatidylinositols (PI)—in addition to triacylglycer-

ols (TG), this pattern is even more apparent (Figure 3C). All these lipid classes showed higher concentra-

tions of MUFA and lower concentrations of HUFA in OIR. In terms of fatty acids with two or three

unsaturations, CE and TGmolecular species linked to PUFA showed a tendency to increase in retinopathy,

and a similar trend was observed for PE and PI.

Next, we used the Venn diagram to screen for common lipid features associated with OIR (fold change

R1.5, FDR-adjusted p value %0.05) (Figure S4A). Among the five lipid species that were found altered

at all postnatal days, four species - FFA 20:3 (n-9), PI 18:0/20:3, PC 16:0/22:3 e CE 20:3 – were increased

in OIR, while only one of them, specifically a plasmalogen esterified to HUFA (pPE p18:2/22:6), was

decreased. Notably, in agreement with the unsaturation data, all increased lipid species were linked to

fatty acyl chains containing three double bonds (20:3 or 22:3) (Figure S4B).
The concentration of phosphatidylcholines (PC) linked to VLCFA is decreased in OIR retinas

Very long-chain highly unsaturated fatty acids (VLC-HUFA) are found mainly in retina, brain, testis, and

spermatozoa.40 We identified and quantified 15 PC lipid species esterified to VLC-HUFA with at least 32

carbons of length in all collected samples. Among these phospholipids, PC (34:6/22:6) and PC (36:6/

22:6) were the most abundant in retinas, with the VLC-HUFA esterified to the sn-1 position of the glyc-

erol-phosphocholine backbone (Figure 4A). No VLC-HUFA bound to other types of phospholipids was

identified; all of them are linked to PC. Retinopathy drove a significant decrease in total mass values of

these PC species, which is seen at postnatal days 12, 12.5, and 17 (Figure 4B). The same trend is clearly

seen in 11 of the 15 individual species of PC linked to VLC-HUFA that we could identify in lipidomic analysis

(Figure 4C).
OIR retinas present decreased synthesis of n-3 and n-6 fatty acids and up-regulation of the n-9

alternative pathway of fatty acid desaturation

The pattern of decreased HUFA, such as DHA (22:6, n-3) and ARA (20:4, n-6), as well as VLC-HUFA (n-3 or

n-6), led us to investigate how different fatty acid synthesis pathways behave in retinopathy. Both the n-3 (or

u-3) and n-6 (or u-6) fatty acid pathways comprise a series of products derived biosynthetically from essen-

tial fatty acids, ingested in the diet. In our lipidomic analysis, we were able to differentiate specific FFA iso-

mers through their retention time in the column used in high-performance liquid chromatography (HPLC).

These isomers present the same molecular mass but different positions of double bonds, i.e., different ‘‘n’’

values. In general, considering two isomers, the FFA with a higher ‘‘n’’ value had a longer retention time in

our method (Figure S5A). This is shown in detail for FFA 20:3, whosem/z value generated two peaks in our

analysis, one corresponding to FFA 20:3 n-3 and n-6, and the other to FFA 20:3 n-9, the latter with a longer

retention time (Figure S5B).
iScience 26, 106777, June 16, 2023 7



Figure 3. Lipid saturation is altered in OIR favoring the production of MUFA and PUFA with up to 3 unsaturations

(A) Examples of SFA, MUFA, PUFA, and HUFA found in OIR retinas.

(B) Percentage of SFA, MUFA, PUFA, and HUFA in physiological (controls, N = 6) and pathological (OIR, N = 6) retinas at

postnatal days 12, 12.5, 15, and 17. Data are represented as meanG SEM (Student’s t-test, *p% 0.05, **p% 0.01, ***p%

0.001).

(C) Percentage of MUFA, PUFA, and HUFA in specific lipid classes, including neutral (CE and TG) andmembrane (PE, pPE,

and PI) lipid species. Data are represented as meanG SEM (Mann-Whitney-Wilcoxon test; *p% 0.05, **p% 0.01, ***p%

0.001). See also Figure S4 and Supplemental Material - Venn diagram.
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Figure 4. Phosphatidylcholines (PC) linked to VLCFA in OIR retinas

(A) Representative structures of the two most abundant PC-VLCFA found in normal and OIR retinas.

(B) Normalized mass values (ng of lipids/mg of proteins) for total PC-VLCFA.

