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Abstract 

Background High-fat diet (HFD) was suggested to be associated with several retinal diseases, including age-related 
macular degeneration (AMD), glaucoma, and diabetic retinopathy (DR). Nevertheless, our understanding of the mech-
anisms governing retinal lipid metabolic homeostasis remains limited, with little attention focused on the influence 
of HFD on different retinal cell types. To address this gap, we established a high-fat model using mice fed with HFD 
for a duration of 6 months. Then, we conducted a comparative analysis of the retinal lipidome and proteome 
between normal diet (ND) and HFD-fed mice to explore the impacts of HFD on retinal lipid metabolism and gene 
expression network. Furthermore, we also investigated the impacts of HFD on retina in single-cell resolution by sin-
gle-cell transcriptome sequencing.

Results We found that a long-term HFD significantly altered the lipid composition of the retina, with a dramati-
cally elevated cholesterylesters (CE), phosphatidylcholine (PC), and phosphatidylglycerol (PG) level and a decreased 
eicosanoid level. Proteomic analysis revealed that the primary bile acid biosynthesis pathway was over-activated 
in HFD retinas. By using single-cell transcriptome analysis, we identified different regulation of gene expression in MG 
and rod cells in a high-fat environment, whereas the previously identified activation of the bile acid synthesis pathway 
was predominantly found in MG cells, and may be regulated by alternative pathways of bile acid synthesis, suggesting 
the critical roles of MG cells in retinal lipid metabolism.

Conclusions Taken together, by multi-omics studies, we unveiled that HFD leading to the development of retinal 
diseases may be regulated by alternative pathways of bile acid synthesis, and our study will shed light on the treat-
ment of these diseases.
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Background
The eye is the main organ through which we perceive the 
world. However, globally, at least 2.2 billion people are 
visually impaired [1, 2]. This causes immense suffering 
to patients and their families, and places a heavy burden 
on society, with an estimated global productivity loss of 
about $411 billion per year [3]. The retina is situated in 
the inner layer of the eye wall, bordered by the vitreous 
humor on its inner surface and the choroid on its outer 
surface. It exhibits a highly complex, multilayered struc-
ture, composed of numerous cell types with distinct 
microcircuit characteristics and specialized functions. 
These cellular components are essential for visual pro-
cessing, as they are responsible for detecting and process-
ing incoming light to generate visual signals, which are 
subsequently transmitted to the brain via the optic nerve 
[4]. The normal retina has a clear structure with distinct 
boundaries of each layer, which mainly consists of retinal 
pigment epithelial cells (RPE), photoreceptor cells, bipo-
lar cells, ganglion cells, horizontal cells, amacrine cells, 
and MG cells [5]. Degeneration or dysfunction of these 
cells is associated with different retinal diseases.

Lipids are important organic compounds in organisms 
and are widely found in plant and animal cells. According 
to their structure and function, they can be categorized 
into fatty acids, triglycerides, fatty acid phospholipids, 
steroids, and sphingolipids and so on [6]. Lipids in the 
retina serve as integral components of cell membranes 
and play crucial roles in various physiological processes, 
including the transduction of light signals, cellular pro-
tection, and energy metabolism. Disruptions in lipid 
metabolism can result in the onset and progression of a 
range of retinal disorders [7, 8].

Due to the blood-retina barrier (BRB), the eye, as 
a relatively independent organ, has a high degree of 
autonomy in its metabolism. A number of studies have 
now found retina-related diseases also associated with 
HFD [9]. For example, the current study found that 
glaucoma is associated with abnormal retinal lipid 
metabolism and that patients with primary open-angle 
glaucoma (POAG) have lower expression of cholesterol 
transport-associated protein (ABCA1) as well as lower 
serum levels of high-density lipoproteins (HDL) [10]. 
Abca1 knockout mice present a glaucoma-like pheno-
type with massive RGC death and symptoms identical 
to those of patients with POAG. And the symptoms of 
POAG mice were alleviated after the use of atorvastatin 
(ATOR) [11]. Studies from several other groups proved 
an association between hyperlipidemia and POAG [9, 
12–14]. However, these findings are contradictory, 
some studies have reported a reduced risk of POAG in 
patients with hyperlipidemia, while others have found 
a positive correlation between hyperlipidemia and 

