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retina function by targeting ceramide in AdipoR1-deficient
mice
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Mutations in the adiponectin receptor 1 gene (AdipoR1) lead
to retinitis pigmentosa and are associated with age-related
macular degeneration. This study explores the effects of Adi-
poR1 gene deficiency in mice, revealing a striking decline in u3
polyunsaturated fatty acids (PUFA), an increase in u6 fatty
acids, and elevated ceramides in the retina. The AdipoR1
deficiency impairs peroxisome proliferator-activated receptor a
signaling, which is crucial for FA metabolism, particularly
affecting proteins associated with FA transport and oxidation
in the retina and retinal pigmented epithelium. Our lipidomic
and proteomic analyses indicate changes that could affect
membrane composition and viscosity through altered u3
PUFA transport and synthesis, suggesting a potential influence
of AdipoR1 on these properties. Furthermore, we noted a
reduction in the Bardet-Biedl syndrome proteins, which are
crucial for forming and maintaining photoreceptor outer seg-
ments that are PUFA-enriched ciliary structures. Diminution
in Bardet-Biedl syndrome-proteins content combined with our
electron microscopic observations raises the possibility that
AdipoR1 deficiency might impair ciliary function. Treatment
with inhibitors of ceramide synthesis led to substantial eleva-
tion of u3 LC-PUFAs, alleviating photoreceptor degeneration
and improving retinal function. These results serve as the proof
of concept for a ceramide-targeted strategy to treat retinopa-
thies linked to PUFA deficiency, including age-related macular
degeneration.

Recent technical advances have enabled studying the
contribution of lipids as essential molecular moieties for
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structure, function, and signaling. Polyunsaturated fatty acids
(PUFAs), notably long-chain (LC, 18–24 carbons) and very-
long-chain (VLC, >24 carbons) omega-3 (u3) PUFAs, are
indispensable for the development and function of the retina,
a light-sensitive tissue located in the posterior segment of the
eye. PUFAs are essential components of photoreceptor outer
segments (OSs) and disks where they play crucial structural
and functional roles. They help maintain membrane fluidity
and interact with rhodopsin to facilitate phototransduction
(1). Furthermore, u3 PUFAs serve as essential precursors for
molecules that exhibit neuroprotective properties in the
retina, including eicosanoids, docosanoids, elovanoids, neu-
roprotectins, and other molecules (2–4). Alterations in PUFA
composition have been associated with several retinal dis-
eases, including retinitis pigmentosa, age-related macular
degeneration (AMD), and Stargardt macular dystrophy type 3,
all of which can culminate in vision loss (5). While an
imbalance in the ratios of u3 to u6 PUFAs in the retina has
been linked to chronic inflammation—a precursor to many
retinal diseases—the mechanisms that regulate PUFA content
and maintain the balance between u3 and u6 PUFAs are not
yet fully elucidated (6).

Adiponectin receptors are primarily represented by two
isoforms, AdipoR1 and AdipoR2. Structurally, they resemble
G-protein coupled receptors with their seven transmembrane
domains. However, unlike typical G-protein coupled receptors,
their topology is inverted, with an intracellular N terminus and
an extracellular C terminus (7). These receptors regulate
glucose and lipid metabolism and have intrinsic ceramidase
activity (7–9). AdipoR1 and AdipoR2 demonstrate similar
substrate specificity towards ceramide species, including C6,
C18, and C24 (7). Importantly, mutations in the ADIPOR1
gene have been identified as causal factors for nonsyndromic
and syndromic retinitis pigmentosa in humans. Additionally,
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Restoring fatty acids and retina function in AdipoR1-KO mice
an association has been established between ADIPOR1 gene
mutation and advanced AMD within the Finnish population
(10–12).

Within the retina, ADIPOR1 protein is distributed
throughout, yet its most significant concentration is observed
at the junction between the retinal pigmented epithelium
(RPE) apical microvilli and the distal ends of the photoreceptor
OSs, as evidenced by immunostaining. Nonetheless, Western
blot analysis revealed a greater abundance of ADIPOR1 in the
RPE than the neural retina (13).

Previously, we demonstrated that the absence of the Adi-
poR1 gene in mice leads to ceramide accumulation in the
retina, causing a degenerative phenotype that recapitulates
clinical features of retinitis pigmentosa (14). This underscores
AdipoR1’s pivotal role in preserving retinal health by regu-
lating ceramide balance. However, the effect of the products
resulting from AdipoR1’s ceramidase activity, namely sphin-
gosine (SPH) and free FAs, on other proteins involved in lipid
metabolism in the retina remains unexplored. While FAs and
their derivatives can serve as ligands for the PPARa receptor, a
central regulator of lipid metabolism (15, 16), existing evidence
suggests a distinctive dynamic. It was shown that AdipoR2, not
AdipoR1, appears to stimulate PPARa in the liver. Conversely,
AdipoR1 seems to have a stronger association with activating
the AMPK pathway (17). Still, it remains undetermined
whether the same signaling-pathway dynamics orchestrated by
AdipoR1 in the liver are replicated in the retina, necessitating
further investigative endeavors to elucidate this aspect.

Considering AdipoR1 as a lipid-metabolism regulator, there
seems to be a robust connection between AdipoR1, ceramide,
and FA metabolism. While we have gained insights into Adi-
poR1’s role, its specific function in PUFA metabolism, which is
crucial for neural tissues such as the retina, remains unclear.
Prior studies indicate that AdipoR1 deletion in mice results in
a marked decrease of docosahexaenoic acid (DHA) and of
other PUFAs linked to certain phosphatidylcholine (PC) spe-
cies within the retina (18–20). It has also been documented
that AdipoR1 and AdipoR2 double-KO mice exhibit embry-
onic lethality due to extreme saturation of the phospholipids in
membranes, which diminishes the lipid bilayer’s fluidity (21).
However, understanding the role of AdipoR1 in the retina,
where it is abundantly expressed and where the lack of the
functional receptor has pronounced adverse effects, requires a
comprehensive and holistic analysis of the changes in lipid and
PUFA composition in the retinas of AdipoR1−/− mice versus
WT mice.

Accordingly, we sought to investigate AdipoR1’s role in PUFA
and lipidmetabolism in the retina, RPE, and brain, to examine the
potential therapeutic benefits of modulating these systems. We
conducted lipidomic, transcriptomic, and proteomic examina-
tion of the retinas from AdipoR1−/−mice and probed for changes
in retinal structure through transmission electron microscopy
(TEM). We further explored the effect of pharmacological inhi-
bition of ceramide synthesis on PUFA concentrations in the
mouse retina. Our findings show that the absence of theAdipoR1
gene in AdipoR1−/− mice leads to altered PUFA profiles in the
retina and RPE, characterized by decreased u3 VLC-PUFAs and
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increased u6 PUFAs. The absence of AdipoR1 also implies a
disrupted PPARa signaling pathway, likely affecting PUFA
transport and oxidation. Using a ceramide metabolism-targeting
approach in these mice, we effectively restored u3 PUFA levels
and enhanced retinal structure and function.Moreover, the study
unveiled a potential connection between AdipoR1, the Bardet-
Biedl syndrome (BBSome) complex, and the function of the
photoreceptor cilium.
Results

Untargeted lipidomic analysis of the retina and brain of
AdipoR1−/− mice

Although AdipoR1 is integral to lipid metabolism, its spe-
cific impact on diverse lipid classes, their interacting proteins,
and their relationships remain unknown (9) (18, 20, 22). In this
study, we provide an in-depth analysis of the lipidomic profiles
in the retina, RPE, and brain of AdipoR1−/− mice to elucidate
the dynamics of lipid metabolism within these tissues. The
brain was selected as a reference tissue, given the distinct
expression patterns of AdipoR2, highlighting the varied roles
these receptors play in different tissues. The retina, showing
marginal AdipoR2 expression, serves as a critical site to
examine the unique effects of AdipoR1 deficiency on lipid
metabolism (9). We performed untargeted lipidomic analysis
on the retinas, RPE cells, and brains of AdipoR1−/− mice and
their WT littermates at postnatal day 30 (P30) (Fig. 1).

Our untargeted lipidomic approach, employing liquid chro-
matography coupled with high-resolution mass spectrometry,
enabled the identification of over 20 lipid classes. From these, we
focused on 19 classes comprising at least three species. These
lipid classes can be categorized into three main groups: (i)
phospholipids, which include PC, phosphatidylethanolamine
(PE), phosphatidylserine, phosphatidylinositol, phosphatidylgly-
cerol, phosphatidic acid, lyso-phosphatidylcholine (LPC), and
lyso-phosphatidylethanolamine (LPE); (ii) sphingolipids,
encompassing ceramide, hexosyl-ceramides (Hex1Cer and
Hex2Cer), sphingomyelin (SM), and SPH; and (iii) neutral lipids,
comprising diglyceride (DG), triglyceride (TG), acylcarnitine
(AcCa), monoglyceride, cholesterol ester (ChE), and wax
monoester. In the retinas of AdipoR1−/− mice (Fig. 1A), we
observed an increase relative toWT in hexosyl-1-ceramide (2.04-
fold, Padj =0.0082), TG (1.71-fold, Padj =0.0384), SM (1.4-fold,
Padj = 0.0034) and a decrease in DG (−1.89-fold, Padj < 0.0001),
AcCa (−1.92-fold, Padj = 0.0265), and LPE (−1.54-fold, Padj =
0.0268). In the RPE (Fig. 1B), we found increased levels of PE
(1.36-fold, Padj = 0.0187) and ChE (1.68-fold, Padj = 0.0471) and a
decrease in LPC (−1.41-fold, Padj = 0.0487). No significant
changes were observed in the lipid classes of the brain samples
(Fig. 1C). Although the increase in total ceramide levels within
the retina and RPE cells displayed a trend towards accumulation,
it did not reach statistical significance, highlighting a nuanced
elevation of specific ceramide species rather than a uniform in-
crease across the entire ceramide class (Fig. 1, D and E).

To discern the global variations among individual lipid
species, we visualized them using volcano plots (Fig. 1, F and
G). We identified 746, 824, and 1171 lipid species in the retina,



Figure 1. Untargeted lipidomic analysis of neural retina, RPE cells, and brain of AdipoR1−/− mice. Lipid-class profiles are shown for (A) the neural retina
(n = 6), (B) RPE cells (n = 5), and (C) brains (n = 5) of 1-month AdipoR1−/− and WT mice. Data represent the mean ± SD. D and E, significantly changed
ceramides in (D) retina and (E) RPE cells of WT and AdipoR1−/− mice. Data represents the mean ± SD; n = 6 for each genotype. F and G, volcano plots show
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RPE, and brain, respectively. From them, we focused on spe-
cies with a relative abundance of at least 0.001% (Fig. 1F).
Among these, about 45% of species in the retina, 17% in the
RPE, and under 2% in the brain exhibited significant alter-
ations (Padj < 0.05 and |log2FC| ≥ 1) in AdipoR1−/− mice
(Fig. 1F, red dots). Consequently, the most pronounced
changes were evident in the retina, followed by the RPE, while
the brain exhibited only small variations. In the retina, the
observed lipid profile alterations included 124 lipids increasing
in content and 72 decreasing due to the absence of AdipoR1.
The classes that showed the greatest changes were PE, PC, TG,
and DG, with 74, 54, 22, and 18 lipid species changed,
respectively. Similarly, 96 lipids were altered in the RPE, with
83 upregulated and 13 downregulated. The most notable
changes were observed in the PE, TG, PC, and ChE classes,
with 21, 16, 6, and 5 species affected, respectively.