(C)Normalizedmass values (ngof lipids/mg of proteins) for individual PC-VLCFA species. PC-VLCFA species were identifiedand

quantified in all physiological (control, N = 6 replicates) and pathological (OIR, N = 6 replicates) retinas collected at postnatal

days 12, 12.5, 15, and 17. Only PC species linked to at least one fatty acid with 32 or more carbons were considered. Data are

represented as meanG SEM (Mann-Whitney-Wilcoxon test; *p % 0.05, **p % 0.01, ***p % 0.001).
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Derived from the a-linolenic acid (18:3, n-3), n-3 family includes fatty acids such as eicosapentaenoic acid 20:5,

n-3 (EPA), docosapentaenoic acid 22:5, n-3 (DPA), and DHA (22:6, n-3). All of them are significantly decreased

in retinopathy (Figure 5A). Similarly, the n-6 family of fatty acids, derived from linoleic acid (18:2, n-6), also

shows up in lower concentrations in OIR retinas. This is clearly seen for several intermediates of the n-6

pathway, including eicosadienoic acid (20:2, n-6), dihomo-g-linolenic acid (DGLA, 20:3, n-6), ARA (20:4,

n-6), and adrenic acid (AdA, 22:4, n-6) (Figure 5B). This indicates a chronic deficiency of n-3 and n-6 precursors

from the early stages of the retinopathic process affecting the synthesis of all subsequent derived long-chain

fatty acids. Indeed, the n-3 and n-6 synthesis pathways are the precursors of VLC-HUFA. Their down-regula-

tion helps to explain, for example, the decreased concentration of phosphatidylcholine species linked to

VLC-HUFA in the pathological condition (Figure 4). This also explains the overall decrease in the number

of unsaturations in most of the lipid classes analyzed in this study (Figure 3).
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Figure 5. OIR retinas decreased synthesis of n-3 and n-6 fatty acids and up-regulation of the n-9 alternative

pathway of fatty acid desaturation

(A–C) Schemes showing intermediates of the n-3 (A), n-6 (B), and n-9 (C) fatty acid synthesis pathways which are

significantly altered in the retinas of OIR mice. Normalized mass values (ng of lipids/mg of proteins) are presented for

each of these intermediates in physiological (control, N = 6 replicates) and pathological (OIR, N = 6 replicates) retinas at

postnatal days 12, 12.5, 15 and 17. Data are represented as meanG SEM (Mann-Whitney-Wilcoxon test; *p% 0.05, **p%

0.01, ***p % 0.001). See also Figure S5.
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On the other hand, as seen earlier, retinopathy induces increased concentration of MUFA and PUFA with

up to 3 unsaturations. This finding correlates with up-regulation of de novo fatty acid synthesis, generating

products with 1, 2, or 3 unsaturations. In a situation of essential fatty acid deficiency (EFAD), there is

possibly an accumulation of MUFA and PUFA belonging to families other than n-3 and n-6. This includes,

for example, the n-9 (or u-9) family. We were able to detect and quantify four products from the n-9 fatty

acid family: eicosenoic acid (20:1, n-9), eicosadienoic acid (20:2, n-9), mead acid (20:3, n-9), and docosatrie-

noic acid (22:3, n-9), all of them showing an increasing trend in the OIR retinas (Figure 5C).

We also looked at expression data for a number of genes (elongases and desaturases) linked to the n-3, n-6,

and n-9 pathways and none of them showed significant expression difference in OIR, including those

described for mead acid synthesis, namely Elovl5, Fads1, and Fads241 (Data S1). However, it is important

to note that mead acid and other n-9 fatty acids are thought to be produced by the same enzymes that syn-

thesize n-3 and n-6 fatty acids. This is true for the enzymes Elovl5, Fads1, and Fads2. Therefore, expression
10 iScience 26, 106777, June 16, 2023
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data alone would not be sufficient to explain why n-3 and n-6 fatty acids are decreased while n-9 fatty acids

are increased in OIR.
DISCUSSION

By carefully identifying and quantifying the lipid composition of the retina andmapping them to their respec-

tive metabolic pathways (for which we had information regarding mRNA expression for their enzymes and

proteins), we have identified a lipid signature for the pathological angiogenesis of the OIR model. This signa-

ture points to a prominent role for cholesterol esterification, lipid droplet formation, reverse cholesterol trans-

port, and increased concentration of n-9 fatty acids (for example, mead acid) in the retina.

