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Lactylome analysis reveals potential target
modified proteins in the retina
of form-deprivation myopia

Jiaojiao Feng,1,5 Xiaoniao Chen,4,5 Runkuan Li,1,5 Yunxiao Xie,2,3 Xiuyan Zhang,2,3 XiaoxiaoGuo,1 Lianghui Zhao,1

Zhe Xu,1 Yifan Song,1 Jike Song,1,3,* and Hongsheng Bi2,3,6,*

SUMMARY

The biological mechanisms underlying the development of myopia have not yet been completely eluci-
dated. The retina is critical for visual signal processing, which primarily utilizes aerobic glycolysis to pro-
duce lactate as a metabolic end product. Lactate facilitates lysine lactylation (Kla), a posttranslational
modification essential for transcriptional regulation. This study found increased glycolytic flux and lactate
accumulation in the retinas of form-deprivedmyopic guinea pigs. Subsequently, a comprehensive analysis
of Kla levels in retinal proteins revealed that Kla was upregulated at 124 sites in 92 proteins and down-
regulated at three sites in three proteins. Functional enrichment and protein interaction analyses showed
significant enrichment in pathways related to energy metabolism, including glutathione metabolism,
glycolysis, and the hypoxia-inducible factor-1 signaling pathway. Parallel-reaction monitoring confirmed
data reliability. These findings suggest a connection between myopia and retinal energy metabolism
imbalance, providing new insights into the pathogenesis of myopia.

INTRODUCTION

Myopia is a highly prevalent ocular disorder worldwide, with prevalence rates as high as 10–30% in adults inmany countries. In some regions of

East and Southeast Asia, the prevalence among young adults can reach as high as 80–90%.1,2 It is characterized by an excessively elongated

axial direction of the eye that causes the image to focus before the retina.3When abnormal visual signals occur, the retina produces regulatory

signaling molecules (such as dopamine,4 retinoic acid,5 and nitric oxide6) that are delivered to the choroid and trigger a reaction in the sclera,

leading to the abnormal metabolic process of scleral remodeling. Although the retina plays a vital role as a signal source in visually driven eye

growth, the biological mechanisms underlying the rapid elongation of the eye’s axial length (AL) in response to blurred retinal imaging remain

poorly understood.7

Posttranslational modifications (PTMs) of proteins, such as phosphorylation,8 acetylation,9 glycosylation,10 ubiquitination,11 S-nitrosyla-

tion,12 and methylation,13 are critical mechanisms that regulate protein function. They play vital roles in modulating various physiological

and pathological processes within cells. Previous studies have shown that PTMs play an irreplaceable role in the pathogenesis of

myopia.12,14–16 Elevated levels of phosphorylation of retinal connexin 36 in form-deprived myopic mice have been linked to an increase in

functional gap junction coupling in amacrine cells that actively adapt to the defocused state in the myopic retina.14 However, altered levels

of c-Jun N-terminal kinase-1 phosphorylation modulated aquaporin-1 and choroidal thickness during recovery from form deprivationmyopia

(FDM).15 Another study found that the inflammatory response in themyopic retina could be inhibited by decreasing the phosphorylation level

of protein kinase B (AKT) and the expression of nuclear factor k-light chain-activated B enhancer.16 Significantly reduced levels of

S-nitrosylation of a-enolase in the retina of myopic mice were thought to possibly play a key role in the pathogenesis of myopia.12 However,

few studies have focused on PTMs, and the role of most PTMs in myopia has not yet been elucidated.

Mammalian retinas exhibit a preference for converting glucose into lactate, rather than completely metabolizing it to carbon dioxide

through oxidative phosphorylation, even in the presence of sufficient oxygen. This metabolic phenomenon, known as aerobic glycolysis or

the Warburg effect,17,18 resembles the metabolic behavior observed in cancer cells. The retina, a highly energy-demanding tissue, requires

substantial amounts of energy to sustain neuronal activity for processes, such as phototransduction and neurotransmission.19 Thus, aerobic
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glycolysis occurs at a high frequency in both intact and isolated retinal cells,20 with 80–96% of glucose converted to lactate.21 A study pub-

lished in Nature in 2019 by Prof. Yingming Zhao found that lactate accumulated during metabolism could act as a precursor to modify lysine

residues in proteins, a process called lysine lactylation (Kla).22 Kla catalyzes the lactyl group derived from L-lactate to combine with lysine in a

reversible covalent manner via the enzymatic reaction of p300.22,23 Numerous studies have emphasized the role of Kla in regulating various

cellular processes, particularly tumor energy metabolism, mitochondrial dysfunction, and diseases induced by hypoxia.24–26 Hypoxia led to

increased levels of Yin Yang-1 lactylation in retinal microglia, which transcriptionally activated fibroblast growth factor 2 expression, thereby

promoting angiogenesis.27 Given the reliance of the retina on aerobic glycolysis to produce lactate, it is evident that Klamay play a pivotal role

in retinal tissue homeostasis and function.