In the retinas of AdipoR1−/− mice, the largest decrease
(−333-fold, Padj < 0.0001) was observed for TG 22:6/22:6/
22:6, followed by a −59-fold decrease of PC 22:6/22:6 (Padj =
0.0009) and a −48-fold decrease of PE 22:6/22:6 (Padj <
0.0001). In the RPE, the most substantial decreases were in
PE 22:6/22:6 (−8.5-fold, Padj = 0.0016), LPC 20:5 (−5.9-fold,
Padj = 0.0024), and LPC 18:2 (−4.5-fold, Padj = 0.0033). The
species most increased in the retina were PC 54:7 (154-fold,
Padj < 0.0001), PC 50:3 (126-fold, Padj = 0.0002), and PC 54:4
(54-fold, Padj = 0.0036); and in the RPE, the most decreased
were PC 52:4 (113-fold, Padj = 0.0004), PC 54:5 (72-fold,
Padj = 0.0005), and TG 18:0/22:4/22:6 (28-fold, Padj =
0.0023). The following lipid species were among the most
increased in both retina and RPE: PC 52:4, PC 54:5, PE 18:0/
22:3, and PE 16:0/14:0. Notably, 10 out of 20 of the most
elevated species in the RPE were TGs, containing one or two
DHA (22:6) acyl chains. In the brain of AdipoR1−/− mice, 13
lipid species changed compared to WT, increasing between
2.2- and 4-fold. Except for one LPE species, all other lipids
belonged to the PE class, with PE 16:0/14:0 being the most
elevated. Three species, PE 18:0/22:3, PE 16:0/14:0, and PE
16:0/16:0, were increased in all three tissues: retina, RPE,
and brain.

Next, we analyzed the distribution of lipids based on their
unsaturated-bond count in theneural retina andRPEcells of both
WT and AdipoR1−/− mice (Fig. S1). Our findings indicated in-
creases in saturated (1.6-fold, Padj = 0.0395), monounsaturated
(1.8-fold, Padj < 0.0001), and di-unsaturated lipids (1.5-fold,
Padj = 0.0011) in the retina. Conversely, lipids with three or more
unsaturated bonds decreased by −1.2-fold (Padj = 0.0395), as
shown in Fig. S1A. In the RPE, there was a notable −1.75-fold
decrease in di-unsaturated lipids (Padj < 0.0001), as presented
in Fig. S1B.
significant alterations in the lipidome of the retinas and RPE cells but not the br
0.001%. G, lipid species whose relative abundance was ≥ 0.1%. The species abov
comprising 44.9%, 17.2%, and 1.9% of the total lipids in the retinas, RPE cells, an
2-tailed t test analysis followed by p-value adjustment by Holm–Sidak’s multiple
AcCa, acylcarnitine; Cer, ceramides; ChE, cholesterol ester; DG, diglycerid
phosphatidylethanolamine; MG, monoglyceride; PA, phosphatidic acid; PC,
cerol; PI, phosphatidylinositol; PS, phosphatidylserine; RPE, retinal pigmented
monoesters.
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Altered PUFA profiles in the retina and RPE cells of AdipoR1−/−

mice

To elucidate the role of PUFAs in the context of retinal
health and potential disease pathways, especially given their
fundamental significance in retinal development and function
(14), we undertook an extensive analysis of PUFA content in
the retina and RPE of AdipoR1−/− mice. We analyzed total
PUFAs, encompassing esterified and free species. In the retina,
we observed a diminution in the levels of LC- and VLC-PUFAs
(Fig. 2, A–C). Particularly noteworthy was the marked decrease
in all u3 PUFAs that contain six unsaturated bonds, ranging
from 22:6 to 36:6. The most substantially decreased were u3
VLC-PUFAs such as 32:6n3 (−167-fold, Padj = 0.0003), 30:6n3
(−125-fold, Padj = 0.0004), and 34:6n3 (−50-fold, Padj = 0.0006)
and VLC-PUFAs that contain five unsaturated bonds such as
30:5 (−48-fold, Padj = 0.0002), 28:5 (−12-fold, Padj = 0.0002).
Conversely, several u6 PUFA species accumulated in the
retina. These included 36:4n6 (70-fold, Padj = 0.0007), 24:4n6
(2.2-fold, Padj = 0.0005), 22:4n6 (2-fold, Padj = 0.0049), 34:4n6
(2-fold, Padj = 0.0321), 26:4n6 (1.6-fold, Padj = 0.011), and
arachidonic acid (AA, 20:4n6; 1.4-fold, Padj = 0.0304). Addi-
tionally, there were increased levels of certain PUFAs, like 36:5
(4.9-fold, Padj = 0.0025) and 18:3 (4.2-fold, Padj = 0.0001).

In the RPE, a similar pattern was observed with the largest
decrease in u3 PUFAs being 32:6n3 (−63-fold, Padj = 0.0112)
and 34:6n3 (−22-fold, Padj = 0.0486) and an accumulation of
u6 PUFAs such as 36:4n6 (505-fold, Padj = 0.0024), 34:4n6 (20-
fold, Padj = 0.0002), and 36:5 (12-fold, Padj = 0.0005) (Fig. 2, A
and D). However, there was a significant difference in the
levels of DHA between the RPE and retina; in the RPE, DHA
was increased 1.9-fold (Padj = 0.0123), whereas in the retina,
DHA was decreased −2.4-fold (Padj = 0.0003). Therefore, we
utilized a volcano plot to visualize changes in DHA-containing
lipids within the retina and RPE (Fig. S2A). This display
revealed a divergent trend in the TG alterations across the two
tissues (Fig. S2B). Specifically, among the 34 DHA-containing
lipids in the RPE that showed significant changes, 25 were
TGs. These TGs showed increases ranging from 3.8-fold to
30.4-fold. Conversely, in the retina, the pattern was reversed; of
the 46 significantly altered DHA-comprising lipids, 37 were
decreased, including 12 TGs, which showed decreases ranging
from −2.5-fold to −333-fold. The increases in TGs in the RPE
could mean that DHA was being stored in the RPE rather than
mobilized and transported to the photoreceptors.

Considering the mounting evidence highlighting the sig-
nificance of the u6 to u3 PUFA ratio (23–25), particularly
regarding retinal inflammation observed in AdipoR1−/− mice
prior to the onset of photoreceptor degeneration (9), we
calculated the u6/u3 ratio in the AdipoR1−/− and WT samples.
ains of the AdipoR1−/− mice. F, lipid species whose relative abundance was ≥
e the significance threshold (p <0.05 and |log2FC| ≥1) are highlighted in red,
d brains, respectively. In (A–E), statistical significance was determined with a
comparison corrections: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

e; Hex1Cer, hexosyl-ceramides; LPC, lyso-phosphatidylcholine; LPE, lyso-
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylgly-
epithelium; SM, sphingomyelin; SPH, sphingosine; TG, triglyceride; WE, wax



Figure 2. Polyunsaturated fatty acids levels in the retina and RPE cells of AdipoR1−/− mice. A, volcano plots display significant changes in total (free and
esterified) PUFA levels in the retina (left) and RPE cells (right) of 1-month AdipoR1−/− mice. B, extracted ion chromatograms (EIC) of PUFAs in the retina (left)
and RPE cells (right). C and D, relative levels of PUFAs in the retina (C) and RPE cells (D) of 1-month AdipoR1−/− mice. E and F, comparison of the u6 to u3
PUFA ratio in the retina (E) and RPE cells (F) of AdipoR1−/− mice. Specific FAs measured included u6 PUFAs (20:4, 22:4, 26:4, 32:4, 34:4, 36:4) and u3 PUFAs
(22:6, 24:6, 26:6, 28:6, 32:6, 34:6, 36:6). In (C–F), data represent the mean ± SD, with n = 6 per genotype for analysis of retinas and n = 5 for RPE. Statistical
significance in (C and D) was determined using a 2-tailed t test with p value adjustment by Holm–Sidak’s multiple comparison correction and in (E and F)
using a 2-tailed t test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. PUFA, polyunsaturated fatty acid; RPE, retinal pigmented epithelium.

Restoring fatty acids and retina function in AdipoR1-KO mice
Our findings revealed a substantial elevation in the u6/u3
ratio, which was 10.5-fold higher in the retina (p < 0.0001;
Fig. 2E) and 1.6-fold higher in the RPE (p = 0.0035; Fig. 2F) of
AdipoR1−/− mice versus WT.

Based on our observations, AdipoR1 plays a significant role
in regulating PUFA levels in the retina and RPE, influencing
the balance between u3 and u6 PUFAs. This regulatory role
could involve mechanisms related to u3 PUFA synthesis and
uptake and the transport of DHA from RPE to photoreceptors.
However, it is important to note that these findings derive
from studies using whole-body KO mice, which cannot
distinguish cell-autonomous effects. Therefore, while our data
suggest a crucial role for AdipoR1, further tissue-specific in-
vestigations are needed to determine its direct impact on these
processes specifically within the eye.
Changes in lipid metabolism and storage in the RPE of
AdipoR1−/− mice

We performed lipid ontology (LO) analysis to gain insight
into the molecular mechanisms underlying the role of Adi-
poR1 in lipid metabolism in the retina and RPE (Fig. 3, A and
B). The retina of AdipoR1−/− mice showed significant enrich-
ment of LO terms related to mitochondria, plasma membrane,
J. Biol. Chem. (2024) 300(5) 107291 5
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Figure 3. Altered lipid droplets and atypical deposits found in the RPE of AdipoR1−/− mice. A and B, lipid enrichment ontology analysis in the retinas (A)
and RPE cells (B) of 1-month AdipoR1−/− mice. C, frozen cross-sections of retinas from AdipoR1+/+ (WT) and AdipoR1−/− mice, stained with oil Red-O and
hematoxylin; scale bar represents 50 mm. D, higher magnification of RPE cross-sections from (C), showing normal (white arrow) and reduced size (yellow
arrow) lipid droplets; scale bar represents 10 mm. E, electron microscopy images indicate atypical type-A deposits found in the RPE of 1-month AdipoR1−/−

mice (upper and lower right; red arrows) that are different from type-A–like deposits found in age-matched WT controls (upper and lower left; white arrows);
scale bar represents 200 nm. RPE, retinal pigmented epithelium.