At first glance, the most striking result is the increase in the concentration of neutral lipids (mostly CE and

TG species) in the retinopathic retinas. In agreement with the lipidomics, transcriptomic data indicate TG

formation, since the pathways leading to its synthesis are in general significantly augmented. The same is

observed for the expression of genes leading to CE synthesis (Soat1 and, particularly, Soat2), as well as

structural proteins for lipid droplet production (Plin2, Plin3, Fitm1, Tmem159/Ldaf1, Hilpda, Cav1, Cavin1,

Cavin3). Lipid droplets are important organelles for fat storage, which are composed mainly of CE and TG

within their lipid core, enclosed by a monolayer of phospholipids and proteins. This is in agreement with

the recent observation that the retina relies on a steady supply of fatty acids in order to provide the ener-

getic needs of the photoreceptor cells. These cells express high levels of the very low-density lipoprotein

(VLDL) receptor, enabling the uptake of TG to be metabolized by b-oxidation.1

But the role of lipid droplets in the retina is still not fully understood. For instance, reactive oxygen species

(ROS) production is increased in the OIR model and in retinopathies in general, as well as in many other

eye diseases.42,43 So, besides the role of lipid droplets in energy storage, they may also act to buffer the con-

centration of toxic lipid species44 and have a prominent role in limiting the levels of ROS in cells by capturing

PUFA from cellular membranes and thus preventing lipid peroxidation.45 Another interesting observation is

that RPE cells contain organelles named retinosomes, which are retinyl ester-containing lipid droplets impor-

tant to keep a proper supply of the visual chromophore 11-cis-retinal to the photoreceptor cells.46 Changes in

the formation of these lipid droplets (retinosomes) have been associated with pathological conditions in the

retina of drosophila and rat,47,48 in addition to patients suffering from age-related macular degeneration

(AMD).49 Although in our lipidomic analysis we did not look specifically at retinyl esters, it is noteworthy

the increase in expression of lecithin-retinol acyltransferase (Lrat), which encodes the enzyme responsible

for the esterification of trans-retinal, producing trans-retinyl esters. Lrat is substantially augmented in retino-

pathic retinas (log2 fold change = 2.24 at postnatal day 17, compared to the physiological condition).

Alongside Lrat, Soat1, and Soat2, which are responsible for the intracellular esterification of lipids stored in lipid

droplets, we also observed inOIR a significant increase in gene expression of Lcat (log2 fold change = 1.28, 1.17,

and 1.11 at postnatal days 12.5, 15, and 17, respectively). The LCAT enzyme is responsible for the production of

extracellular CE, converting cholesterol and phosphatidylcholines to CE and lysophosphatidylcholine (LysoPC).

LCAT has a defined role in the growth and maturation of HDL particles33 and cholesterol efflux from macro-

phages via ABCA1. LCAT deficiency is characterized by two different phenotypes with distinct levels of LCAT

activity: familial LCAT deficiency (FLD) and fish eye disease (FED), both leading to low HDL cholesterol levels

and corneal opacification.50 This is in agreement with our lipid signature, which shows a prominent role of the

cholesterol import/export pathway in retinopathy.

The retina differs from the central nervous system with regard to cholesterol metabolism, a key factor in

retinal pathological conditions as mentioned above. While the brain synthesizes all cholesterol it uses,

the retina can both synthesize it and uptake cholesterol from circulation.14,15 Thus, it is interesting that un-

der retinopathic condition, several genes associated with cholesterol esterification and transport (Soat1,

Soat2, Lcat, Abca1, besides lipoprotein receptors such as Apobr, Scarb1, Msr1, and Cd36) are up-regu-

lated, indicating an increase in the import/export of cholesterol (i.e., from circulation to the RPE, then,

from the RPE to the photoreceptor cells and the neural retina). At the same time, 23 genes related to

cholesterol biosynthesis are reasonably decreased in OIR (Data S1), suggesting that intraretinal cholesterol

synthesis is not the main factor behind the increase in CE levels.