The FDM model is one of the primary animal models used for myopia research.28 Although the transcriptional regulatory mechanisms of

several myopia-related genes in FDM animal models have been investigated,4–6 limited studies on protein modifications have hindered a

comprehensive understanding of the molecular basis underlying the pathogenesis of myopia. In this study, we performed the first prote-

ome-wide Kla modification analysis of the myopic retina, revealing the distribution pattern of Kla in the experimental myopic retina and

providing a new understanding of the retinal regulatory mechanism of myopia at the levels of PTMs.

RESULTS

Form-deprivation myopia

Before the form-deprivation treatment, there was no statistical difference in AL or refraction for all eyes in each group (p > 0.05) (Figures 1A

and 1B). However, following two weeks of form-deprivation treatment, the mean sphere refraction of eyes in the FDMgroup (�2.38G 1.01 D,

n = 30) was significantly more myopic than that of eyes in the NC group (+0.75G 1.13 D, n = 30, p < 0.01) (Figure 1A). Additionally, the AL of

eyes in the FDM group (8.24G 0.11 mm, n = 30) was significantly longer than that of eyes in the NC group (8.05G 0.07 mm, n = 30, p < 0.01)

(Figure 1B). These results confirmed the successful establishment of the FDM in the animal models. Therefore, retinas from both the FDM and

NC groups were considered for this study (Figure 1C).

Enhanced glycolytic metabolic flux contributes to lactate accumulation

To investigate glycolytic metabolic fluxes in the retinas, we assayed the levels of key rate-limiting enzymes involved in glycolysis. These en-

zymes included glucose transporter 1 (GLUT 1), hexokinase 2 (HK 2), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB 3), py-

ruvate kinase M (PKM), and lactate dehydrogenase A (LDHA) (Figure 2A). Comparing the retinas of the NC group to those in the FDM group,

we observed an overall significant upregulation in the expression of these proteins (Figure 2B). Since LDH is critical in catalyzing the final step

of aerobic glycolysis, we further assessed changes in LDH activity. We found that LDH activity was significantly higher in the retina of the FDM

group (1612.4G 49.84 U/g) than that of theNCgroup (1415.37G 125.9 U/g,p< 0.05) (Figure 2C). It was demonstrated that the lactate content

in the FDM group (34.61G 9.26 mmol/g) was significantly higher than that in the retina of the NC group (21.12G 1.94 mmol/g, p < 0.01) (Fig-

ure 2D). These results suggest that there is a significant increase in glycolytic metabolic flux and, thus, lactate accumulation in the retinas of

eyes in the FDM group.

Lysine lactylation abundantly expressed in the retina

To determine whether changes in lactate content in the guinea pig retina led to alterations in protein lactylationmodifications, we conducted

western blotting of lactylated proteins in the retina using a pan-antibody specific for lysine lactylation (Pan-Kla). The loading control by Coo-

massie blue staining was used to ensure that equal amounts of protein were loaded in each lane. As shown in Figure 3A, lactylation modi-

fications were widely present in the retinas of guinea pigs, and form deprivation treatment significantly altered the levels of protein lactylation

modifications in guinea pig retinas. Western blotting results indicated that, at the histone level, the level of lactylation was significantly

decreased in the FDM group, whereas at the non-histone level, the level of lactylation was markedly enhanced in the FDM group. To further

validate our findings, we performed immunofluorescence of the retina using Pan-Kla, and the relative quantitative analysis confirmed a signif-

icantly enhanced level of lactylation modification in the retinas of the FDM group (p < 0.05) (Figure 3B). Additionally, the proteins with

increased lactylation levels were mainly distributed in the inner nuclear layer and outer nuclear layer of the retina (Figure 3C). These results

indicate significantly elevated levels of lactylation modifications in the retinas of guinea pigs with FDM.

Lactylome analysis

Differential lactylated proteins analysis

To comprehensively investigate changes in Kla protein in the retina, quantitative lactylome profiling was performed following the flowchart

shown in Figure 3D. To verify the reliability of themass spectrometry data, we examined the length distribution of the characterized peptides.