Restoring fatty acids and retina function in AdipoR1-KO mice
and endoplasmic reticulum (Fig. 3A), suggesting altered lipid
metabolism and transport, particularly in these cellular com-
ponents. The terms related to the physical properties of the
lipid bilayer, such as increased bilayer thickness, below-average
lateral diffusion, above-average transition temperature, and
negative intrinsic curvature, suggest that the absence of Adi-
poR1 impacts the mechanical properties and fluidity of the
lipid bilayer, which affect the overall function of the retina. The
changes of charged headgroups (positive charge/zwitterion)
may indicate changes in lipid signaling and interactions with
proteins, but we did not investigate this aspect in detail. In the
RPE cells of AdipoR1−/− mice, the most enriched LO terms
were related to lipid storage, lipid droplets (LDs), mitochon-
dria, and headgroups with a neutral charge (Fig. 3B), sug-
gesting altered lipid metabolism and storage. Overall, the
above data show a different distribution of lipid headgroups
and altered physical properties of the lipid bilayer in the retinas
and RPE as a consequence of AdipoR1 ablation, confirming the
crucial contribution of AdipoR1 in promoting lipid homeo-
stasis of these tissues.
6 J. Biol. Chem. (2024) 300(5) 107291
Next, we studied the LDs in the RPE using Oil Red-O
(ORO), a fat-soluble dye that binds to neutral lipids and
cholesteryl esters, to stain retinal cross-sections. The primary
neutral lipids of the LD core, which are called retinosomes in
the RPE, are retinyl esters, ChEs, and TGs (26–28). We found
that the LDs in AdipoR1−/− mice were significantly smaller
than those in WT mice (Fig. 3C). This finding coincides with
our lipid ontology data, confirming altered lipid storage and
trafficking in RPE as a consequence of AdipoR1 absence.
Moreover, this result agrees with our previous observation in
AdipoR1−/− mice (9) of significantly decreased retinyl esters,
the major component of retinosomes (29). This observation
could partially explain the smaller LDs observed in the RPE of
the AdipoR1−/− mice.
Alterations in cell morphology of the RPE and photoreceptors
in the absence of AdipoR1

Next, we studied the impact of the lipid changes in the
retina of AdipoR1−/− mice on the ultrastructure of RPE and
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photoreceptors using TEM. In the RPE, images revealed
atypical deposits (here named type-A deposits) that were
present in the RPE of approximately 1-month AdipoR1−/−

mice (Fig. 3E, upper and lower right), which were different
from the type-A–like deposits seen in age-matched WT con-
trols (Fig. 3E, upper and lower left). Specifically, type-A de-
posits in the RPE of the AdipoR1−/− mice exhibited an
electron-dense core with a prominent ring, while in age-
matched WT controls, the core was less electron-dense, and
the ring rim was narrower. Moreover, type-A deposits
exhibited increased heterogeneity in size and shape (Fig. S3).
The different ultrastructure of the atypical deposits found in
the RPE of AdipoR1−/− mice suggests an abnormal accumu-
lation of substances that the cells in this tissue do not process
or clear correctly, such as abnormal protein aggregates or
mineralization within the lipid deposits. Type-B deposits in the
RPE of AdipoR1−/− and WT mice were similar and contained
homogenous electrodense material (Fig. S4).

TEM images of photoreceptors showed significantly shorter
rod outer segments (ROSs) in AdipoR1−/− mice (Fig. 4A)
compared to their WT counterparts (Fig. 4B). Moreover, we
observed a mix of normal and disorganized ROSs in the Adi-
poR1−/− mice that were not present in WT littermates. Some
photoreceptors displayed normal disk morphology at the base
(Fig. 4, C and D), but the disks in other parts of the OSs were
disorganized. Furthermore, we observed dysmorphic OSs in
AdipoR1−/− mice that contained electro-lucent spherical or
irregular vesicles (Fig. 4C). These vesicles were not present in
the WT mice (Fig. 4E), which exhibited tightly packed and
highly organized disks (Fig. 4E).

Interdigitations of the ROS and the apical processes of the
RPE cells ensure homeostasis for the biochemistry of vision.
The morphology of the RPE apical processes in AdipoR1−/−

mice (Fig. 4F) and WT mice (Fig. 4G) appeared normal; how-
ever, in the AdipoR1−/− mice, the microvilli were more relaxed
and extended into the subretinal space, where the ROSs were
shortened as observed by light microscopy (Fig. 3C). We did not
observe apparent differences in the ultrastructure of the
photoreceptor mitochondria between the two strains. Notably,
the presence of phagocytosed ROSs within the RPE cells of both
the AdipoR1−/− (Fig. 4, J and K) and WTmice (Fig. 4L) indicates
that the absence of AdipoR1 does not hinder the ability of RPE
cells to phagocytose the ROS; however, we do not know its
impact on the efficiency of the phagocytosis.
RNA-seq suggests downregulation of PPARa-mediated fatty
acid transport in the RPE cells of AdipoR1−/− mice

To investigate how the absence of AdipoR1 affects gene
expression related to lipid metabolism, we re-analyzed our bulk
RNA-seq data from the retina and RPE cells of AdipoR1−/− mice
(9). In the retina of WT mice, the expression of the AdipoR1
gene was 7.3-fold higher than that of AdipoR2 (Padj < 0.0001)
(Fig. S5B). Conversely, in the RPE of WT mice, the expression
levels of AdipoR1 and AdipoR2 were comparable (Fig. S5C).
Notably, the ablation of AdipoR1 did not alter AdipoR2
expression in either the retina or RPE (Fig. S5, B and C).
While previous research has linked AdipoR2 predominantly
with the stimulation of PPARa and AdipoR1 with activating the
AMPK pathway in the liver (17), we re-evaluated the potential
involvement of AdipoR1 in modulating the PPARa pathway in
the retina. Our findings in the RPE document shifts in PPARa-
mediated lipid and FA metabolic signaling in AdipoR1−/− mice
(Fig. 5, A and B). We found downregulation of genes involved in
FA binding, transport, and metabolism, such as Mfsd2a, Fabp1,
Slc27a2, Slc27a5, Apoa1, Apoa2, Fads2, Ppara, and Hmgcs1.
The most downregulated genes were Fabp1 (−26.5-fold, Padj =
0.0034), Slc27a2 (−8.2-fold, Padj = 0.0088), and Mfsd2a (−2.9-
fold, Padj < 0.0001). Fabp1 encodes for an FA-binding protein
that enables the intracellular transport of FAs, while Slc27a2,
also known as FA transport protein 2 (FATP2), facilitates the
transport of FAs across cellular membranes. Slc27a2 is an acyl-
CoA ligase, triggering the ATP-dependent production of fatty
acyl-CoA using FAs as substrates. This function impedes the
efflux of FAs from cells and potentially promotes more FA
uptake (30, 31). Also, we observed the downregulation of
Mfsd2a, which encodes an LPC transporter crucial for the up-
take of DHA, a key lipid for building ROS membranes (13, 32,
33). Mfsd2a downregulation is consistent with the observed
lower levels of LPCs in the RPE (Fig. 1B).

Moreover, in the RPE of AdipoR1−/− mice, we observed a
significant shift in the expression of genes related to LD for-
mation and FA storage. Notably, Acsbg1, encoding for acyl-
CoA synthetase bubblegum-family member 1, was increased
3.2-fold (Padj = 0.0082). This enzyme is known to activate
VLC-FA, suggesting an adaptive response to altered FA
metabolism in the absence of AdipoR1. Similarly, the 2-fold
increase in Plin2 and Plin4 (Padj = 0.0005 and 0.0082,
respectively) might suggest enhanced demand for lipid storage
within LDs. Plin2 and Plin4, as members of the perilipin
family, play critical roles in regulating LD formation and
protecting lipids from hydrolysis, indicating a possible
compensatory mechanism for disrupted FA metabolism and
transport. These alterations suggest that AdipoR1 deficiency
impacts FA transport and metabolism but also triggers adap-
tive changes in lipid storage mechanisms in the RPE.

While the changes in the retina were more subtle than those
in the RPE, they still provided valuable insights. We detected a
downregulation in Ppara expression (−2-fold, Padj = 0.0122),
but no changes were observed in Ppard or Pparg (Fig. S5A).
Elovl2 and Elovl4, involved in FA elongation, showed relatively
small decreases in expression, with values of −1.5-fold (Padj =
0.0237) and −1.4-fold (Padj = 0.0013), respectively. Interestingly,
there was an upregulation in the FA desaturase family, with
Fads2 (2.2-fold, Padj < 0.0001), Fads1 (1.3-fold, Padj = 0.0051),
and Fads3 (1.4-fold, Padj = 0.0318) showing increased expres-
sion. Additionally, the expression of stearoyl-Coenzyme A
desaturase 1 (Scd1) was increased by 3.9-fold (Padj < 0.0001).
Scd1 is pivotal in converting saturated FAs to monounsaturated
FAs (34). Its marked upregulation in the AdipoR1−/− retina may
underlie the observed rise in monounsaturated FA levels
(Fig. S1A). Overall, these findings reinforce the concept of
AdipoR1 as a key molecular player necessary in lipid meta-
bolism and transport in the RPE and neural retina.
J. Biol. Chem. (2024) 300(5) 107291 7
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Figure 4. Transmission electron microscopy of photoreceptors and RPE cells of AdipoR1−/− and WT mice. A, photoreceptor outer segments in 1-month
AdipoR1−/− mice are shorter and consist of normal (not disorganized) and disorganized ROS, when compared to (B) age-matched WT control. White arrows
indicate the distal parts, and black arrows point to the proximal parts of the photoreceptor OS. C, normal disks at the bottom part (white arrow) and disorganized
discs at the upper part of the OS (yellow arrow) in AdipoR1−/− mice. We observed electro-lucent spherical or irregular vesicles (red arrows) in the middle of the
ROS from AdipoR1−/− mice, which were rarely seen between disks from WT mice. D, photoreceptor OS with two rows of disks—normal disks in the apex (white
arrow) and disorganized discs at the bottom of the OS (yellow arrow) in AdipoR1−/− mice. E, normal ROS with highly organized disks in a WT B6-albino mouse. F
and G, RPE apical processes in AdipoR1−/− mice (F) and WT mice (G). The microvilli in AdipoR1−/− mice appeared normal, except they were more relaxed and
extended into the subretinal space, where the ROSs were shortened. H and I, the morphology of photoreceptor mitochondria was similar in AdipoR1−/− mice (H)
and WT mice (I). J–L, phagocytosed ROSs (white arrows) in the RPE of AdipoR1−/− mice (J and K) and WT mice (L). In panels C, D, and H, note that vertical-cut OSs
are rare due to disorganization. Thus, the morphology of the whole ROS (basal to tip) is unknown for most ROSs. Bl, basal infoldings; BrM, Bruch’s membrane;
Mi, microvilli; Mt, mitochondria; Nu, nucleus; OS, photoreceptor outer segment; ROS, rod outer segment; RPE, retinal pigmented epithelium.

Restoring fatty acids and retina function in AdipoR1-KO mice
Proteome profiling reveals disrupted fatty acid metabolism
and photoreceptor function in AdipoR1−/− mice

To further investigate the effects of AdipoR1 on FA meta-
bolism and to corroborate the above findings, we conducted
8 J. Biol. Chem. (2024) 300(5) 107291
proteomic analyses on the neural-retina and RPE-eyecup
samples from AdipoR1−/− mice. We identified 2045 proteins
in the neural retina and 1765 in the RPE. Of these, 206 pro-
teins (10.1%) in the retina and 63 proteins (3.6%) in the RPE
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Figure 5. RNA-seq data indicate affected PPARa signaling related to changes in lipid metabolism and fatty acid transport in the RPE cells of
AdipoR1−/− versus WT mice. A, relative expression levels of genes related to the PPARa signaling pathway in the RPE of AdipoR1−/− versus WT mice. Data
represent the mean ± SD (n = 4 for each genotype at P30). The statistical significance was determined with a 2-tailed t test analysis. p-values were adjusted
for multiple comparisons using the Holm–Sidak’s correction method: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Differentially expressed genes
(DEGs): Acsbg1, acyl-CoA synthetase bubblegum family member 1; Apoa1, apolipoprotein A-I; Apoa2, apolipoprotein A-II; Fabp1, FA binding protein 1; Fads2,
FA desaturase 2; Hmgcs1, 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1; Mfsd2a, DHA transporter; Plin2, perilipin 2; Plin4, perilipin 4; Ppara, peroxi-
some proliferator activated receptor a; Pparg, peroxisome proliferator activated receptor g; Slc27a2, solute carrier family 27 (FA transporter-a2); Slc27a5,
solute carrier family 27 (FA transporter-a5). B, expression profiles of DEGs in the RPE of AdipoR1−/− mice versus WT mice, based on data from (A), visualized
on the PPARa signaling pathway. The image is based on the KEGG database PPAR signaling pathway (mmu03320). DHA, docosahexaenoic acid; RPE, retinal
pigmented epithelium.