One limitation of our study is that we cannot discriminate which cell is responsible for CE synthesis and

export, such as glial or tissue macrophages. However, if we look at evidence from literature, we observe
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that different animal models of eye diseases (i.e., NaIO3-induced model of dry AMD and Bietti crystalline

dystrophy zebrafish model)51,52 showed accumulation of lipid droplets in the RPE. There has also been

report of lipid droplet formation in astrocytes.53,54 Considering that large epidemiologic studies point

to a strong correlation between circulating lipoprotein species, such as HDL, and the severity of retinop-

athy and other eye diseases, one cannot rule out the contribution of infiltrating macrophages as the source

of accumulation of cholesterol in the retina. In this context, lipid-lowering treatments with statin and fibrate

have been shown to improve diabetic retinopathy-related conditions.55–57 Similarly to what occurs in

atherosclerosis, we observed that key genes for reverse cholesterol transport showed significant increased

expression in OIR retinas, as well as multiple markers for tissue macrophages (Itgam/Cd11b, Cd14, Fcgr3/

Cd16, Fcgr1/Cd64, Cd68, Ccr5, Adgre1) and glial macrophages (Trem2, Tyrobp, Cd33, Tlr1, Tlr2, Tlr3, Tlr4,

Tlr7, Tlr12, Tlr13), in addition to markers for HDL particles (A2m, Amy1, C3, C4b, Clu,Gpx3,Grn, Hpx, Lcat,

Pon1, Pon3, Rbp1, Rbp4, Trf, Ttr, Wnt2, Wnt5a, Wnt9a, Wnt11, Wnt16).34 Therefore, potential targets for

drugs are provided, in particular those directed to neutral lipid (CE and TG) synthesis pathways, reverse

cholesterol transport and the inflammatory status of pathological retinas.

On the other hand, it is important to note that part of these markers have been associated with intraretinal

lipid transport, which is dependent on HDL-like particles and class B scavenger receptors31 that are up-regu-

lated in the OIR transcriptome analysis. Distinct from the blood-brain barrier, the blood-retina barrier allows

for the uptake of cholesterol rich lipoproteins from circulation, mostly mediated by the RPE layer. These HDL-

like particles are then formed via ABCA1 transporters and taken up by photoreceptor and ganglion cells in the

retina using scavenger receptors.15 Indeed, photoreceptor cells shed approximately 10% of their outer

segment membranes every day. Because of the decrease in dietary n-3 and n-6 lipids, which are essential

for proper photoreceptor transduction pathways (in particular, DHA),58–60 the increase in HDL-like particle

formation during OIR may reflect the concomitant necessary increase in lipid transport in order to supply

enough of these lipids to the photoreceptor cells. In aggregate, our data suggest that intraretinal lipopro-

tein/cholesterol transport pathways are substantially increased in retinopathy. In agreement with this is the

observation that Ch25h expression is also substantially increased by OIR.19 CH25H catalyzes the conversion

of cholesterol to 25-hydroxycholesterol (25-ChOH), a product which can act as an activator of LXR receptors

and then promote cholesterol efflux to (apo)lipoproteins via ABCA1. CH25H was previously shown to

contribute to a pathological angiogenesis gene signature able to predict breast cancer patient survival.19 Be-

sides being an LXR activator, its product, 25-ChOH, presents anticancer61 and antiviral62 activities in mamma-

lian cells, working against viruses such as HIV, EboV, Influenza, and others by affecting their entry and repli-

cation in the cell. The role of CH25H and 25-ChOH in retinopathy and other eye diseases is still unknown.

In addition to neutral lipid increase and aspects related to the ‘‘inflammatory environment’’ of OIR retinas,

we detected changes in lipid desaturation pathways as another hallmark of pathological angiogenesis. OIR

retinas present higher concentrations of MUFA than healthy retinas at all postnatal days we analyzed. They

also contain higher levels of PUFA with up to three unsaturations at postnatal day 17. Nevertheless, n-3 and

n-6 HUFA species (with more than three unsaturations) were considerably decreased in the pathological

condition. The same happened to PC molecular species linked to VLC-HUFA, unusual lipid species found

in retina and a few other vertebrate tissues, such as brain and testis. In retinas, they seem to play a crucial

role in maintaining membrane fluidity, which is essential to the long-term survival and function of photore-

ceptor outer segments.63,64 They may also modulate other membrane biophysical properties, including

permeability, compression, fusion, and flipping.64 Loss of VLC-HUFA, for example, was detected in AMD

and diabetic donor eyes40,65,66 and linked to a reduction in rod b-wave amplitudes and to death of rod cells

over time.63,67

The sharp decrease in highly unsaturated species led us to further investigate different pathways of fatty

acid synthesis in healthy and OIR retinas. The decrease in n-3 and n-6 FFA, for example EPA, DPA, and