POAG risk [15–17]. Also controversial is the fact that 
some findings have proven ATOR to be effective in the 
treatment of glaucoma, while others have proven it to 
be ineffective [10, 18, 19]. These results make the rela-
tionship between lipid metabolism and glaucoma elu-
sive. Another retinal disease related to lipid metabolism 
is age-related macular degeneration (AMD), which 
is one of the common causes of blindness and mainly 
affects the elderly population. It has been found that 
patients with AMD are often associated with hyper-
lipidemia as well as the presence of lipid accumulation 
in drusen in the choroid [20]. Excessive LDL accumu-
lation was found in the retinas of HFD-fed mice after 
apolipoprotein E (ApoE) deletion, and the ApoE dele-
tion mice show a phenotype of AMD, including RPE 
degeneration, hyperpigmentation, and photoreceptor 
dysfunction [21–24]. In addition to these two seriously 
damaging diseases, recent studies have shown an asso-
ciation between HFD and the onset and progression of 
retinitis pigmentosa (RP) [25–27]. It has been shown 
that short-term HFD induces hyperglycemia and met-
abolic syndrome and exacerbates RP [28]. After spe-
cific deletion of rlbp1b in zebrafish RPE and MG cells, 
cone photoreceptors were found to be functionally and 
metabolically compromised and manifested as enlarged 
lipid droplets in the retina [26]. In addition to the stud-
ies on the relationship between lipid metabolism and 
retinal disease, additional studies have shown that a 
high-fat diet has physiologic or functional effects on 
different parts of the eye, such as causing higher num-
ber of lesions in the RPE, decreased number of RPE, 
increased microglia activity, decreased ganglion cell 
function, and increased oxidative stress in the lens [9].

However, there is a lack of systematic studies on the 
mechanisms of regulation of metabolic homeostasis in 
the retina, and no attention has been paid to the effects 
HFD on different cells of the retina. To achieve this objec-
tive, we developed a HFD mouse model for conducting 
lipidomic, proteomic, and single-cell transcriptome anal-
yses. Our investigation revealed that prolonged exposure 
to an HFD led to significant alterations in the lipid pro-
file of the retina, notably demonstrating increased levels 
of CE, PC, and PG, alongside reduced eicosanoid levels. 
Furthermore, we determined that the primary bile acid 
biosynthesis pathway exhibited increased activity within 
HFD retinas. Additionally, we observed distinct patterns 
of gene expression regulation in MG cells and rod cells 
under high-fat conditions. Notably, the enhanced activa-
tion of the bile acid synthesis pathway was predominantly 
associated with MG cells, highlighting their critical role 
in retinal lipid metabolism. The insights derived from this 
study are expected to provide valuable guidance for the 
future management of lipid-related retinal disorders.
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Results
High‑fat diet mouse model construction
To investigate the effects of a HFD on retinal metabolic 
homeostasis and gene expression networks, we divided 
6-week-old wild-type C57BL/6 J mice into two groups, 
and then fed a high-fat chow diet and a normal chow diet 
for 6  months, respectively. After feeding the mice with 
high-fat chow for 14 weeks, it was found that there was a 
significant difference in body size between HFM and NM 
(Supplementary figure S1-A-B), and the body weight of 
high-fat diet mice (HFM) began to be significantly higher 
than that of normal diet mice (NM), and HFM was almost 
1.8 times of that NM after feeding for 32 weeks. In addi-
tion, HFM developed a fatty liver phenotype, character-
ized by an increase in liver size compared to NM group. 
The liver exhibited a yellowish appearance, with blunted 
edges and a greasy texture (Supplementary figure S1-C). 
Furthermore, the liver-to-body weight ratio was found 
to be elevated (Supplementary figure S1-D). Hematoxy-
lin and eosin (H&E) staining results also showed lipid 
droplet accumulation in the HFM liver (Supplementary 
tab S1-E). Taken together, these results indicate the suc-
cessful establishment of a HFD mouse model, which 
exhibited characteristic features of metabolic diseases, 
including obesity and fatty liver.

HFD did not lead to significant changes in retinal structure 
and function in mice
To assess whether a long-term HFD has an effect on 
retinal structure and function, we carried out OCT and 
ERG assays in HFM and NM mice, respectively. Upon 
examination using OCT, we observed no significant dif-
ferences in retinal structure or thickness between the 
HFM and NM retinas (Fig. 1A). ERG analyses showed no 
differences in scotopic response between HFM and NM, 
indicating the overall photoreceptor function were not 
impaired after a long-term HFD (Fig. 1B).

Long‑term HFD changes retinal lipid composition in mice
To investigate whether a long-term HFD would have 
an effect on the lipid composition of the retina, we ana-
lyzed the lipidome of the retinas of HFM and NM mice, 
respectively. The composition of lipids is tissue-specific, 
and samples from different tissues contain different lipid 
classes and proportions. We first assessed the overall 
composition and relative proportions of various lipid 
subclasses in the retina from NM and HFM. As shown 
in the radar charts, the proportion of each subclass to 
the total lipids was almost the same in the two groups 
(Fig.  2A). Specific to each lipid, by lipidomic analysis, 
a total of 1059 lipids were detected, of which 162 were 
upregulated and 40 were downregulated (fold change 
(FC) ≥ 1.2 or FC ≤ 0.8; variable importance in projection 

(VIP) ≥ 1; P-value < 0.05) in HFM retinas compared to 
NM retinas (Fig. 2B, table S1). In order to show the over-
all metabolic differences more clearly and intuitively, 
the FC values of the lipids in the two groups were calcu-
lated, and the lipids were ranked from smallest to largest 
according to the FC values. The dynamic distribution of 
the differences in lipid content was plotted, and the top 
10 lipids were labeled for upregulation and downregula-
tion. The lipids with the most significant upward changes 
are PC, free fatty acid (FFA), lyso-phosphatidylethanol-
amine (LPE), CE, and phosphatidylethanolamine (PE) 
(Fig. 2C).