Restoring fatty acids and retina function in AdipoR1-KO mice
exhibited significant changes, meeting the criteria of q < 0.05
and ∣log2FC∣ ≥ 0.585 (Fig. 6, A and B). We then examined
whether the upregulated and downregulated proteins enriched
specific pathways in the retina and RPE of AdipoR1−/− mice.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed that in the retina, the downregulated proteins
were predominantly involved in phototransduction, purine
metabolism, ribosome function, and PPAR pathways. In the
RPE, the most downregulated pathways were related to PPAR
signaling, adipocytokine signaling, FA metabolism, and
peroxisome function (Fig. 6, C and D).

We further focused on the proteins involved in PPAR
signaling and lipid metabolism (Fig. 6, F and G). In the retina,
AdipoR1 deficiency led to a significant decrease in the proteins
involved in FA transport (FABP7, −35-fold, q = 0.0004;
FABP5, −2-fold, q = 0.0487; ACSL1, −1.6-fold, q = 0.0025), FA
oxidation (CPT1A, −3.4-fold, q = 0.0055; ACOX1, −1.4-fold,
q = 0.0135), and Perilipin 1 (PLIN1, −3.8-fold, q = 0.0137),
which plays a role in LD formation. In the RPE, we found the
most substantial decreases in the proteins involved in FA
transport (ACSL1, −1.6-fold, q = 0.0108; FABP3, −2.3-fold, q =
0.0231; ACSL6, −1.6-fold, q =0.0492; and CD36, −3.7-fold, q =
0.0487); FA oxidation (ACADL, −1.7-fold, q = 0.0074), and
HMGCS2 (−2.1-fold, q = 0.0225), a mitochondrial ketogenesis
enzyme. Adiponectin was also decreased (ADIPOQ, −2.1-fold,
q = 0.0231). We observed that the most upregulated protein in
the retina was ASAH1 (6.7-fold, q < 0.0001), an acid ceram-
idase, which plausibly compensates for the lack of AdipoR1
ceramidase. The findings suggest that AdipoR1 plays a crucial
role in FA metabolism in the retina and RPE.

Our STRING analysis (35) of proteins that were significantly
downregulated in the retina of AdipoR1−/− mice revealed a
strong enrichment (strength > 2) in categories related to the
photoreceptor OS, with a particular emphasis on the BBSome
complex (Fig. 6E). The BBSome complex, composed of eight
proteins, is crucial in regulating ciliary trafficking in primary
cilia (36). It is worth noting that mutations disrupting the
function of the BBSome complex lead to BBS, a genetic dis-
order that leads to retinitis pigmentosa in most affected people
(37–39). We observed a significant decrease in the levels of
several components of the BBSome complex, including BBS2
(−12.2-fold, q < 0.0001), BBS4 (−6.2-fold, q = 0.0002), BBS8
(−4.7-fold, q < 0.0001), BBS9 (−4.3-fold, q < 0.0001), and
BBS7 (−2.9-fold, q = 0.0267) (Fig. 6, A and E).

In addition to FABP7, BBS2, and BBS4, the other top-
downregulated proteins (q < 0.0001) in the retina included
ATP-binding cassette sub-family A member 4 (ABCA4), which
showed a decrease of −10.4-fold (Fig. 6A). There was also a
J. Biol. Chem. (2024) 300(5) 107291 9



Figure 6. Proteomic analysis of retinas and RPE-eyecups of AdipoR1−/− mice. Volcano plots show significantly altered proteomes in the retina (A) and
RPE-eyecup (B) of 1-month AdipoR1−/− mice. C and D, downregulated KEGG pathways in the retina (C) and RPE-eyecup (D) of AdipoR1−/− mice linked to
significantly decreased protein levels (shown in A, B). E, STRING annotation of downregulated proteins in AdipoR1−/− mice. The Gene Ontology (GO) terms
related to cellular components that show significant enrichment (q < 0.05) have been identified. Based on their level of enrichment, the top five GO terms
are ranked and displayed in the figure. F and G, relative fold-change of the proteins engaged in FA transport, oxidation, and lipid metabolism in the retina
(F) and RPE-eyecup (G) of AdipoR1−/− and WT mice. Data represent the mean ± SD for retina (n = 6 for each genotype) and RPE (n = 6 for each genotype).
The statistical significance was determined with a 2-tailed t test. The q-value represents the false discovery rate (FDR) adjusted p-value, which helps control
the expected proportion of incorrectly rejected null hypotheses. The p-values, adjusted for concurrent comparisons, employed the Benjamini, Krieger, and
Yekutieli correction method. The significance levels are as follows: *q < 0.05, **q < 0.01, ***q < 0.001. RPE, retinal pigmented epithelium.

Restoring fatty acids and retina function in AdipoR1-KO mice
significant decrease in 50-nucleotidase (5NTD, or CD73)
by −16.1-fold and aquaporin-1 by −8.8-fold. Other notable
changes in protein levels were cGMP-gated cation channel
alpha-1 (CNGA-1), which was downregulated by −7.1-fold,
10 J. Biol. Chem. (2024) 300(5) 107291
ROS membrane protein 1 (ROM1) with a decrease of −6.5-
fold, tumor necrosis factor alpha-induced protein 3
(TNAP3), which was decreased -6-fold, and rhodopsin (OPSD)
decreased −5.4 fold.



Restoring fatty acids and retina function in AdipoR1-KO mice
Targeted inhibition of ceramide synthesis increases LC-PUFA
levels in the RPE and retina

In our previous work (9) as well as in the current investigation,
we discerned a notable accumulation of ceramides in the retina of
AdipoR1−/− mice, which was linked to photoreceptor degenera-
tion. We established a pharmacological intervention that effec-
tively decreased ceramide levels, subsequently enhancing
photoreceptor survival and visual functions in AdipoR1−/− mice.
Considering the observed decrease in PUFAs herein, we hy-
pothesized that inhibiting ceramide production could elevate
PUFA levels inAdipoR1−/−mice. To examine this hypothesis, we
targeted ceramide synthesis using a combination of three FDA-
approved drugs, desipramine, L-cycloserine, and fingolimod
(collectively termed DCF), to attenuate three major ceramide
generation pathways (Fig. S6A). We administered the DCF
mixture via i.p. injection three times per week for 3 weeks and
then conducted optical coherence tomography and electroreti-
nography (ERG) measurements to evaluate the retina’s structure
and function (Fig. S6B). Additionally, we performed lipidomic
analyses on the retina and RPE. We found that DCF treatment
increased free PUFA levels, primarily in the RPE and retina
(Fig. 7). In samples of the RPE fromAdipoR1−/−mice treatedwith
DCF (Fig. 7A), we observed substantial elevation in several u3-
type free PUFAs, including DHA (22:6n3; 7.1-fold, Padj =
0.0003), docosapentaenoic acid (22:5n3; 10.2-fold, Padj = 0.0036),
and eicosapentaenoic acid (20:5n3; 8.3-fold, Padj = 0.0122).
Additionally, freeu6 PUFAs, such as AA, (20:4n6; 2.9-fold, Padj =
0.0046), adrenic acid (22:4n6; 3.9-fold, Padj = 0.0116), and tetra-
cosatetraenoic acid (24:4n6; 3.4-fold, Padj = 0.0166), displayed
moderate increases. Other notable elevations included PUFAs
like 20:2 (2.1-fold, Padj = 0.0069), 20:3 (2.4-fold, Padj = 0.0069), as
well as a 2-fold increase in saturated palmitic acid (16:0; Padj =
0.0002). The changes in the neural retina were significant
(Fig. 7B) but less pronounced than those in the RPE, indicating
that the primary site of action of the DCF drugs was the RPE. In
the neural retina, wemeasured a 1.8-fold increase in DHA (Padj =
0.032) and a 2-fold increase in stearic acid (18:0, Padj = 0.045).

To check if the increase in free PUFAs resulted in their
enhanced incorporation into complex lipids, we examined lipid
species esterified with DHA, the most abundant PUFA in the
retina and RPE. In the RPE (Fig. 7C), we found a substantial
elevation of DHA-containing lipids such as cholesteryl docosa-
hexaenoate 22:6 (10.1-fold, Padj = 0.011), phospholipids such as
LPC 22:6 (3.6-fold, Padj = 0.003), PEs (up to 8.4-fold, Padj = 0.010),
PIs (up to 3.4-fold, Padj = 0.006), PCs (up to 2.8-fold, Padj = 0.009),
and glycerolipids such as DGs (up to 3.9-fold, Padj = 0.029).
However, the increase in TG 16:0/22:0/22:6 (15.5-fold) was not
statistically significant due to high variability in these lipids (Padj =
0.071). Therewas also an increase in somenon-DHA–containing
lipids, such as AcCa 20:5 (6-fold, Padj< 0.001) and LPC 22:5 (8.5-
fold, Padj = 0.003). In the retina (Fig. 7D), the changes were
smaller, showing an increase of 1.6- to 1.9-fold (Padj < 0.030) in
PE(22:5/22:6), PE(22:4/22:6), and PC(18:1/22:6).

Increasing the DHA levels in AdipoR1−/− mice treated with
DCF resulted in a lowering of the AA to DHA ratio (Fig. 7E) in
the RPE by −2.8-fold (p = 0.0002). The neural retina also
displayed a similar trend with a −1.5-fold decrease, although
this change was not statistically significant. Given AA’s role as
a pro-inflammatory FA and DHA’s critical contribution to
retinal health and its anti-inflammatory properties, this mod-
ulation in FA profiles suggests a potential anti-inflammatory
effect (40). This observation is consistent with the alterations
in the u6 to u3 PUFA ratios in the RPE and neural retina
(Fig. S7).

Moreover, a 3-weeks DCF treatment of AdipoR1−/− mice
resulted in a 19.6% thicker outer nuclear layer (p < 0.0001)
compared to vehicle-treated mice, demonstrating a protective
effect on photoreceptors (Fig. 7, F and G). We also noticed a
general improvement in photopic a-wave amplitudes on elec-
troretinograms, especially at higher light intensity stimulus
(30 cd s/m2), indicating better cone function (Fig. 7H). In
summary, these results support our hypothesis that inhibiting
ceramide production leads to an elevation of PUFA levels, as
evidenced by the significant increase in both free and esterified
PUFAs in the retina and RPE of AdipoR1−/− mice treated with
the DCF drug combination.