DHA (n-3 family) and eicosadienoic acid, DGLA, ARA e AdA (n-6 family), are in agreement with previously

published data showing that premature infants have lower blood concentrations of DHA and ARA, a

condition of essential fatty acid deficiency (EFAD) that correlates with ROP progression.68–71 EFAD is tightly

associated with changes in lipid desaturation profiles and the promotion of alternative fatty acid desatura-

tion pathways, which in turn affects, for instance, the fatty acid profile of cells in culture, augmenting the

concentration of MUFA instead of PUFA/HUFA.72 Lipid metabolism plasticity is also observed in some can-

cer cell lines. Some of them exploit an unusual pathway that desaturates palmitate to sapienate, a mono-

unsaturated fatty acid of the n-10 family that supports membrane formation and proliferation.73
12 iScience 26, 106777, June 16, 2023
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It is noteworthy that deficiency in n-3 and n-6 essential fatty acids in OIR promotes a significant increase in

mead acid in the retina. Mead acid is an indicator of EFAD41 and, interestingly, it is substantially increased

at all postnatal days in the pathological condition but not in the physiological retinas. To the best of our

knowledge, this has not been reported before and it is a clear indication that EFADmight be an early event

in ROP. Whether retinal mead acid comes from the alternative lipid synthesis pathway that leads to the pro-

duction of n-9 fatty acids in the retina or from extraretinal tissues due to an increase in uptake from plasma,

it is still an open question. DHA, ARA, and mead acid are all synthesized by similar pathways that share the

enzymes encoded by Elovl5, Fads1, and Fads2 genes; thus, the retina has all enzymes necessary to produce

mead acid, including Elovl5. Interestingly, a report in bioRxiv suggests that ELOVL5 substrate preference

could be modulated by GSK3: GSK3 phosphorylation of ELOVL5 leads to the production of DHA and ARA.

However, hypoxia pathways and other tyrosine kinases (i.e., VEGFR) inhibit GSK3 (via Akt/PKB), preventing

the phosphorylation of ELOVL5 and promoting mead acid production.74 Of course, it is critical to further

validate this study and to better understand Akt, GSK3, and ELOVL5 phosphorylation status in retina cells

under physiological and OIR condition to confirm this hypothesis.

Our data is therefore in agreement with the notion that n-3 and n-6 essential fatty acids supplementation

might be beneficial for prevention of ROP, as it has been demonstrated by several studies.75–77 Neverthe-

less, the presence of mead acid in the retina (either endogenously produced or taken up from plasma) may

reduce or hinder some effects of lipid supplementation by outcompeting with the dietary n-3 and n-6

essential fatty acids, and may explain some inconsistent observations regarding lipid supplementation.78

Mead acid and other n-9 lipids, may be used as substitutes for other PUFA and HUFA in biological mem-

branes,41 as indicated by the desaturation profile in the lipidomic data which shows that HUFA are being

replaced by mono- and polyunsaturated fatty acids (MUFA and PUFA, respectively) with up to three unsa-

turations in pathological angiogenesis. Finally, considering that mead acid concentration in blood could

be used to identify patients with EFAD, conceivably, it could also be a potential biomarker for ROP. Further

studies are necessary to answer these important questions regarding mead acid synthesis in the retina, the

phosphorylation control of ELOVL5, as well as n-3 and n-6 supplementation in ROP.

In sum, these are important findings, which might have implications for the diagnosis, treatment and pre-

vention of ROP, a condition for which the OIR mouse model recapitulates several hallmarks of the human

disease.8 Changes in lipid metabolism have also been described for diabetic retinopathy,55–57,79 glau-

coma,80 and age age-related macular degeneration.81,82 Therefore, it is possible that our integrated

lipidomic/transcriptomic study may reflect changes in lipid metabolism associated with pathological con-

ditions of the eye. A better understanding of lipid metabolism in the retina may translate into improved

therapeutic and diagnostic alternatives for the treatment and prevention of human eye diseases.
Limitations of the study

TheOIRmodel is a robust and reliable method to study retinal angiogenesis in vivo, and the use of isogenic

animals minimizes genetic background variability and allows for reproducible and quantifiable results.