In order to give a clearer profiling of the changed lipids 
in HFM retinas, we selected the top 50 mostly changed 
for further analyses. As shown in the heatmap, of the 
50 lipids, the majority of which were elevated in HMF 
retina, with 15 lipids downregulated (Fig.  3A). We then 
categorized all identified differential lipids into differ-
ent subclasses for quantitative analysis and found that 9 
of these subclasses were elevated and 1 was decreased 
(Fig. 3B).

Subsequently, we performed KEGG pathway enrich-
ment analysis on the significantly differentially expressed 
lipids between the NM and HFM groups. In the KEGG-
enriched pathways of differential metabolites, the color of 
the dots represents the corresponding P-value. The size 
of the dots indicates the number of differentially enriched 
lipids. KEGG enrichment analysis showed that the most 
changed signaling are arachidonic acid metabolism, 
glycerophospholipid metabolism, and α-linolenic acid 
metabolism pathways (Fig. 4A). Sankey chart showed the 
relationships of these enriched pathways with organismal 
system, human diseases, cellular processes, metabolism, 
and environmental information processing (Fig.  4B). 
Taking these results together, we found that HFD inges-
tion altered the lipid composition and cellular function 
of the mouse retina, which may have contributed to the 
inflammation development and impaired synthesis of 
lipids such as cholesterol and phospholipids. But its exact 
effects and regulatory mechanisms need to be further 
explored.

Proteomics reveals significantly different gene expression 
alterations in retina with an HFD
To reveal whether a long-term HFD alters gene expres-
sion levels in the retina, we used 4D-label free mass 
spectrometry to quantify proteins in the whole retinas of 
HFM and age-mated NM [29]. As the liver plays a crucial 
role in metabolism of the whole body, HFD has a huge 
impact on gene expression in the liver. To compare the 
similarities and differences in the effects of a HFD on ret-
inal and hepatic gene regulatory networks, we also per-
formed proteomic analyses on the livers from HFM and 
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NM. As the results, a total of 38 differentially expressed 
proteins (DEPs) were identified in the HFM retinas 
compared to the NM retinas, of which 18 DEPs were 
downregulated and 20 DEPs were upregulated (Fig.  5A, 
table S2). Heatmap showed the top- 10 most down- and 
upregulated DEPs in retinas from HFM compared to NM 
(Fig.  5B). On the other hand, the DEPs between livers 
from HFM and NM are much more, with a total of 359 

DEPs, of which 165 proteins were downregulated and 194 
proteins were upregulated (Figure S2 A, table S3). A com-
parison of the DEPs in the retina and the liver revealed 
that there were only 4 identical hits between them, which 
were APOA4, MSH2, YIF1 A, and SERPINA3 K (Figure 
S2B-C). The overall profiling of gene expression maps 
from retina and liver demonstrated that HFD has a much 
smaller effect on the gene expression network in the 

Fig. 1 HFD did not lead to significant changes in retinal structure and function in mice. A Fundus images and OCT scans of NM and HFM mice. 
Scale bar, 100 μm. B ERG traces corresponding to responses elicited by scotopic conditions at fash intensities of 0.1 and 1.0 cd·s/m2 in mice 
at 6 months of age. Statistical analysis was performed for the amplitudes of the a-wave and b-wave under scotopic conditions (n = 4, unpaired 
t-test), #, no signifcant diference. Bars represent mean ± SEM
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retina compared to the liver, and that the corresponding 
patterns of the retina and the liver in response to HFD 
were different. Of the 4 proteins consistently altered in 
both retina and liver, APOA4 was the mostly markedly 
increased. The well-known function of APOA4 is that 
constructing the major component of HDL and chylomi-
crons, and involved in the catabolism of chylomicrons 
and VLDL [30]. A small number of studies have sug-
gested that aberrant APOA4 expression may be associ-
ated with Alzheimer’s disease, but the function of which 
in the retina has not been reported [30–33]. Our results 
suggested that elevated levels of APOA4 expression in a 

high-fat environment may play a role in protecting the 
retina from damage and could serve as a target for retinal 
disease therapy. We also noticed that, the MSH2, which 
is one of the components of the post-replicative DNA 
mismatch repair system, also overexpressed in the HFM 
retinas [34], indicating that a long-term HFD may have 
caused DNA damage to the retina. SERPINA3 K, a mem-
ber of the serine protease inhibitor family and a novel 
class of Wnt signaling pathway inhibitors with anti-oxi-
dative stress, anti-inflammatory, and anti-vascular effects 
in the fundus [35], was decreased in both retina and liver 
of HFD-fed mice.