As shown in Figure S1, the majority of lactylated peptides ranged from 7 to 20 amino acids in length, as expected for tryptic peptides. In the

label-free quantitative proteomic analysis, 1,989 lactylation sites on 848 proteins were characterized, of which 1,500 sites on 691 proteins could

be quantified (Table S1). After normalization of the total quantitative proteins, it was demonstrated that the level of lactylation increased at

124 sites on 92 proteins and decreased at three sites on three proteins in the retinas of the FDM group compared to that in the NC group

(Figure 3E and Table S2). Furthermore, nine core histone Kla sites were identified (Table S3). Of the identified 94 lactylated proteins, 79.8%

contained one lactylated site, 11.7% contained two lactylated sites, 3.2% contained three lactylated sites, 4.3% contained four lactylated sites,
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and 1.1% contained five lactylated sites (Figure 3F). Among them, SUGP2 contained five significantly altered lactylated sites, whereas CTTN,

SAG, MECP2, and THRAP3 contained four lactylated sites. Furthermore, we quantified changes in the levels of protein lactylation in each

group, and the results are shown in Figure 3G. Compared with that of the NC group, the FDM group showed that the proteins with the

most significant upregulation of Kla levels included FABP5_K61, PGD_K38, A0A286XP64_K155, HMGB1_K12, and HNRNPL_K62, while the

most significant downregulation of Kla levels included SYN1_K618, SF3A2_K10, and PGAM1_K113.

Motif analysis of lactylation sites

To investigate the sequence patterns surrounding the lactylation sites, we usedmotif analysis to analyze the ten amino acids flanking the iden-

tified lactylation sites. The results showed that a total of six definitively conserved motifs were identified, namely, Kla_xxxxxxxK, Kla_xG,

Kxxxxxxx_Kla, Kxxxxxxxx_Kla, Kxxxxxx_Kla, Kla_SxxxxxxxxK (Figure 4A). We generated a heatmap of the amino acid sequences around

the lactylation site to further analyze these patterns. The heatmap shows the enrichment or deletion of amino acids upstreamanddownstream

of all the identified lactylation sites (Figure 4B). Alanine (A) and lysine (K) were found to be often abundant near Kla sites. Conversely, cysteine

(C) and leucine (L) were often reduced around the Kla site. Notably, glycine (G) and proline (P) were remarkably abundant at sites �1 to �5

or +2 and +3, whereas they were decreased at other sites. These results reflect different preferences for amino acids around the Kla site.

Subcellular localization analysis

To better characterize the lactylated proteins in the FDM andNCgroups, we analyzed the subcellular localization of the lactylated substrates.

Most lactylated proteins were localized in the nucleus (41.05%), whereas 36.84% and 8.42% were distributed in the cytoplasm and mitochon-

dria, respectively, and 8.42% were capable of cytoplasmic-nuclear shuttling, indicating that lactylated proteins have a diverse cellular distri-

bution (Figure 5A). In addition, we characterized the subcellular localization of the differentially lactylated proteins (DLPs) using network anal-

ysis. A total of 38 proteins had increased levels of lactylation in the nucleus, 34 proteins had increased levels of lactylation in the cytoplasm, and

eight proteins with increased levels of lactylation were found in the mitochondria (Figure 5B).

Figure 1. Changes in ocular biological parameters

Refraction (A) and axial length (B) at the beginning and end of treatment in the NC group and FDM group.

(C) Schematic diagram of retinal tissue sampling. FDM group, form-deprivation myopia group; NC group, normal control group; **p < 0.01.

ll
OPEN ACCESS

iScience 27, 110606, September 20, 2024 3

iScience
Article



Functional annotation and enrichment analysis

We conducted a gene ontology (GO) functional enrichment analysis of the DLPs. Biological process enrichment analysis showed that most

DLPs were involved in various metabolic processes, including the positive regulation of glucose, NADP, gluconeogenesis, and cellular cal-

cium transport (Figure 6A). Additionally, the GO chord plot of DLPs demonstrated that PGD exhibited themost significant enrichment in bio-

logical processes, specifically in nicotinamide nucleotide and NADP metabolic processes (Figure 6B). According to cellular component

enrichment analysis, DLPs were significantly enriched in the extracellular space, extracellular region, andmyelin sheath, with the highest num-

ber of proteins found in the extracellular region (Figure 6C). Among the cellular components, fatty acid binding protein 5 (FABP5) was the

most enriched and correlated with the cytoplasmic vesicle lumen, secretory granule lumen, extracellular region function, extracellular space,

and vesicle lumen (Figure 6D).Molecular functional enrichment analysis revealed thatmanyDLPswere associatedwithDNAbinding, suggest-

ing that lactylated proteins regulate gene expression (Figure 6E). A0A826XP64 had the most abundant molecular functions and was involved

in multiple forms of DNA binding (Figure 6F).