Nevertheless, exposure to high oxygen levels (75%) can be detrimental to the animals, reducing postnatal

weight gain and aggravating the retinopathic state. To minimize these effects and reduce vessel loss and

variability in neovascularization, we avoided large litter size (8 or less pups) to improve postnatal weight

gain, and animals with less than 5 g at P17 were excluded from the study, as recommended.83,84 Another

aspect that merits comments is the difficulty in assigning specific lipid synthesis pathways and transcript

expression to precise cells in the retina. Therefore, we used bona fide molecular markers along with

data from the literature in order to suggest and indicate the most likely cell types candidates responsible

for some of the changes in lipid metabolism that we observed in our study. Nevertheless, one should be

cautious and understand that other cell types may also be involved in these processes. Further studies

are necessary to better delineat these associations. Finally, for the lipidomic analysis, we used the LC-

MS untargeted measurement and standards that did not take into consideration more specific types of

lipids, such as oxylipins and oxysterols.
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Butylated hydroxytoluene; 2,6-Di-tert-butyl-4-methylphenol Sigma-Aldrich Cat#B1378

Deferoxamine mesylate salt Sigma-Aldrich Cat#D9533

Cholest-5-en-3b-yl (decanoate); cholesteryl decylate Sigma-Aldrich Cat#S436739

N-decanoyl-D-erythro-sphingosine Avanti Polar Lipids Cat#860510

N-heptadecanoyl-D-erythro-sphingosine Avanti Polar Lipids Cat#860517

10,30-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol Avanti Polar Lipids Cat#750332

1-heptadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine Avanti Polar Lipids Cat#110686

Cat#855676

1-(10Z-heptadecenoyl)-sn-glycero-3-phosphoethanolamine Avanti Polar Lipids Cat#856707

1,2-diheptadecanoyl-sn-glycero-3-phosphate Avanti Polar Lipids Cat#830856

1,2-dimyristoyl-sn-glycero-3-phosphocholine Avanti Polar Lipids Cat#850345

1,2-diheptadecanoyl-sn-glycero-3-phosphocholine Avanti Polar Lipids Cat#850360

1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine Avanti Polar Lipids Cat#850745

1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine Avanti Polar Lipids Cat#830756
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N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine Avanti Polar Lipids Cat# 860585

1,2,3-tritetradecanoyl-sn-glycerol; Trimyristin Sigma-Aldrich Cat#T2500100

Critical commercial assays

Pierce� BCA Protein Assay Kit Thermo Fisher Scientific Cat#23227

Deposited data

Oxygen-Induced Retinopathy RNA-Seq Guarischi-Sousa et al.19 Sequence Read Archive (SRA),

BioProject PRJNA483866

RNA-Seq of Mus musculus: newborn retina Guarischi-Sousa et al.19 Sequence Read Archive (SRA),

SRP155931

Lipidomics raw data This paper MetaboLights, MTBLS6965,

www.ebi.ac.uk/metabolights/MTBLS6965

Lipid quantification data This paper Mendeley Data,

https://doi.org/10.17632/sn5hz3s992.1

Experimental models: Organisms/strains

C57BL/6j mice, Strain #:000664 The Jackson Laboratory RRID:IMSR_JAX:000664

Software and algorithms

Analyst�TF 1.7.1 Sciex RRID:SCR_015785

DESeq2 Bioconductor RRID:SCR_015687; https://bioconductor.org/

packages/release/bioc/html/DESeq2.html

GraphPad Prism 8.4.3 GraphPad Software RRID:SCR_002798

MetaboAnalyst 5.0 Xia et al.94 RRID:SCR_015539; https://www.metaboanalyst.ca/

MultiQuant� 3.0.3 Sciex N/A

PeakView� 2.2 Sciex RRID:SCR_015786
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Other

KEGG: Kyoto Encyclopedia of Genes and Genomes Kanehisa.90 RRID:SCR_012773; https://www.genome.jp/kegg/