Discussion

Except for the action of ceramidases, such as AdipoR1, that
catalyze the breakdown of ceramides into SPH and free FAs, the
relationship between ceramide and PUFA metabolism remains
elusive, since PUFAs are seldom found in ceramides (41). Thus,
understanding the connection between AdipoR1, ceramides,
and PUFAs could offer valuable insights into the pathogenesis
of retinal diseases like retinitis pigmentosa (10–12) and AMD
(12). We present the first evidence indicating that AdipoR1
plays a pivotal role in maintaining appropriate u6 to u3 PUFA
balance within the retina and RPE through its regulation of
ceramide metabolism. Our findings unveil the critical role of
AdipoR1 in the retina’s lipid metabolism. As a metabolic gate-
keeper, AdipoR1 regulates the conversion of ceramides into free
FAs, likely influencing the quantity and variety of PUFAs in the
retina. This regulatory role of AdipoR1 underscores its signifi-
cance in maintaining the delicate balance of u3 and u6 PUFAs,
which is essential for retinal health. Additionally, by examining
the changes in signaling pathways, we documented that Adi-
poR1 is required for the activity of the PPARa signaling
pathway within retinal tissue, in contrast to other non-neuronal
tissues like the liver, where AdipoR2 primarily serves as the key
activator of PPARa (17).

Moreover, we devised a pharmacological treatment target-
ing ceramide synthesis, significantly increasing PUFA levels,
especially the anti-inflammatory u3 type. Post-treatment, we
evaluated the mice using optical coherence tomography and
ERG analyses, finding a positive effect on retinal structure and
function. Our findings regarding the role of AdipoR1 in FA
metabolism extend the potential for understanding the
mechanisms underlying various neurodegenerative and meta-
bolic disorders, including obesity, diabetes, and cardiovascular
disease. These observations provide a foundation for future
research to identify novel disease targets. However, there is a
qualification that the results primarily reflect outcomes from
J. Biol. Chem. (2024) 300(5) 107291 11
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Figure 7. Changes in the lipid levels and improved retina function in AdipoR1−/− mice after 3-weeks treatment with ceramide synthesis inhibitors
(DCF: desipramine, L-cycloserine, FTY-720). A–E, treatment of AdipoR1−/− mice with DCF led to changes in the levels of free FAs (A and B), levels of DHA-
containing lipids (C and D), and the AA/DHA ratio (E). F, representative optical coherence tomography images of retinas from saline-treated or DCF-treated
AdipoR1−/− mice after 3-weeks treatment. Yellow calipers at the inferior and superior aspects of the section indicate the ONL thickness, measured at 500 mm
from the optic nerve head. G, the average ONL thickness of both eyes is shown for the control (n = 8) and DCF-treated (n = 14) groups. H, ERG recordings of
photopic a-wave amplitudes in the WT or AdipoR1−/− mice treated with saline or DCF. Data represent the mean ± SD for retinas and RPE-eyecups; n = 5 for
AdipoR1−/− mice, n = 4 for WT. In (A–E, G), the statistical significance was determined with a 2-tailed t test analysis; and in (A–D), the p-values were adjusted
for multiple comparisons using the Holm–Sidak’s correction method: *Padj < 0.05, **Padj < 0.01, ***Padj < 0.001, ****Padj < 0.0001. In (H), 2-way ANOVA
analysis with Tukey post hoc correction for multiple comparisons was used: ns – not significant, *p < 0.05, **p < 0.01. DHA, docosahexaenoic acid; ERG,
electroretinography.

Restoring fatty acids and retina function in AdipoR1-KO mice
global AdipoR1-KO mice, so cell-autonomous effects are not
certain. Accordingly, tissue-specific studies are required to
clarify the precise role of AdipoR1 in these pathways, partic-
ularly within the eye, to develop targeted therapeutic
strategies.
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AdipoR1 plays a crucial role in PUFA metabolism

We conducted a comprehensive analysis of the lipidome in
the retinas, RPE cells, and brains of AdipoR1−/− mice while
concurrently examining the transcriptome and proteome of
the retina and RPE for a holistic understanding of molecular
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alterations. This in-depth study revealed significant lipidomic
profile differences in the retina, RPE, and brain compared to
WT littermates. Notably, the retina and RPE displayed marked
changes in lipid composition, while the brain showed minimal
alterations. These observations underline the tissue-specific
roles of AdipoR1 and AdipoR2 in regulating lipid profiles,
with the brain’s lipidome being less affected by AdipoR1
deficiency. Interestingly, despite AdipoR2’s presence in the
retina and RPE, its expression was insufficient to counterbal-
ance AdipoR1 loss, particularly in the retina where its content
is lower than that of AdipoR1 by more than 7-fold. Further-
more, the comparative analysis revealed that AdipoR2
expression in the RPE is similar to AdipoR1, which contrasts
sharply with its much lower expression in the retina. This
notable difference in AdipoR2 expression could account for
the less pronounced lipidomic changes observed in the RPE
compared to the retina. Such findings suggest that while
AdipoR2 may partially compensate for the loss of AdipoR1 in
the RPE, its lower expression in the retina limits its ability to
mitigate the impact of AdipoR1 deficiency.

In the retina of AdipoR1−/− mice, we observed a marked
increase in certain lipid classes, most importantly sphingoli-
pids such as hexosyl-1-ceramides, SMs, and certain ceramide
species, as well as TGs and decrease in others, such as DGs and
acylcarnitines. In the RPE, we found increased PE and ChEs
and decreased LPC. Furthermore, we observed a substantial
shift in the relative abundance of numerous lipid species in
these tissues, particularly those containing u3 PUFAs. We
then analyzed the PUFA profile in the retina and RPE of
AdipoR1−/− mice, revealing a remarkable reduction of up to
99.4% in VLC-PUFAs. This depletion was particularly notice-
able in the u3 family, where species containing six unsaturated
bonds ranging from 22:6n3 to 36:6n3 were primarily affected.
Despite their otherwise unique lipid profiles, this pattern was
consistent across the retina and RPE, suggesting that this is a
primary effect related to AdipoR1 ablation in both tissue types.
Contrary to the limited scope of previous studies, which re-
ported changes predominantly in specific PUFAs like 22:6n3,
32:6n3, and 32:4n6 (18), our research uncovers a broader
spectrum of lipidomic alterations due to AdipoR1 ablation,
including significant accumulations of u6 PUFA species. We
observed a substantial increase in several u6 PUFA species,
notably 36:4n6, 34:4n6, 24:4n6, 22:4n6, alongside more modest
elevations in 26:4n6 and AA (20:4n6). This pronounced
elevation of u6 PUFAs in AdipoR1−/− mice suggests a potential
adaptive mechanism, possibly aiming to compensate for the
significant reduction in u3 PUFAs and maintain membrane
fluidity, which is essential for optimal photoreceptor function.

Furthermore, we found only a modest reduction in mRNA
level and unchanged protein content for ELOVL4, a critical
retinal enzyme that produces VLC-PUFAs, consistent with
previous observations (18, 20). The unchanged ELOVL4 protein
level, coupled with a substantial increase in u6 VLC-PUFAs
(specifically 36:4n6, 34:4n6), suggests that the production and
activity of ELOVL4 protein is not repressed upon AdipoR1
knockout.Moreover, themarkedly low levels ofu3VLC-PUFAs
observed could also be a consequence of the reduced availability
ofu3 substrates. Thisu3 scarcity, coupledwith an abundance of
u6 substrates, may lead to u6 outcompeting u3 PUFAs at the
ELOVL4 enzyme active site (42). Additionally, the intracellular
FA-binding protein shuttles, such as FABP7, which was
diminished more than −35-fold in the retinas of AdipoR1−/−

mice, are likely responsible for delivering substrates to ELOVL4.
The significant decrease in FABP7, which has a higher affinity
for u3 PUFA, could potentially explain the preferential uptake
and elongation of u6 PUFAs over u3, impacting the balance of
VLC-PUFAs in these tissues. Thus, our omics analyses imply
that AdipoR1 plays an important role specifically in regulating
the u3 PUFA transport and elongation rather than those of the
u6 family. Based on this finding, we hypothesize that AdipoR1
might be the first receptor identified to regulate the balance
between u3 and u6 PUFAs.

Interestingly, this interplay between u3 and u6 PUFAs and
AdipoR1 is further illuminated by a study where u3 PUFA
supplementation, as opposed to u6, led to more than a 2-fold
increase in AdipoR1 mRNA levels in a mouse model of reti-
nopathy (25). This finding suggests a potential feedback loop
whereby u3 PUFAs positively regulate AdipoR1 expression.
Such a mechanism would implicate AdipoR1 to be intricately
involved in detecting and responding to u3 PUFA levels in the
retina, thereby playing a pivotal role in the dynamic regulation of
these essential FAs. While both PUFA types u6 and u3 are
important for retina development (25), the excess of u6 PUFAs
compared to u3, observed in pathological conditions such as
AdipoR1 ablation, could contribute to chronic inflammation in
the retina and other tissues. Hence, the elevation of the u6/u3
ratio may be a risk factor in retinal diseases (23–25, 43).

We noted a substantial differential effect on DHA levels in
the retinas and RPE cells of the AdipoR1−/− mice. The retina
exhibited a nearly −2.4-fold decrease in DHA, whereas the
RPE showed a 1.9-fold increase, a phenomenon not previ-
ously reported (18). The observed discrepancy between our
findings and those of the previous study by Rice et al. (2015)
could be attributed to our more precise approach. Unlike the
earlier study, which utilized RPE-eyecups containing a mix of
RPE cells, choroid, and sclera, our analysis was conducted
exclusively on isolated RPE cells. This methodological
refinement provides a more accurate reflection of the FA
levels within the RPE cells. Our findings suggest a disrupted
DHA transport mechanism from the RPE to the retina in the
absence of the AdipoR1 protein despite the increased DHA
accumulation in the RPE. Several factors could contribute to
the elevated DHA levels in the RPE: (i) enhanced uptake from
the choriocapillaris, (ii) increased DHA synthesis within the
RPE, (iii) impaired DHA recycling to the photoreceptors via
phagocytosis in the OSs, (iv) impaired DHA transport from
RPE stores, or a combination of these mechanisms (44, 45).
However, our findings of contrasting patterns of DHA-
containing TGs—decreased in the retina but increased in
the RPE—suggest that in AdipoR1−/− mice, DHA is accu-
mulated in TGs in the RPE instead of being mobilized to the
photoreceptors. This pattern indicates that the RPE cells are
not effectively releasing DHA from the TGs for uptake by the
photoreceptors.
J. Biol. Chem. (2024) 300(5) 107291 13
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Moreover, supporting the concept of a disrupted DHA
transport mechanism, we noted a significant, nearly 4-fold
decrease in the levels of PLIN1 in the retina. PLIN1 serves as
a scaffold protein (46) on the surface of LDs, facilitating access
of hormone-sensitive lipase to LDs and orchestrating crucial
protein–protein interactions essential for efficient lipid mobili-
zation. Consequently, the observed reduction in PLIN1 may
indicate compromised liberation of FAs from LDs in the retina.

Additionally, decreased protein levels of FABP7 and FABP5
in the retina and FABP3 in the RPE further suggest disrupted
intracellular transport of FAs in the absence of the AdipoR1
protein. In particular, the correlation between diminished
levels of FABP7 and reduced DHA content in the retina,
compared to the unchanged FABP7 in the RPE with DHA
surplus, underscores the crucial role of FABP7 in the intra-
cellular transport of DHA and other u3 PUFAs. The dimin-
ished FABP7 synthesis correlates with the observed DHA
deficit in the retina, highlighting the integral role of this pro-
tein in DHA transport and indicating a potential mechanistic
link to AdipoR1’s regulatory function in PUFA metabolism.