Furthermore, pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed that DLPs were involved in several

signaling pathways associatedwith the regulation of energymetabolism, including glutathionemetabolism, the pentose phosphate pathway,

Figure 2. Retinal glycolytic metabolism and lactate changes

(A) Protein expression levels of GLUT1, PFKFB3, PKM2, and LDHA in theNCgroup and FDMgroupwere detected by the digital capillary western blotting. b-actin

served as a loading control.

(B) Quantification of proteins was normalized to the relative value of b-actin expressed as mean G SD, n = 3 per group.

(C) Assay of LDH activity in both groups, n = 5 per group.

(D) Lactate content after treatment for 2 weeks, n = 6 per group. *p < 0.05, **p < 0.01.

ll
OPEN ACCESS

4 iScience 27, 110606, September 20, 2024

iScience
Article



ll
OPEN ACCESS

iScience 27, 110606, September 20, 2024 5

iScience
Article



hypoxia-inducible factor-1 (HIF-1) signaling pathways, and glycolysis/gluconeogenesis (Figure 7A and Table S4). To further analyze the rela-

tion between DLPs in the KEGG pathway, we performed a network analysis. Notably, glutathione S-transferase mu 1 (GSTM1) is involved in

multiple KEGG pathways associated with drug metabolism-cytochrome P450, metabolism of xenobiotics by cytochrome P450, longevity-

regulating pathway-worms, and oxidative phosphorylation. Among the DLPs, PGD was the most significantly upregulated lactylated protein

across all KEGG pathways, particularly in the pentose phosphate and oxidative phosphorylation pathways (Figure 7B).

Protein-protein interaction networks

To fully describe protein function, the STRING database was used to analyze the protein-protein interaction (PPI) network of the significantly

altered lactylated proteins found in this study to further explore the relation between protein interactions and related biological processes.

The lactylated proteins were then assembled using Cytoscape software, and 65 were mapped to the PPI networks (Figure 8). They were cate-

gorized into three interrelated clusters: regulation of cellular metabolic processes, nucleic acid metabolic processes, and generation of pre-

cursor metabolites and energy. The regulation of cellular metabolic processes was the most obvious cluster of enrichment, suggesting that

the proteins involved in this biological process were abundantly modified by Kla. Collectively, these findings suggest that physiological pro-

tein interactions between these compounds facilitate functional coordination and cooperation in the retina during FDM development.

Parallel reaction monitoring validation analysis

Parallel reactionmonitoring (PRM) is amass spectrometry-based high-resolution, high-precision targeted proteomics technology that enables

targeted relative or absolutequantificationofmodifiedpeptides through the selectivedetectionofmodifiedpeptides. To further validateDLPs

in the lactylatedproteome, we selected 19 sites ofDLPs to perform4D-PRMvalidation (Table 1). The targeting validation results of PRMwere in

high agreement with the results of the non-targeted lactylation proteome, confirming the reliability of the previous data. According to our re-

sults, the lactylation of some protein Kla sites in retinas after form deprivation treatment was indeed upregulated, such as FABP5_K61,

GSTP1_K111, and VIM_K418, implying that they may serve as targets for myopia therapeutic approaches and merit further investigation.

DISCUSSION

In this study, we made a novel discovery that the protein expression and activity of several key enzymes in the glycolytic metabolic pathway

were significantly increased in the retinas of guinea pigs with FDM. This suggests a significant enhancement in glycolytic metabolic flux, which

ultimately led to the accumulation of lactate in the retina. The lactate content in the retina was determined to be significantly higher in the

FDMgroup (34.61G 9.26 mmol/g) than in theNCgroup (21.12G 1.94 mmol/g). Given the recent discovery that lactate can furthermediate the

onset of Kla through the generation of lactyl-CoA,22,23 we examined Kla levels in the retina. It was found that Kla levels were significantly

elevated in the FDM retina, with upregulation of Kla levels at 124 sites on 92 proteins and downregulation of Kla levels at three sites on three

proteins in the FDM group compared with those in the NC group. Moreover, the DLPs were mainly distributed in the nucleus and cytoplasm.