LIPID MAPS Fahy et al.91 RRID:SCR_006579; https://www.lipidmaps.org/

Reactome Fabregat et al.92 RRID:SCR_003485; https://reactome.org/

WikiPathways Pico et al.93 RRID:SCR_002134; https://www.wikipathways.org/

index.php/WikiPathways

ll
OPEN ACCESS

iScience
Article
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ricardo José Giordano (giordano@iq.usp.br).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d As previously reported,19 sequencing metadata for the RNA-seq data used in the manuscript have been

deposited at the Sequence Read Archive (SRA) under accession number BioProject PRJNA483866. RNA-

seq data is available under accession number SRP155931. Lipidomics raw files have been deposited at

MetaboLights85 under the unique identifier MTBLS6965 (https://www.ebi.ac.uk/metabolights/

MTBLS6965). Lipid quantification data are available at Mendeley Data (https://doi.org/10.17632/

sn5hz3s992.1). They are publicly available as of the date of publication. Accession numbers are also listed

in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study approval

All experimental procedures were approved by the Animal Study Ethics Committee from the Chemistry

Institute (protocol number 73/2017). C57BL/6j mice (RRID:IMSR_JAX:000664) were maintained at the ani-

mal facility of the Chemistry Institute and Pharmacy School of the University of São Paulo.

Murine model of OIR

In the OIR model, pathological angiogenesis is induced in mice through their exposure to variable oxygen

levels. Thus, mouse pups with their nursing mothers were kept at 75%O2 from postnatal day 7 (P7) until day

12 (P12). Mice were then returned to ambient air (�20.8%O2) and retinas (N = 6) were collected at different

time points (P12, P12.5, P15 and P17) for lipid extraction. Retinas from mouse pups under physiological

development were also collected.

METHOD DETAILS

Lipid extraction

Lipid extraction was performed according to a method adapted from Bligh and Dyer (1959).86 Retinas were

initially lysed in 600 mL of 50 mMphosphate buffer (pH 7.4) containing 100 mMdeferoxamine mesylate (Cat#

D9533, Sigma-Aldrich), with zirconia beads and a Mixer Mill MM 301 homogenizer (Retsch GmbH, Haan,

Germany). Lysis was performed with a cycle of 1 min at a frequency of 30 s�1 10 mL aliquots of the prepared

homogenates were used to quantify proteins with Pierce BCA Protein Assay Kit (Cat# 23227, Thermo Fisher

Scientific). 500 mL aliquots were then used in the lipid extraction procedure. These aliquots weremixed with

400 mL of ice-cold methanol containing 100 mM butylated hydroxytoluene (Cat# W218405, Sigma-Aldrich),

and 100 mL of lipid internal standards (Table S1), which are necessary for semi-quantification of lipid
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molecular species. 2.0 mL of chloroform: ethyl acetate (4:1) were added to each mixture, followed by vor-

texing during 30 s. After centrifugation at 1,500 x g for 2 min at 4�C, the lower phase containing the total

lipid extracts (TLE) was transferred to new tubes and dried under N2 gas. Dried TLE were dissolved in 100 mL

of isopropanol and the HPLC injection volume was set at 1 mL.
Lipidomic analysis

Non-targeted lipidomic analysis of major lipids was performed by reverse-phase liquid chromatography

coupled to mass spectrometry (RPLC-MS).87,88 In detail, TLE were analyzed by electrospray ionization

time-of-flight mass spectrometry (ESI-TOFMS, Triple TOF 6600, Sciex, Concord, USA) interfaced with ultra

HPLC (UHPLC Nexera, Shimadzu, Kyoto, Japan). The samples were loaded into a C18 column (1.6 mm,

2.1 mm i.d. x 100 mm, CORTECS, Waters Corporation, Milford, USA) with a flow rate of 0.2 mL/min and

an oven temperature maintained at 35�C. For the liquid chromatography, mobile phase A consisted of wa-

ter: acetonitrile (60:40), while mobile phase B was composed of isopropanol: acetonitrile: water (88:10:2).