AdipoR1’s potential role in regulating membrane viscosity

Our lipidomic analysis revealed a notable depletion of u3
PUFAswith six unsaturated bonds, particularly the VLC variants,
while almost all u6 PUFAs containing four unsaturated bonds
displayed an increase. The abundance of double bonds and the
resultant "kinked" structure in u3 PUFAs enhance membrane
fluidity by hindering the close packing of FA chains (47–50).
Conversely, the fewer double bonds in u6 PUFAs allow for
tighter packing, leading to less fluid cell membranes. Drawing
from our lipidomic results and lipid ontology, we discerned an
altered lipid profile thatmay lead to alterations in themechanical
properties and fluidity of the lipid bilayer in the retina of Adi-
poR1−/−mice. Consequently, we propose that AdipoR1may have
a role in influencing membrane fluidity, potentially through
regulating the abundance of u3 PUFAs and controlling their
transport and integration into cell membranes. Supporting this
interpretation, a study by Ruiz et al. reported that the concurrent
absence ofAdipoR1 andAdipoR2 severely affects fluidity, leading
to pathological membrane rigidification (21). Ruiz et al. attrib-
uted this rigidification to aberrant membrane phospholipids
containing excess saturated FAs. Likewise, our analyses indicated
increased saturated lipids in the AdipoR1−/− retina.

Additionally, there was a marked reduction in poly-
unsaturated lipids, especially ones containing six unsaturated
bonds. These changes can stiffen the membrane, altering the
retina’s function. Such stiffening would be especially critical
for structures like the photoreceptor OS membranes and disks
and the proteins involved in the phototransduction cycle,
which rely on ample fluidity for optimal performance (51–53).

AdipoR1 and PPARa signaling: implications for PUFA content
in the eye

The ceramidase activity of AdipoR1 impacts cell biology in
several ways. It regulates ceramide levels, preventing toxic
accumulation; it boosts the sphingosine-1-phosphate to
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ceramide ratio, thereby promoting cell survival; and it gener-
ates SPH and free FAs, which act as ligands for the PPAR
signaling pathways (7, 9, 14, 21).

In examining the potential role of AdipoR1 in signaling, we
postulated that the PPARa signaling pathway, a principal
regulator of lipid metabolism influenced by adiponectin re-
ceptors, might be responsible for the deficient levels of LC-
and VLC-PUFAs in AdipoR1−/− mice (54). We hypothesized
that the absence of the AdipoR1 gene in AdipoR1−/− mice re-
sults in deficient PPARa signaling, leading to reduced PUFA
levels in the retina and RPE. To test this hypothesis, we first
analyzed RNAseq data from the retina and RPE of AdipoR1−/−

mice. Our analysis found the PPAR signaling pathway to be
one of the significantly enriched terms in the RPE, together
with a notable downregulation of the Ppara gene in the retina
and RPE of AdipoR1−/− mice. Additionally, in the RPE, key
genes involved in FA transport, namely Fabp1, Slc27a2,
Slc27a5, and Mfsd2a, which are integral to the PPARa
signaling pathway, were significantly reduced. These results
indicate a substantial impact of AdipoR1 absence on PPARa
signaling and FA transport mechanisms. We then examined
whether the proteins with significantly altered expression were
associated with specific pathways in the retina and RPE of
AdipoR1−/− mice. Our protein pathway analysis revealed a
downregulation of PPARa signaling in both the retina and
RPE, with the latter exhibiting the most pronounced effect.
This observation aligned with the RNAseq findings and with
our initial hypothesis. Previous studies have emphasized Adi-
poR1’s role as primarily activating the AMPK pathway in the
liver and AdipoR2’s association with the PPARa pathway (17).
Our findings for the retina (part of the CNS) presented a
different picture. We did not find significant changes in the
AMPK signaling pathway in AdipoR1−/− mice; rather, we
observed reductions in the PPARa-pathway components at
both the mRNA and protein levels.

In the retinal proteome, we noted a significant decrease in the
abundance of proteins involved in FA transport, such as FABP7,
FABP5, ACSL1, and ACSL6, as well as those involved in FA
oxidation, including CPT1A, ACOX1, and a slight reduction of
ACADM. FABP7, which displayed the most dramatic decrease
of nearly 97%, preferentially bindsu3-PUFAs, such as DHA (55,
56). Consequently, its deficiency could lead to lower levels of this
type of PUFA in the retina (55, 56). In the RPE, we observed the
most substantial decreases in proteins involved in FA transport,
such as CD36, FABP3, ACSL1, and ACSL6, as well as those
involved in FA oxidation—ACADL and SCP2. Additionally, we
noted a decrease in adiponectin (ADIPOQ), which has recently
been proposed as a lipid-transporting protein (57). The
observed changes in protein expression related to the transport
and oxidation of FAs in both the retina and RPE of AdipoR1−/−

mice offer intriguing insights into the complex role of AdipoR1
in lipid metabolism within ocular tissues. In the retina, the
downregulation of key enzymes such as ACSL1, ACSL6,
ACADM, ACOX1, and CPT1A, alongside the upregulation of
ACSL3 and PCK2, suggests a profound impact of AdipoR1
deficiency on both the transport and metabolic processing of
FAs. ACSL1 and ACSL6 are pivotal in activating LC-FAs, a
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crucial step for their subsequent oxidation or incorporation into
phospholipids and TGs. The decrease in these enzymes could
contribute to an impaired FA transport and activation capacity,
potentially leading to an accumulation of unmetabolized FAs or
their altered distribution within cellular membranes.

Similarly, the downregulation of ACADM and ACOX1,
enzymes involved in b-oxidation of FAs, indicates a dimin-
ished capacity for FA catabolism. This diminution could
decrease acetyl-CoA generation, a key metabolite in energy
production, and may impact the overall energy homeostasis
within retinal cells. However, the upregulation of ACSL3 and
PCK2 indicates a compensatory or an adaptive response to
altered lipid metabolism, with ACSL3 potentially facilitating
the production of alternate lipid species and PCK2 enhancing
gluconeogenesis, thereby providing an alternative energy
source.

In the RPE, similar downregulation patterns were observed
for ACSL1, ACSL6, and additional critical proteins such as
CD36, ACADL, SCP2, and HMGCS2. The downregulation of
CD36, a key FA transporter, suggests impaired lipid uptake
from the circulation. Moreover, the decrease in ACADL and
SCP2, which are involved in FA oxidation, and HMGCS2, a
key enzyme in ketogenesis, further underscores the potential
disruption in lipid catabolism and energy provision within the
RPE. Such changes could have significant implications for the
RPE’s ability to support the photoreceptors by recycling visual
cycle components and maintaining photoreceptor health.

These alterations in lipid metabolism–related proteins in the
retina and RPE highlight the critical role of AdipoR1 in main-
taining lipid homeostasis and energy balancewithin the eye. The
deficiency of AdipoR1 appears to disrupt the intricate balance of
FA transport, activation, and catabolism, which is essential for
the proper functioning of the retina and RPE. This disruption
could contribute to the pathophysiology of retinal disease by
impairing the supply of FA to photoreceptors, potentially
altering membrane composition and fluidity, and reducing the
availability of energy substrates. Given the importance of u3
PUFAs in retinal health, the observed changes could also impact
visual function by affecting phototransduction.
Inhibiting ceramide metabolism restores PUFA levels: a novel
insight

The study significantly advances our understanding of
retinal health by uncovering a previously unexplored rela-
tionship between AdipoR1, ceramide metabolism, and the u6/
u3 PUFA balance. Specifically, through inhibiting ceramide
synthesis in AdipoR1-deficient mice using DCF, we effectively
boosted PUFA levels in the retina and RPE, with a notable
increase in u3 PUFAs like DHA, eicosapentaenoic acid, and
docosapentaenoic acid and improved retina function. This
finding is unprecedented and reveals a novel aspect of lipid
metabolism regulation within the retina. The observed in-
crease in PUFA levels after inhibition of ceramide synthesis
underscores the critical role of AdipoR1 as a ceramidase
enzyme. Not only does AdipoR1 facilitate the breakdown of
ceramides into SPH and free FA, but it also directly impacts
the availability and metabolism of FA. Importantly, the
elevated DHA levels were integrated into various lipid struc-
tures, including phospholipid species, ChEs, and DGs, indi-
cating a comprehensive restructuring of the lipidome.
Incorporating PUFAs into lipids, particularly DHA-containing
lipids, suggests a potential mechanism for the improved sur-
vival and function of photoreceptors.

In light of our previous findings (9), we note the significant
role of ceramide imbalance in contributing to retinal degen-
eration. Our current study further characterizes this intricate
landscape. While ceramide dysregulation is critical in driving
photoreceptor apoptosis, it represents only one facet of a
multifactorial process. Importantly, our investigations now
also elucidate the profound impact of decreased u3 PUFA
production and highlight how diminished PPARa signaling
can undermine lipid transport, FA transport, and oxidation
processes, consequently leading to u3 PUFA depletion
(58–60). This dual perspective underscores the complexity of
the dysregulation mechanisms, where both ceramide accu-
mulation and PUFA depletion contribute to retinal degener-
ation in AdipoR1 deficiency. Given the intertwined nature of
these pathways, it is challenging to delineate their respective
contributions precisely. However, our findings suggest that the
interplay between ceramide imbalance and u3 PUFA depletion
forms a nexus of metabolic dysregulation that is pivotal in the
pathogenesis of retinal diseases associated with AdipoR1
deficiency.

It is also worth noting that, given the systemic nature of the
DCF drug administration, the observed correction of PUFA
imbalance in the retina and RPE may also be mediated by ef-
fects occurring outside the eye. This introduces complexity in
determining whether the direct inhibition of ceramide syn-
thesis within the eye would yield comparable results. Our
findings show that systemic administration effectively ad-
dresses the imbalance within these specific tissues; however,
there is potentially a systemic influence on lipid metabolism
that benefits the eye indirectly.

Furthermore, our findings reveal an additional layer of in-
tricacy in AdipoR1’s functionality. Given the role of u3 PUFAs
as natural ligands for PPARa, our findings suggest a strong
link between PUFA regulation by AdipoR1 and the PPARa
signaling pathway. This hypothesis warrants further investi-
gation to elucidate the direct effects of AdipoR1 activity on
PPARa regulation.

The decrease in the AA to DHA ratio may suggest a po-
tential shift towards an anti-inflammatory state, which could
have implications for treating retinal diseases. Several studies
(61–63) suggest that lowering the AA/DHA ratio in the retina
may be beneficial in various retinal diseases, including AMD,
diabetic retinopathy, and retinitis pigmentosa, because of the
anti-inflammatory effect of DHA. The protective effect on
photoreceptors and the improvement in cone function
observed after the ceramide-targeted treatment further sup-
port the potential therapeutic benefits of modulating ceramide
and PUFA levels in retinal diseases.

Considering its central role in these interconnected meta-
bolic pathways, AdipoR1 emerges as a promising therapeutic
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target. Modulating the activity of AdipoR1 might allow us to
simultaneously influence ceramide metabolism, PUFA levels,
and PPARa signaling. This understanding presents a novel
avenue for developing treatment strategies, especially in con-
ditions where lipid imbalances contribute to disease
progression.