Fig. 2 Long-term HFD changes retinal lipid composition in mice. A Radar plots shows the overall composition and proportions of different 
subclasses of lipids in NM and HFM retinas. B Volcano map shows 1059 detected lipids, of which 162 were upregulated and 40 were downregulated 
(fold change (FC) ≥ 1.2 or FC ≤ 0.8; variable importance in projection (VIP) ≥ 1; P-value < 0.05) in HFM retinas compared to NM retinas. C The dynamic 
distribution plot demonstrates the differences in lipid content and labels the top 10 lipids that are upregulated and downregulated (n = 3)
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Fig. 3 Long-term HFD alters lipid subclass composition in mouse retina. A The heat map shows the top 50 lipids that changed (n = 3). B All 
identified differential lipids were divided into different subclasses for quantitative analysis and 9 of them were found to be elevated and 1 was found 
to be decreased. (n = 3, unpaired t-test), *P < 0.05;**P < 0.01. Bars represent mean ± SEM
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Fig. 4 Long-term HFD affects the regulatory network of retinal lipids. A KEGG pathway analysis of the differential lipids enriched in different 
pathways, showing the top 10 ranked pathways. B Sankey chart showed the relationships of these enriched pathways with organismal system, 
human diseases, cellular processes, metabolism, and environmental information processing
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Next, KEGG pathway analysis revealed that the DEPs 
in retina were mainly clustered into metabolism path-
ways, including lipid and atherosclerosis, phospholipase 
D signaling, cholesterol, and glycerolipid metabolism 
(Fig. 5C). We examined protein expression in the retina 
after HFD and showed that upregulation of three pro-
teins of the primary bile acid biosynthesis pathway, 
ACOX2, CYP27 A1, and HSD3B7, which is consistent 
with the proteomic results (Fig.  5D–E). Sankey chart 
showed the relationship between the DEPs and KEGG 
pathways (Fig. 5F). For the liver, we also showed the top 
10 most down- and upregulated DEPs in the heatmap, 

almost complete different to the retina (Figure S2D). 
Analysis of KEGG pathway enrichment of the DEPs in 
liver revealed that, unlike in the retina, a number of DEPs 
were enriched in “chemical carcinogenesis” and “PPAR 
signaling” pathways, indicating a long-term HFD have 
significant damage to the liver (Figure S2E).

Single‑cell RNA transcriptome analysis
To explore the effects of HFD on different cells of the 
retina, we further carried out single-cell RNA sequenc-
ing analysis [36]. Through clustering analysis, we found 
that the samples from the two groups of NM and HFM 

Fig. 5 Proteomics reveals significantly different gene expression alterations in retina with an HFD. A The volcano map shows a total of 38 
differentially expressed proteins (DEPs) were identified in the HFM retinas compared to the NM retinas, of which 18 DEPs were downregulated 
and 20 DEPs were upregulated. B Heatmap showed the top- 10 most down- and upregulated DEPs in retinas from HFM compared to NM 
(n = 3). C KEGG pathway analysis of the DEPs enriched in different pathways, showing the top 10 ranked pathways. D Expression of proteins 
involved in the primary bile acid biosynthesis pathway in the retinas of 6-month-old NM and HFM (n = 3). E The panel shows the quantification 
of the proteins expression levels. The expression of each protein was normalized to that of GAPDH. (n = 3, unpaired t-test), *P < 0.05; **P < 0.01; 
***P < 0.001. Bars represent mean ± SEM. F Sankey chart showed the relationship between the DEPs and KEGG pathways
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were mixed and clustered well, and the RPE, Rod, RGC, 
MG, Microglia, Horizon-Amacrine, Cone, and Bipolar 
were detected, with the highest percentage of Rod cells, 
followed by MG and Bipolar (Fig. 6A). The marker genes 
for each cell used are shown in the heat map (Fig. 6B).

We also analyzed the effects of HFD on gene expres-
sion of different cells. We first checked the most changed 
genes screened out by the proteomic analyses and found 
that Dsp, Hsdl2, and Cth were significantly upregulated; 
however, Aacs, Ptbp2, Babam1, and Mepce were signifi-
cantly downregulated in the RPE cells. In MG, Acox2, 
Dgkb, and Cyp27a1 were significantly upregulated, and 
the most altered genes screened by proteomic analysis 
were altered in different cells, suggesting that these genes 
are indeed involved in the metabolic regulation of the 
retina, but their regulatory mechanisms need to be fur-
ther explored (Fig. 7A). In particular, we focused on three 
proteins of the proteomic KEGG-enriched primary bile 
acid biosynthesis pathway: Acox2, Cyp27a1, and Hsd3b7, 
and found that all three proteins were upregulated in 
MG, suggesting that cholesterol degradation after HFD 
may be associated with MG cells (Fig. 7B).