Mobile phases A and B were supplemented with ammonium acetate or ammonium formate (at a final con-

centration of 10 mM) for experiments performed in negative or positive ionizationmodes, respectively. The

linear gradient used in RPLC was 40%–100% B over the first 10 min and held at 100% B for additional 2 min,

decreased from 100 to 40% B during the next 1 min, and held at 40% B for the remaining 7 min, totalizing a

20 min run. The MS was operated in both positive and negative ionization modes, and the scan range set at

a mass-to-charge ratio of 200–2000 Da. Data for lipid molecular species identification and quantification

were obtained by Information Dependent Acquisition (IDA). Data acquisition was performed with a period

cycle time of 1.05 s with 100 ms acquisition time for MS1 scan and 25 ms acquisition time to obtain the top

36 precursor ions. Data acquisition was performed using AnalystTF 1.7.1 (RRID:SCR_015785) with an ion

spray voltage of �4.5 kV and 5.5 kV for negative and positive modes, respectively, and the cone voltage

at +/� 80 V. The curtain gas was set at 25 psi, nebulizer and heater gases at 45 psi and interface heater

at 450�C. The MS/MS data were analyzed with PeakView 2.2 (RRID:SCR_015786), and lipid molecular spe-

cies were manually identified with the help of an in-house manufactured Excel-based macro. The lipid

quantification was performed with MultiQuant 3.0.3, in which peak areas of precursor ions were normalized

to those of the internal standards. Final data were expressed as mass of lipid species per mass of total pro-

teins, and graphs were constructed with GraphPad Prism 8.4.3 (RRID:SCR_002798).
Transcriptomic analysis

Transcriptomic data described by Guarischi-Sousa et al.19 were re-analyzed in order to allow their integration

with lipidomic data presented here. Gene expression was analyzed in pairs covering the pathological and phys-

iological conditions at a same time point, that is, R12 x P12, R15 x P15 and R17 x P17, in addition to R12.5 x P12.

Log2(fold change) values were obtained for the expression of 32,569 genes, using DESeq2 R package

(RRID:SCR_015687),89 from which differentially expressed lipid metabolism-related genes (p value <0.05 or

FDR-adjusted p value <0.05) were annotated manually and with the aid of KEGG (RRID:SCR_012773),90 LIPID

MAPS (RRID:SCR_006579),91 Reactome (RRID:SCR_003485)92 andWikiPathways (RRID:SCR_002134)93 databases

for Mus musculus.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for lipidomic data was performed with MetaboAnalyst 5.0 (RRID:SCR_015539)94 and R.

We used MetaboAnalyst to build heatmaps and PCA graphs, and also to obtain ‘fold change’ values,

following Xia and Wishart’s protocols.95 Data were log transformed (base 10) prior to statistical analysis.

All groups were compared by one-way ANOVA followed by Tukey’s HSD post-hoc test (FDR-adjusted p

value%0.05). For pairwise comparisons, bar graphs were constructed with log2(fold change) values of lipid

species whose variation was significant (Student’s t-test, FDR-adjusted p value%0.05, and fold change set

toR1.5). In the case of Figures 2A, 3B, 3C, 4B, 4C, 5A–5C, and S1 (graphs: log2 of normalized mass values),

Shapiro-Wilk normality test96 was conducted to check if the data followed a normal distribution. Also, Lev-

ene’s test97 was performed to verify the homoscedasticity of the data. Both tests demonstrated that the

data did not meet the assumption for parametric tests. Thus, Mann-Whitney-Wilcoxon test (also known

asMann-Whitney U test orWilcoxon Rank-Sum Test) was used to verify if the differences observed between

normal and OIR retinas were significant (*p % 0.05, **p % 0.01, ***p % 0.001). Only data presented in

Figures 3B and S1 followed a normal distribution and were homoscedastic. In these cases, Student’s t-tests

were performed (*p % 0.05, **p % 0.01, ***p % 0.001). In lipidomics, data for sample R12 (#3) was of poor

quality (total ion chromatogram with very low intensity), probably due to problems with lipid extraction or
20 iScience 26, 106777, June 16, 2023
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sample injection. Thus, data from this sample was excluded from the final analysis. More statistical details

can be found in the figure legends. For transcriptomics, the distribution and homoscedasticity of data were

also verified before statistical analysis. All data were obtained from independent samples. Data with normal

distribution and homoscedastic were tested using Student’s t-test (two group comparisons) or ANOVA

followed by Tukey’s post-hoc test with Benjamin-Hochberg p value adjustment (three or more group com-

parisons). Data with nonnormal distribution and/or heteroscedastic were tested using the Mann-Whitney-

Wilcoxon Test (two group comparisons), or Kruskal-Wallis test followed by Dunn’s post-hoc test with

Benjamini-Hochberg p value adjustment98 (three or more group comparisons).
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