Implications of AdipoR1 ablation on photoreceptor structure

To evaluate the structural implications of AdipoR1
knockout, we utilized TEM to assess photoreceptor and RPE
morphology. Remarkably, the phenotype of AdipoR1−/− mice,
displaying alterations in photoreceptor OS structure, mirrors
in some ways the effects of loss of the BBS1 or BBS4 proteins,
which are associated with BBS, an autosomal recessive cili-
opathy (64, 65). These observations suggest an association
between AdipoR1 function and ciliary structure or health,
warranting further investigation into a potential link between
AdipoR1 deficiency and ciliopathies. Remarkably, a patient
harboring a homozygous frameshift mutation in ADIPOR1,
which presumably leads to a total absence of the AdipoR1
protein, exhibited a retinitis pigmentosa-like syndrome along
with intellectual impairment and truncal obesity. These man-
ifestations align with the classic symptoms observed in BBS
(11). Our findings provide compelling evidence of the crucial
role of AdipoR1 in maintaining the structural integrity of the
ROSs in photoreceptor cells. The substantial shortening of the
ROS and disorganization of the disks in AdipoR1−/− mice
underscore the importance of this receptor in photoreceptor-
cell morphology. Moreover, our proteomic analysis further
strengthens this connection, revealing a significant down-
regulation of proteins related to the photoreceptor OS and the
BBSome complex in the retina of AdipoR1−/− mice. The
BBSome complex, crucial for regulating ciliary trafficking in
primary cilia, is known to be disrupted in BBS, leading to
retinitis pigmentosa in most affected individuals.

Moreover, we observed a marked downregulation of specific
photoreceptor OS proteins, including ABCA4, CNGA-1
(cGMP-gated channel alpha subunit), and ROM1, under-
scoring the unique sorting mechanisms regulated by AdipoR1.
Notably, both ROM1 and the cGMP-gated channel play
pivotal roles in OS morphogenesis, and defects in these pro-
teins have been linked to disruptions in OS structure (66, 67).
Our results suggest a potential mechanistic link between
AdipoR1, the BBSome complex, and ciliary function. These
findings provide novel insights into the role of AdipoR1 in
photoreceptor cell morphology, with potential implications for
a better understanding of retinal disorders.

Conclusions

This study has provided novel insights into the role of Adi-
poR1, a ceramidase enzyme, in the retina and RPE, specifically
focusing on FA and lipid metabolism. Our comprehensive lip-
idomic, transcriptomic, and proteomic analyses on AdipoR1−/−

mice revealed distinct alterations in lipid composition, partic-
ularly in the retina and RPE.We observed a notable reduction in
LC- and VLC-PUFAs, predominantly of the u3 type,
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underlining AdipoR1’s critical role in sustaining these essential
lipids. Furthermore, our findings suggest that AdipoR1may play
a role in the regulation of membrane fluidity by controlling the
transport and synthesis of u3 PUFAs.

Importantly, the downregulation of PPARa signaling in the
absence of AdipoR1 indicates a potential mechanistic link
between this signaling pathway and PUFA levels in the retina.
The administration of ceramide synthesis inhibitors improved
retinal function and enhanced u3 PUFA levels in retina and
RPE while reducing the AA/DHA and u6/u3 ratios. This
suggests a shift towards an anti-inflammatory state, offering a
promising therapeutic avenue for retinal diseases.

Collectively, our findings position AdipoR1 as a multifaceted
regulator within the retina, crucial not only for lipidmetabolism
but also for maintaining the structural integrity of the photo-
receptors. This expanded understanding of AdipoR1’s role
highlights its significance in the pathogenesis of retinal diseases
and other neurodegenerative conditions, where an imbalance in
PUFA levels plays a contributory role (68–70). These insights
pave the way for further research, particularly developing tar-
geted therapies that leverage AdipoR1 regulatory functions.
Future investigations into the broader implications of AdipoR1
activity, especially in different retinal conditions, are necessary
to fully exploit its potential as a therapeutic target.

Experimental procedures

Study approval

All experimental procedures involving mice were approved
by the Institutional Animal Care and Use Committee at UCI,
Irvine, under Protocol AUP-21-096. These procedures strictly
adhered to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in
Ophthalmic and Visual Research. Additionally, the animal ex-
periments with TEM were sanctioned by the Indianapolis
Institutional Animal Care and Use Committee. All methodol-
ogies employed were consistent with the guidelines of the
American Veterinary Medical Association Panel on Euthanasia
and the Association for Research in Vision and Ophthalmology.

Mice

The mouse strain used for this research project, B6.129P2-
Adipor1tm1Dgen/Mmnc, RRID: MMRRC_011599-UNC, was
obtained from the Mutant Mouse Resource and Research
Center (MMRRC) at the University of North Carolina at
Chapel Hill, an NIH-funded strain repository; this strain was
donated to the MMRRC by Deltagen. The heterozygous mice
were backcrossed into the C57BL/6J and B6(Cg)-Tyrc-2J/J
backgrounds. Homozygous AdipoR1−/− mice were created by
interbreeding AdipoR1+/− mice as described previously (9).
Animals were housed under 12 h light/12 h dark cycles and
bred using standard procedures. Both male and female mice
were used for all experiments.

Desipramine/L-cycloserine treatment

Mice were injected intraperitoneally three times per week
(Monday, Wednesday, and Friday) for 3 weeks starting on P15,
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either with saline (control group) or with a drug formulation in
saline (DCF-treated group) designed to deliver 20 mg/kg
desipramine (BML-AR119, Enzo Life Sciences), 100 mg/kg L-
cycloserine (AK-87855, Ark Pharm), and 10 mg/kg FTY720
(S5002 Selleck Chemicals) to each mouse (volume adjusted for
mouse weight differences). At P36, all mice were examined
with optical coherence tomography and ERG. After ERG,
under ketamine/xylazine anesthesia, all mice were euthanized
by cervical dislocation. The retinas and RPE from both eyes
were dissected and used for untargeted lipidomic analysis by
LC-MS.

Photopic ERG

Mice were anesthetized with ketamine/xylazine (100/10 mg/
kg, i.p.), their pupils were dilated with 1% tropicamide, and
then 2.5% hypromellose (Akorn) was applied to keep the
corneas hydrated. Two sets of active recording electrodes were
placed onto the corneas, and reference and ground electrodes
were positioned subcutaneously between the ears and on the
tail, respectively. The eyes were stimulated with alternating
blue and green light at six different light intensities (0.1, 1, and
10 cd s/m2 for blue and 0.3, 3, and 30 cd s/m2 for green). The
ERGs were recorded with the Celeris rodent electrophysiology
system (Diagnosys LLC) and analyzed with Espion V6 software
(Diagnosys LLC, www.diagnosysllc.com). Repeated measures
two-way ANOVA followed by Sidak’s post hoc test were used
for all ERG comparisons.

Transcriptomic analysis

For our transcriptomic analysis, we re-examined bulk RNA-
Seq data from the retina and RPE of 1-month AdipoR1−/− and
WT mice. This dataset is available in the NCBI Gene
Expression Omnibus under the accession number GSE184902.
The data was analyzed as described previously (9). We
employed EdgeR (v3.20.9) for differential expression analysis,
focusing on genes with a log2(fold-change) > 0.585 and false
discovery rate (FDR) < 0.05 to identify significantly differen-
tially expressed genes. Differentially expressed genes were
subjected to pathway analysis using the KEGG pathway map-
ping tool (www.kegg.jp/kegg/mapper/) to identify significantly
enriched pathways. Gene expressions from the relevant path-
ways were plotted and subjected to statistical analysis using a
2-tailed t test. p-values were adjusted using Holm-Sidak’s
correction method to account for multiple comparisons.

Proteomic analysis

Mice were euthanized by CO2 inhalation followed by cer-
vical dislocation, and their eyes were enucleated with curved
Graefe forceps. After cleaning the globes from fat and muscle
tissues and removing the anterior chamber and lens, the neural
retina was carefully peeled off the RPE-eyecup. Neural retinas
and RPE-eyecups were separately homogenized in UA buffer
containing 8 M urea, 0.1 M Tris–HCl (pH 8.5), and a protease
inhibitor cocktail (Bimake 14001). The tissue homogenates
were sonicated using a 550 sonic dismembrator with a micro
tip (Thermo Fisher Scientific). Sonication was performed
intermittently on ice, using a cycle of 5 s ON at 30% amplitude
followed by a 3-s OFF period for cooling. The total sonication
time was 4 min, followed by centrifugation at 12,000g for
10 min at 4 �C. The supernatant was collected and digested by
the filter-aided sample preparation method. Briefly, the su-
pernatant was transferred into a spin-filter column (30-kDa
cutoff). Proteins were reduced with 10 mM DTT for 1 h at
56 �C and alkylated with 20 mM iodoacetic acid for 30 min at
RT in the dark. Next, the buffer was changed to 50 mM
NH4HCO3 by washing the membrane three times. Free trypsin
was added to the protein solution at a trypsin:protein ratio of
1:50 and incubated overnight at 37 �C. The tryptic digests were
recovered in the supernatant after centrifugation and an
additional wash with water. The combined supernatants were
vacuum-dried and then adjusted to 200 ml with 0.5% acetic
acid. The peptide mixture was then subjected to C18 solid-
phase extraction (The Nest Group) for desalting.

Mass spectrometry proteomic data acquisition

Proteomics data were acquired via LC-MS/MS using an
UltiMate 3000 UHPLC (Thermo Fisher Scientific), coupled in
line with an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) with an ESI nanospray source.
Mobile phase A composition was 0.1% formic acid in water,
and mobile phase B contained 0.1% formic acid in acetonitrile
(ACN). Peptides were separated over a 57-min gradient from
4% to 25% buffer B (total run time 90 min per sample) on an
Acclaim PepMap RSLC column (50 cm × 75 mm) using a
300 nl/min flow rate. Survey (MS) scans were acquired in
Orbitrap (FT) with automated gain control (AGC) target 8E5,
maximum injection time 50 ms, and dynamic exclusion of 30 s
across the scan range of 375 to 1800 m/z. MS/MS spectra were
acquired in data-dependent acquisition mode at top speed for
3 s per cycle; the AGC target was set to 1E4 with a maximum
injection time of 35 ms. Ions were subjected to stepped-energy
higher-energy collision dissociation fragmentation at a
normalized collision energy of 20 ± 5%.

Label-free quantitative analysis

The raw LC-MS/MS data files were analyzed using Max-
Quant (v1.5.2.8), with the spectra searched against the UniProt
mouse database (updated on May 21st, 2018). The mass tol-
erances for identification of the peptides were 20 ppm for
initial precursor ions and 0.5 Da for fragment ions. Two
missed cleavages in tryptic digests were allowed. Cysteine
residues were set as static modifications. Oxidation of methi-
onine was set as the variable modification. The peptide iden-
tification filter was set at a 1% FDR (q).