We next made KEGG pathway enrichment analyses on 
the differentially expressed genes (DEGs) in the MG and 
rod cells. In MG cells, the DEGs mainly enriched in glu-
tamatergic synapse, axon guidance and pathways related 
to cell apoptosis, proliferation and inflammation, includ-
ing Ras signaling pathway, MAPK signaling pathway, PI3 
K-Akt signaling pathway, and Rap1 signaling pathway 
(Fig. 7C). While in rod cells, the DEGs mainly focused on 
protein synthesis-related pathways, including ribosome, 
spliceosome and protein processing in endoplasmic 
reticulum. KEGG pathways analysis results also showed 
that DEGs focused on metabolism pathways, including 
oxidative phosphorylation, thermogenesis, and lipid and 
atherosclerosis (Fig. 7D). Chord diagram shows the rela-
tionship between DEGs and KEGG pathways (Fig. 7E, F).

Discussion
Many retinal diseases, including glaucoma and AMD, 
are closely linked to lipid metabolism, and the patho-
genic mechanisms associated with these conditions are 
remarkably complex [7, 37]. A comprehensive compre-
hension of the regulatory pathways governing retinal 
lipid metabolism is crucial for deciphering the pathogen-
esis of these disorders.

Serval studies have demonstrated the impact of HFD 
on retinal lipid composition [38–41]. Our investigation 
similarly identified alterations in lipids, including phos-
pholipids, cholesterol, and eicosanoids subsequent to 
HFD consumption (Fig.  3). The upregulated lipid sub-
classes were mainly CE, PG, and PC, suggesting that a 
long-term HFD increased the amount of common lipids 

in the retina. The eicosanoid, which was downregulated 
in HFM retina, plays a role in regulating the vascular, 
renal, and gastrointestinal, is associated with inflamma-
tory process [42, 43], and its reduction in the HFM may 
impair the inflammation-related processes. Inhibitors 
have been developed that interfere with the synthesis or 
action of various classes of eicosanoid, some of which 
have been used to treat diseases [37].

Cholesterol homeostasis has been widely reported to 
be associated with the pathogenesis of glaucoma and 
AMD [44, 45]. Therefore, changes in the lipid composi-
tion of the retina after HFD may be important in the 
development of retinal diseases. HFD increases the 
expression and phosphorylation of NF-κB [46, 47], which 
is a well-known regulator of inflammatory signal trans-
duction, false regulation of NF-κB triggers autoimmune 
disease, chronic inflammation, and many cancers [48]. 
Our findings suggest that reductions of eicosanoids in 
the retina may impair inflammation-related processes 
and that KEGG-enriched arachidonic acid metabolic 
pathways (Fig. 4A), which involve three major classes of 
enzymes related to phospholipid synthesis and eicosa-
noids, have been implicated in immune disorders. These 
studies suggest that modulation of the immune system 
may ameliorate some of the effects of HFD. Our prot-
eomic KEGG was enriched to primary bile acid biosyn-
thesis pathway (Fig. 5B), these results suggest that HFD 
may affect the normal function of the retina by regulat-
ing bile acid synthesis. To our surprise, the most signifi-
cantly elevated proteins in HFM retinas, ACOX2, CYP27 
A1, and HSD3B7 were enriched into primary bile acid 
biosynthesis pathway. These three proteins are enzymes 
that related to the synthesis of bile acids from cholesterol. 
Previous lipidomic analyses suggested that a long-term 
HFD caused an increased retinal cholesterol level, and 
the synthesis of bile acids is the predominant pathway by 
which cholesterol is eliminated from the body. Therefore 
the elevated expression of these three proteins may be 
required for the degradation of cholesterol.

Some studies have now found that HFD alters RPE 
morphology, leading to RPE lesions [49], RPE cell death 
[50], and damages microglia, retinal ganglion cells, bipo-
lar cells, and photoreceptor cells [51]. However, the 
effects of HFD on different cells of the retina and the 
regulatory mechanisms are not known, so we performed 
single-cell sequencing. MG cells are the most numerous 
glial cells in the retina, and one of their roles is to main-
tain cholesterol homeostasis [52], these two types of cells 
may play an important role in the regulation of retinal 
metabolism. So, we focused on these two types of cells 
and analyzed the gene expression changes in these two 
types of cells separately. We found that the three proteins 
ACOX2, CYP27 A1, and HSD3B7, which were screened 
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Fig. 6 Long-term HFDinduces alterations in retinal cellular composition. A t-Stochastic neighbor embedding (tSNE) plot showing the distribution 
of major cell populations using scRNA-seq. Using marker genes, cells were annotated as RPE, Rod, RGC, MG, Microglia, Horizon-Amacrine, Cone, 
and Bipolar. Colors indicate cell type. Each dot represents a cell. B The marker genes for each cell used are shown in the heat map
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in the proteome for upregulation in the bile acid syn-
thesis pathway, were also upregulated in MG (Fig.  7A), 
which further validated the possibility that HFD may 
affect the bile acid synthesis pathway and thus regulate 
cholesterol elevation in the retina due to chronic HFD. 
It has been reported that ACOX2 is an acyl coenzyme 
A oxidase, which is involved in the degradation of long 
branched-chain fatty acids and bile acid intermediates in 
peroxisomes. Deficiency of this enzyme leads to accumu-
lation of branched-chain fatty acids and bile acid inter-
mediates [53]. HSD3B7 is involved in the initial stages of 
bile acid synthesis from cholesterol and deficiency leads 
to cholestasis [54]. Bile acid synthesis pathways can be 
divided into two main categories: classical and alterna-
tive pathways.CYP27 A1 is mainly involved in the lat-
ter alternative pathway [55–57]. Our study found that 
the expression of these three proteins was elevated after 
HFD. Furthermore, a significant upregulation of CYP27 
A1 expression was observed, suggesting that lipid change 
in the retina after HFD may be regulated by the alterna-
tive bile acid pathway and mainly in MG.