GO and KEGG enrichment analyses, as well as PPI network analyses, revealed that DLPs were mainly involved in cellular metabolism-related

biological processes. The reliability of our data were confirmed using PRM analysis, and as the first Kla analysis in myopic retinas, our findings

provide a valuable basis for further investigation of Kla function in myopia.

The shift in glucose metabolism from oxidative phosphorylation to aerobic glycolysis generally involves an increase in the expression and

activity of glucose transport proteins, glycolytic enzymes, and enzymes that convert pyruvate to lactate.29 In the present study, the results of

retinal capillary western blotting showed that the protein expression levels of GLUT1, HK2, PFKFB3, PKM, and LDHA were significantly upre-

gulated in the retinas of the FDM group compared with those in the NC retina. Further enzyme activity assays revealed that LDH activity was

significantly enhanced in FDM retinas. These findings indicate that the glycolytic metabolic flux was significantly enhanced in the FDM retina.

The results of the current study further supported previous reports.30–32 A quantitative proteomics study by Barathi et al. found significant

upregulation of LDHA in the retina of experimentally myopic mice, with a trend toward downregulation after atropine treatment.30 Zhu

et al. observed reduced levels of PKM protein expression in the retinas of FDM guinea pigs after atropine treatment.31 Similarly, in a study

by Yu et al., pathway analysis showed significant upregulation of glycolytic enzymes in the retina during the development of experimental

myopia in chicks, including PKM2, LDHA, and alpha-enolase.32 However, in our study, the proteins were detected by western blotting using

the corresponding antibodies, whereas previous studies used mass spectrometry to quantify the proteins without further validation of the

results. In summary, our findings using different assay techniques consistently demonstrated that the protein expression of key enzymes

involved in glycolytic metabolism was significantly enhanced during the development of myopia.

Figure 3. Changes in retinal lactylation and an overview of the lactylome

(A) Western blot analysis of retina by Pan-Kla. Protein molecular weights of 10–15 kDa represent histones and others are non-histone proteins.

(B) Relative quantitative analysis of Pan-Kla fluorescence intensity (FI) in the whole retina. Data are mean G SD, n = 3; *p < 0.05.

(C) Immunofluorescence staining showing changes in Pan-Kla in retinal tissue. Scale bar, 100 mm. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer

nuclear layer.

(D) Diagram of retina tissue collection, lysis, and LC-MS/MS analysis.

(E) Statistical analysis of DLPs and lactylated sites in the FDM group versus the NC group. Red represented upregulated, and blue indicated downregulated.

(F) The number of lactylated sites per lactylated protein.

(G) Scatterplot of DLPs. Downregulated protein is colored blue, while upregulated protein is red. DLPs: differential lactylated proteins.
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Figure 4. Properties of the Kla peptides in the retina

(A) Lactylation sequence motifs for G10 amino acids surrounding the Kla sites. Lactylation motifs were constructed with Motif-X software. The central K (at

position 0) indicates the lactylation lysine. All the surrounding amino acid residues are indicated with the letters in different heights which are consistent with

their frequencies in respective positions.

(B) Heatmap of the amino acid composition around Kla sites. Green indicated the low frequency of an amino acid and red indicated the high frequency.
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Moreover, several studies have indicated that the catalytic activity of glycolytic enzymes (such as HK, LDHA, and PKM2) can be regulated

through protein lysine acetylation modifications.33–36 For instance, in cirrhosis and hepatocellular carcinoma, deacetylation enhances the

glycolytic enzyme activities of GLUT 1, HK, and LDHA.34 Deacetylation of lysine 305 in PKM2 significantly enhances its enzymatic activity

by promoting tetramerization.35 Another study found that deacetylation of the LDHA lysine 5 site in pancreatic cancer increased protein levels

and enzymatic activity.36 In our previous study, we similarly found that the acetylation levels of HK2, PFK, PKM, and LDHA were significantly

downregulated in the retinas of guinea pigs with two-week FDM, which may explain the enhanced protein levels and enzyme activities (Fig-

ure 9).37 As the primary byproduct of theWarburg effect, lactate has long been associated with tumors.38 However, in our study, we found, for

Figure 5. Subcellular localization prediction of DLPs using WoLF PSORT software

(A) The overall distribution of subcellular localization of DLPs.