Integrative proteomics and pathway analysis

After the label-free quantification analysis, proteins that
exhibited significant changes (with criteria set at q < 0.05 and
∣log2FC∣ ≥ 0.585) were selected for further analysis. The q-
value used here represents the FDR adjusted p-value, which
helps control the expected proportion of incorrectly rejected
null hypotheses. The adjustment used the Benjamini, Krieger,
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and Yekutieli correction, an FDR-based method. The signifi-
cantly changed proteins underwent STRING analysis using the
platform available at https://string-db.org (v11.5) for protein–
protein interaction networks and functional enrichment
analysis. KEGG pathway analysis was employed to determine
the functional pathways associated with these significantly
altered proteins, utilizing the KEGG database.
Lipidomic analysis

Mice were euthanized by CO2 inhalation followed by cer-
vical dislocation, and their eyes were enucleated with curved
Graefe forceps. After cleaning the globes from fat and muscle
tissues and removing the anterior chamber and lens, the neural
retina was carefully peeled off the RPE-eyecup. To isolate RPE
cells, 200 ml of 1x PBS buffer was added to the RPE-eyecup,
and the tube was vigorously tapped for 1 min, followed by
flushing the RPE-eyecup with PBS buffer using a 200 ml
pipette. The remaining choroid-sclera was removed from the
tube, and RPE cells were pelleted by centrifugation at 500 RCF
for 5 min at 4 �C. Tissues were frozen in dry ice and stored
at −80 �C until subsequent analysis.

Lipid extractions were performed according to the meth-
odology of Bligh and Dyer (71). In brief, 10 ml of the internal
standard, Splash Lipidomix Mass Spec Standard (suspended in
1000 ml) (330707, Avanti Polar Lipids), was added to each
sample. Then, the tissue was homogenized in 200 ml water,
transferred to a glass vial, and 750 ml 1:2 (v/v) CHCl3: MeOH
was added and mixed well via vortexing. Then 250 ml CHCl3
was added and mixed well. Finally, 250 ml of double-distilled
H2O was added and mixed well. The samples were centri-
fuged at 3000 RPM for 5 min at 4 �C. The lower phase was
transferred to a new glass vial, dried under nitrogen, and
stored at −20 �C until subsequent lipid analysis.
LC-MS/MS

Lipids were separated on an Accucore C30 column (2.6 mm,
2.1 mm × 150 mm, Thermo Fisher Scientific). The column-
oven temperature was 45 �C. Binary gradient elution was
carried out using different ratios of eluents A (ACN:water,
60:40,v/v) and B (IPA:ACN, 90:10, v/v), both containing
10 mM ammonium formate and 0.1% formic acid and the
following gradient: −3 to 0 min isocratic elution with 30% B for
the equilibration of the column; 0 to 2 min, 30–43% B; 2 to
2.1 min, 43 to 55%; 2.1 to 12 min, 55 to 65% B; 12 to 18 min,
65–85% B; 18 to 20 min, 85–100% B; 20 to 25 min, 100% B; 25
to 25.1 min, 100 - 30%; 25.1 to 28 min, 30% B for column
washing and equilibration. The flow rate was set to 260 ml/min,
and the temperature of the sample tray was set at 10 �C. The
Q-Exactive MS was operated in a full MS-scan mode (reso-
lution 70,000 at m/z 200) followed by data-dependent MS2
(ddMS2) (17,500 resolution) in positive and negative modes.
The AGC target value was set at 1E6 or 1E5 for the MS or MS/
MS scans, respectively. The maximum injection time was 200
ms for MS and 50 ms for MS/MS. HCD was performed with a
stepped-collision energy of 30 ± 10% for negative-ion mode
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and 25% - 30% for positive-ion mode, with an isolation window
of 1.5 Da.

Lipidomic data analysis

Data were analyzed with LipidSearch software (v4.2.21;
www.thermofisher.com). Only peaks with molecular identifi-
cation grade A or B were accepted (A: lipid class and FA
completely identified; or B: lipid class and some FA identified).
Data visualization was performed on Prism 7 software
(GraphPad, www.graphpad.com). To classify significantly
dysregulated lipids, an enrichment analysis was conducted
using the web application (LION/web) (www.lipidontology.
com) (72). Enrichment analysis of lipid ontology terms
(LION) was performed on normalized data from LipidSearch.
The "ranking mode" with one-tailed t test values as local sta-
tistics was employed.

Analysis of PUFAs by LC-MS

One microgram of 6Z,9Z,12Z,15Z,18Z-heneicosapentaenoic
acid (FA 21:5, Cayman) was added as internal standard. Lipids
were extracted by the Bligh-Dyer method, followed by hy-
drolysis and extraction of total FAs as described in (73). Briefly,
720 ml acetonitrile and 10 ml hydrochloric acid were added to
the dried film, and the sample was kept at 95 �C for 1 h. Then,
1 ml of hexane was added to the sample and mixed. The upper
phase containing total FAs was transferred to a new tube and
evaporated under nitrogen. For further LC-MS analysis, the
total FAs were dissolved in acetonitrile-isopropanol (50/50, v/
v). Separation of LC- and VLC-PUFAs was achieved on an
Acquity UPLC BEH C18 column (1.7 mm, 2.1 mm × 100 mm,
Waters Corporation), using a mobile phase consisting of (A)
1% ammonium acetate (1 mol/L) and 0.1% formic acid in
water and (B) acetonitrile/isopropanol (1/1, v/v), 1% ammo-
nium acetate (1 mol/L), and 0.1% formic acid, at a flow rate of
0.4 ml/min, with the following linear gradient: 0 to 2 min:
35% −80% B; 2 to 7 min: 80 to 100% B; 7 to 14 min: 100% B; 14
to 15 min: 100-35% B. For quantification, the Q-Exactive MS
(Thermo Fisher Scientific) was operated in a full MS-scan
mode (resolution 70,000) in negative-ion mode with a scan
range of m/z 250–800. Then the VLC-PUFAs of interest were
quantified by extracting a chromatographic peak for the cor-
responding [M-H]- ions, using 5 ppm tolerance. The com-
parison was made by normalizing each peak area with the
internal standard FA 21:5 and tissue weight.

Transmission electron microscopy

Eyeballs from albino AdipoR1−/− mice and albino B6 WT
mice (strain 000058, The Jackson Laboratory) approximately
1-month (PND 31–38; n = 2 for each genotype) were collected
post-euthanasia and dissected in PBS (136.9 mM NaCl,
2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4). The
resulting eye cups were processed as described previously (74)
with the following modifications. The eye cups were fixed with
2% paraformaldehyde, 2.5% glutaraldehyde, 31.3 mM
NaH2PO4, 23.2 mM NaOH, 2.5% DMSO, 0.022 mM CaCl2,
0.026 mM MgCl2 for 2 to 3 h at RT. During the fixation, the
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eye cups were hemisected. They were further fixed for 2 h at 33
to 37 �C. Plastic blocks were sectioned with an ultra-
microtome (UCT Ultracut, Leica Biosystems). Thin sections
(80–90 nm) were mounted on 50 mesh grids (G50-Ni, Elec-
tron Microscopy Sciences) coated with formvar film. After
drying, sections were stained with saturated uranyl acetate
(�8%) in 50% ethanol for 10 min at RT, then rinsed with 50%
ethanol. Ultrastructures of photoreceptor and RPE cells were
observed with a Tecnai Spirit transmission electron micro-
scope (Thermo Fisher Scientific) at 80 kV at the Indiana
University School of Medicine Center for Electron
Microscopy.

Retinal cross-sections

Mice were euthanized by CO2 inhalation followed by cer-
vical dislocation. Eyes were enucleated and rinsed briefly with
PBS. Using a 23G needle, two small punctures were made in
each eyeball at the junction of the cornea and sclera, and the
eyes were fixed in PBS-buffered 4% paraformaldehyde for
15 min. The cornea was cut off, followed by removal of the lens
and vitreous, and the eyecup was further fixed for 15 min.
Next, the eyecup was gently washed three times in PBS for
5 min and transferred to a sucrose solution in PBS (10% and
20% sucrose for 30 min each at room temperature, then 30%
sucrose overnight at 4 �C). The next day, the eyecup was
embedded in O.C.T. (Tissue-Tek) and snap-frozen in liquid
nitrogen vapor. The eyecup was cut into 8-mm-thick serial
sections using a cryostat and stored at −80 �C.

ORO staining

ORO solution was freshly prepared before the experiment.
A saturated (�1%) stock solution of ORO (O0625, Millipore
Sigma) in 99.9% isopropanol was mixed with water in a 3:2
ratio. Next, the ORO solution was swirled briefly, filtered
through a 0.22-mm Steriflip-GP Filter Unit (SCGP00525,
Millipore Sigma), and used for tissue staining. Frozen retina
cross-sections were thawed and stained for 12 min, rinsed
briefly in 60% isopropanol, then in water. Nuclei were coun-
terstained for 3 min in hematoxylin (VWR, 95057-844) and
dipped several times in water. Sections were dried briefly and
mounted in mounting medium (H-1000, Vector Labs).

Lipid extraction and LC-MS analysis after treatment

The data shown in Figure 7, A–E were generated at the MS
Core at the Salk Institute. Lipids were extracted using a
modified version of the Bligh-Dyer method (71). Briefly, tissue
samples were homogenized in 1 ml of PBS using a Microson
Ultrasonic Cell Disruptor (model XL-2000) from Misonix. The
tissues underwent a sequence of a 10-s sonication pulse, then a
30-s rest on ice, repeated four times. The device power level
was adjusted to 6. Samples were transferred to a glass vial
(VWR), mixed with 1 ml methanol and 2 ml chloroform
containing internal standards (13C16-palmitic acid, d7-
cholesterol), and shaken for 30 s. The resulting mixture was
further mixed for 15 s and centrifuged at 2400g for 6 min to
induce phase separation. The organic (bottom) layer was
retrieved using a Pasteur pipette, dried under a gentle stream
of nitrogen, and reconstituted in 2:1 chloroform: methanol for
LC-MS analysis. Lipidomic analysis was performed on a
Vanquish HPLC-online with a Q-Exactive quadrupole-
orbitrap mass spectrometer, equipped with an electrospray
ion source (Thermo Fisher Scientific). Data were acquired in
positive- and negative-ionization modes. Solvent A comprised
95:5 water:methanol; solvent B was 60:35:5 iso-
propanol:methanol:water. For the positive mode, solvents A
and B contained 5 mM ammonium formate with 0.1% formic
acid; for the negative mode, solvents contained 0.028%
ammonium hydroxide. A Bio-Bond (Dikma) C4 column (5 mm,
4.6 mm × 50 mm) was used. The gradient was held at 0% B
between 0 and 5 min, raised to 20% B at 5.1 min, increased
linearly from 20% to 100% B between 5.1 and 55 min, held at
100% B between 55 min and 63 min, returned to 0% B at
63.1 min, and held at 0% B until 70 min. The flow rate was
0.1 ml/min from 0 to 5 min, 0.4 ml/min between 5.1 and
55 min, and 0.5 ml/min between 55 and 70 min. The spray
voltage was 3.5 kV or 2.5 kV for positive- or negative-
ionization modes, respectively. Sheath, auxiliary, and sweep
gases were 53, 14, and 3 units, respectively. The capillary
temperature was 275 �C. Data were collected in full MS/
ddMS2 mode (top 5). Full MS was acquired from 150 to
1500 m/z with a resolution of 70,000, AGC target of 1 × 106,
and a maximum injection time of 100 ms. MS2 was acquired
with a resolution of 17,500, a fixed first mass of 50 m/z, an
AGC target of 1 × 105, and a maximum injection time of 200
ms. Stepped normalized-collision energies were 20, 30, and
40%. Lipid identification was performed with LipidSearch
(Thermo Fisher Scientific). Mass accuracy, chromatography,
and peak integration of all identified lipids were verified with
Skyline (75). Skyline peak areas were used in data reporting,
and data were normalized using internal standards and the
protein content of the sample.
Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (76)
repository with the dataset identifier PXD050916.
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