Conclusions
In summary, our findings suggest that a high-fat diet leads 
to changes in retinal lipid composition, where changes 
in cholesterol may be regulated primarily by alternative 
pathways of bile acid synthesis. In addition, we found a 
significant upregulation of CYP27 A1 in MG, suggesting 
that lipid change may occur mainly in MG. Our findings 
provide new insights and potential research directions 
for retinal diseases associated with lipid metabolism dys-
regulation, such as AMD, glaucoma, and RP.

Methods
Mouse model
All animal experiments were approved by the Animal 
Care and Use Committee of the Sichuan Provincial Peo-
ple’s Hospital and were in accordance with the Decla-
ration of Helsinki. All experimental procedures were 
performed in strict accordance with the approved study 
protocol. Mice were housed under routine light condi-
tions with 12-h light and 12-h dark cycles and unre-
stricted access to food and water.

Wild-type mice of C57BL/6 J background were pro-
duced by Yao Kang Biotechnology, (Chengdu, China). 

Normal-fed mice (NM) were fed with normal chow for 
6  months and high-fat diet mice (HFM) were fed with 
high-fat chow for 6  months. High-fat chow from Ready 
Dietech (Shenzhen, China), with 20% fat, 22% fructose, 
and 2% cholesterol.

Optical coherence tomography (OCT)
Mice were anesthetized with 1% sodium pentobarbi-
tal anesthetic (80 mg/kg body weight) prepared in 0.9% 
physiological saline [58], and tropomycin ophthalmic 
solution was placed on the cornea. After the pupils of the 
mice were dilated, OCT scanning was initiated using a 
phoenix micron iv (USA), and the images were acquired 
according to standard OCT test procedures. Calculations 
and processing were also performed using the accompa-
nying image processing software.

Electroretinograms (ERGs) in mice
ERG recordings followed the previous description [59]. 
Briefly, age-matched NM and HFM mice were dark-
adapted overnight, and all subsequent procedures were 
performed under dim red light. Mice were anesthetized 
using ketamine (16 mg/kg body weight) and chlorproma-
zine (80 mg/kg body weight) mixed with saline. A drop of 
tropicamide and phenylephrine into a mouse eye dilates 
the pupil. The dark-adapted ERGs of the mice in response 
to flashes of light with intensities ranging from 0.01 to 1.0 
cd-s/m2 were recorded using the Espion visual electro-
physiology system (Diagnosys LLC, Littleton, MA, USA). 
Four NM mice and 4 HFM mice were tested in each 
group.

Single‑cell transcriptomic analysis
Sample processing and collection
Retinas were removed from euthanized mice by intra-
peritoneal injection of pentobarbital (80 mg/kg) and by 
cervical dislocation, rinsed with PBS, and then the tis-
sues were moved into tissue storage solution separately 
and sent to Juyuan Genetic Technology Co. (Chengdu, 
Sichuan) for further processing. Tissues were flushed 
with PBS and digested with papain (1 mg/ml) for 15 min 
at 37 °C. Products were filtered with 40-µm sieve, cen-
trifugated at 500 × g for 5 min, resuspended in PBS, and 
stained with Tapan Blue for microscopic examination. 
The concentration of single cell is more than 1 ×  106cell/

(See figure on next page.)
Fig. 7 Different regulation of gene expression in MG and rod cells in a high-fat environment. A The heatmap shows the expression changes 
in different cells of the most changed genes screened by proteomic analysis. B Dot plot of expression levels of Acox2, Cyp27a1, and Hsd3b7 in MG 
cells. C KEGG pathway analysis of the DEGs in MG cells enriched in different pathways, showing the top 10 ranked pathways. D KEGG pathway 
analysis of the DEGs in Rod cells enriched in different pathways, showing the top 10 ranked pathways. E Chord diagram shows the relationship 
between DEGs and KEGG pathways in MG cells. F Chord diagram shows the relationship between DEGs and KEGG pathways in Rod cells
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Fig. 7 (See legend on previous page.)
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mL, and the cell activity is more than 85%, then library 
construction and sequencing.

Single‑cell transcriptomic data analysis
The data were analyzed with the same methods as previ-
ously described [60]. Briefly, The analysis utilized Seurat 
software version 4.3.0 for processing count data obtained 
from scRNA-seq [61]. Cells exhibiting fewer than 200 or 
more than 2000 detected genes were excluded from the 
dataset. Additionally, cells demonstrating a high pro-
portion of reads originating from mitochondrial genes 
(> 15%) were removed due to potential issues related to 
cell viability or data quality. Integration of data from NM 
and HFM groups was conducted using Seurat’s “anchor-
based” integration workflow with dimensions set to 1:30 
[62]. Subsequently, the count matrix underwent nor-
malization using the LogNormalize method. Clustering 
was conducted at a resolution of 1 using PCA-reduced 
expression data derived from the top 20 principal compo-
nents. The graph-based shared nearest neighbor method 
(SNN) was employed, which computes the neighborhood 
overlap (Jaccard index) between each cell and its closest 
neighbors. Clustered populations were visualized using 
t-distributed stochastic neighbor embedding (t-SNE). 
Each cell population was assigned based on the expres-
sion of specific marker genes, including Rlbp1 and RPE65 
for RPE, Tmem119 and Itgam for microglia, Aqp4 for 
Müller cells, Cnga1 and Pde6a for rod photoreceptors, 
Arr3 and Gngt2 for cone photoreceptors, Vsx2 and Otx2 
for bipolar cells, and Rbpms and Sncg for RGCs. Due to 
their limited abundance, horizontal and amacrine cells 
were clustered together, characterized by the expression 
of Calb1. Differentially expressed genes (DEGs) between 
distinct cell types under two conditions (NM vs HFM) 
were identified using the FindMarkers function. Screen-
ing thresholds for significant differential expression were 
set at adjusted-P values < 0.05 and Fold change (FC) > 1.5.

KEGG pathway enrichment analyses of DEGs were 
done using R based on hypergeometric distributions. 
R-studio (version 1.4.1106) was used to run all R pack-
ages and functions in this study, and all procedures fol-
lowed established procedures.

Proteomic analysis
Sample processing and collection
Retinas and livers were taken from three 6-month-old 
high-fat mice and three normal-diet mice by intraperi-
toneal injection of pentobarbital (80 mg/kg) and by cer-
vical dislocation, and appropriate amount of SDT lysate 
was added, transferred to Lysing Matrix A tubes, and 
homogenized and broken by applying an MP homog-
enizer (24 × 2, 6.0 M/S, 30 s, twice). After sonication, 
boiling water bath for 10 min, centrifugating at 14,000 

× g for 15 min, the supernatant was taken and filtered 
using a 0.22-µm centrifuge tube and the filtrate was col-
lected. The filtrate was quantified with the BCA Protein 
Assay Kit (P0012, Beyotime). The samples were divided 
and stored at − 80 °C.

Protein preparation
Fifty to two hundred micrograms of proteins for each 
sample was reduced with DTT (100 mM) for 5 min at 
100℃. UA buffer (8 M Urea, 150 mM Tris–HCl pH 8.5) 
was added and mixed, transferred to a 30-kD ultrafil-
tration centrifuge tube to remove detergent, DTT, and 
other low molecular weight components. IAA buffer 
(100 mM IAA in UA) was added to block reduced 
cysteine residues and the samples were incubated at 
room temperature for 30 min. Finally, the protein sus-
pension was digested with 4 μg of trypsin (Promega) in 
40 μl of 50 mM NH4HCO3 buffer overnight at 37 °C, 
and the peptides were collected in the filtrate. The pep-
tides were desalted by C18 Cartridge, lyophilized, and 
reconstituted in 40 μL of 0.1% formic acid solution, and 
quantified (OD280).

Mass spectrometry
The samples were separated using a nanoliter flow rate 
NanoElutesystem (Bruker, Bremen, Germany), which was 
coupled to a mass spectrometer timsTOF Pro(Bruker, 
Bremen, Germany) equipped with a CaptiveSpray ion 
source. Buffer solution A was 0.1% formic acid aqueous 
solution and solution B was 0.1% formic acid acetoni-
trile aqueous solution (100% acetonitrile). The column 
was equilibrated with 100% of solution A. Samples were 
uploaded by an autosampler to an analytical column 
(IonOpticks, Australia, 25 cm × 75 μm, C18 packing 1.6 
μm) for separation at a flow rate of 300 nL/min. The sam-
ples were separated by chromatography and analyzed by 
mass spectrometry using the PASEF mode of a timsTOF 
Pro mass spectrometer.

Proteomic data analysis
In this paper, MaxQuant software (version no. 1.6.17.0) 
was used for database search and LFQ (Label Free Quan-
titation) algorithm was used for quantitative analysis. 
Signaling pathway analysis was performed using the 
KEGG database (database version KO_INFO_END.
txt (2023.03.24)) for pathway analysis. KEGG pathways 
with adjusted P-value less than 0.05 calculated by hyper-
geometric test and Benjamini–Hochberg method can be 
defined as significantly enriched pathways. The top 10 
enriched pathways were selected for visualization.
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Lipidome analysis
Sample processing and collection
Retinas from three 6-month-old high-fat mice and three 
mice of the same age on a normal diet were weighed and 
20 mg was added to a 2-mL centrifuge tube; 1 mL of lipid 
extraction solution was added, and the balls were placed 
in the tubes, and shaken well; homogenization was per-
formed in a ball mill; the balls were removed; vortexing 
was performed for 2 min, and ultrasound was performed 
for 5  min, and 200 μL of water was added; the tubes 
were vortexed for 1  min, and the supernatant was cen-
trifuged for 10 min at 12,000 × g and 4 ℃. Centrifugation 
was done for 10 min at 12,000 × g at 4 ℃. Two hundred 
microliters of the supernatant was pipetted into a num-
bered 1.5-mL centrifuge tube and concentrate; the super-
natant was reconstituted with 200 μL of the lipid reagent 
solution and used it for LC–MS/MS analysis.

The data acquisition instrumentation system consists 
primarily of Ultra Performance Liquid Chromatography 
(UPLC) (ExionLC™ AD, https:// sciex. com. cn/) and Tan-
dem Mass Spectrometry (MS/MS) (QTRAP® 6500 +, 
https:// sciex. com. cn/).

The liquid phase conditions mainly included:  (1) col-
umn: Thermo Accucore™C30 column (2.6 μm, 2.1 mm 
× 100 mm i.d.); (2) mobile phases: phase A, acetonitrile/
water (60/40, V/V) (containing 0.1% formic acid, 10 
mmol/L ammonium formate); phase B, acetonitrile/iso-
propanol (10/90, V/V) (containing 0.1% formic acid, 10 
mmol/L ammonium formate); (3) gradient elution pro-
gram: 80:20 (V/V) for A/B at 0 min, 70:30 (V/V) at 2 min, 
40:60 (V/V) at 4 min, 15:85 (V/V) at 9 min, 10:90 (V/V) 
at 14 min, 5:95 (V/V) at 15.5 min, 5:95 (V/V) at 17.3 min. 
17.5 min for 80:20 (V/V), and 20 min for 80:20 (V/V); (4) 
flow rate of 0.35 ml/min; column temperature of 45 ℃; 
injection volume of 2 μL.

The mass spectrometry conditions mainly included: 
electrospray ionization (ESI) temperature 500 ℃, mass 
spectrometry voltage 5500 V in positive ion mode, mass 
spectrometry voltage − 4500 V in negative ion mode, ion 
source gas 1 (GS1) 45 psi, gas 2 (GS2) 55 psi, Curtain Gas 
(CUR) 35 psi. In the triple quadrupole, each ion pair was 
scanned based on optimized declustering potential (DP) 
and collision energy (CE).

Detection of lipids was done as follows: lipid contents 
were detected by MetWare (http:// www. metwa re. cn/) 
based on the AB Sciex QTRAP 6500 LC–MS/MS plat-
form [63].

Lipidome data analysis
Mass spectrometry data were processed using the soft-
ware Analyst 1.6.3. The lipids of the samples were char-
acterized by mass spectrometry based on the data 

information of the self-constructed database MWDB 
(metware database). The integrated peak area ratios of 
all the samples detected were substituted into the lin-
ear equation for calculation, and further brought into 
the calculation formula for calculation to finally obtain 
the content data of the substance in the actual samples. 
Lipids with VIP (Variable Importance in Projection) > 1 
and P-value < 0.05 were selected for differential lipid 
screening.

The identified metabolites were annotated using the 
KEGG Compound Database (http:// www. kegg. jp/ kegg/ 
compo und/), and the annotated metabolites were then 
mapped to the KEGG pathway database (http:// www. 
kegg. jp/ kegg/ pathw ay. html). The significantly regulated 
pathways to which the metabolites were mapped were 
then entered into MSEA (metabolite set enrichment 
analysis) and their significance was determined by P-val-
ues from hypergeometric tests [64].

Statistical analysis
Statistical analysis was performed using the GraphPad 
Prism 8.0.2 software. All data are presented as the mean 
± standard error of mean (SEM). Statistical significance 
was  determined by unpaired Student’s t test. P-value 
lower than 0.05 (P < 0.05) was considered to indicate sta-
tistical significance.
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LNAPE  Lysophosphatidylethanolamine
LPA  Lysophosphatidic acid
LPC  Lysophosphatidylcholine
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LPI  Lysophosphatidylinositol
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