(B) DLPs in each cell structure, Red circles represent protein sites upregulated with Kla and blue circles represent those downregulated with Kla.
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the first time, a significant increase in lactate levels in the retinas of guinea pigs with FDM. Increased glycolytic flux and lactate accumulation

are thought to be closely associated with rapid tumor tissue growth, proliferation, and migration.39,40 This phenomenon was observed in the

FDM retina, suggesting that myopic eyes preferentially produce lactate via the glycolytic pathway to meet the energy demands of rapid eye

elongation. Recent studies have shown that increased lactate levels can producemore L-lactyl-CoA tomediate protein lysine lactylationmod-

ifications.22 In addition, a novel function of lactate, known as protein lactylation, has been newly proposed as a PTM of proteins to regulate

protein function, and Kla has now been found in a few species, including mice,22 rice,41 and Botrytis cinerea.42 However, it remains unclear

whether changes in lactate content lead to global alterations in protein lactylation levels in the retinas of guinea pigs with FDM. Therefore, in

this study, we conducted a comprehensive investigation of Kla levels in the retinal proteins of guinea pigs with FDM.

Significant enhancement of protein lysine lactylation in FDM retinas was first revealed by western blotting and immunofluorescence. Sub-

sequently, 1989 lactylation modification sites on 848 proteins were identified using 4D-lactylation non-label quantitative proteomic analysis,

of which 1500 sites on 691 proteins contained quantitative information. We compared form-deprived eyes in the FDM group with the eyes in

the NC group. The results revealed that the level of Kla was upregulated at 124 sites on 92 proteins and downregulated at three sites on three

proteins in the FDM group compared with that in the NC group. Subcellular localization analysis revealed that DLPs were mainly localized in

the nucleus and cytoplasm. Specifically, cytoplasmic glucose undergoes a series of catalytic reactions to produce pyruvate, which is subse-

quently reduced to lactate by LDH. Lactate catabolism involves two pathways. On the one hand, lactate is oxidized to pyruvate, which enters

the mitochondria to undergo the tricarboxylic acid cycle to achieve irreversible lactate clearance; on the other hand, lactate is further con-

verted to lactoyl-CoA, which can either enter the nucleus to participate in the lactylation modification of histone proteins or directly engage

in the lactylationmodification of non-histone proteins in the cytoplasm.43,44 Therefore, it is not surprising that subcellular localization analyses

showed the DLPs to be primarily located in the nucleus and cytoplasm. The reason for the inconsistency between this result and the enrich-

ment of cellular components in GO enrichment analysis is that the former is based on potential localization predicted from protein sequences

whereas the latter provides component enrichment based on functional annotation. The discrepancy between these results highlights the

complexity of the possible roles of lactylated proteins in various cellular components.

To further explore the characteristics of the identified DLPs, we analyzed their potential functions using GO and KEGG analyses. GO func-

tional annotation results indicated that the majority of DLPs in eyes with FDM were concentrated in various energy metabolism processes,

including the positive regulation of glucose metabolism, NADP metabolism, gluconeogenesis, and cytoplasmic calcium transport, among

other biological processes. Interestingly, molecular functional annotation showed that many DLPs were strongly associated with DNA-bind-

ing processes. Protein-DNAbinding interactions are key to the regulation of gene transcription and are a prerequisite for initiating gene tran-

scription.45 Although lactylation modifications are strongly associated with transcriptional regulation, lactylation of these proteins may affect

the transcription of downstream genes, thereby affecting energy metabolism processes in the retina, which may greatly contribute to the

pathogenesis of FDM. Glutathione metabolism, pentose phosphate pathway, HIF-1 signaling pathway, and glycolysis/gluconeogenesis

were significantly enriched in the KEGG analysis of the FDM group compared with that of the NC group. The pentose phosphate pathway

produces NADPH for the reduction of oxidized glutathione, which is critical for the maintenance of cellular redox homeostasis and the regu-

lation of cellular metabolism.46 HIF-1 is a major transcription factor involved in tissue metabolism in hypoxic environments and can further

regulate the expression of proteins involved in glucose metabolism.47 Nutrition and oxygen to the retina are supplied by the central retinal

artery and choroidal vessels.48 During the development of myopia, choroidal thinning leads to a decrease in the supply of nutrients and ox-

ygen.49 However, excessive ocular growth results in a higher requirement for oxygen and nutrition from retinal sources. As a result, themyopic

eyes tended to be hypoxic.50 Our results suggest that lactate is an important substrate for energy metabolism and is involved in the devel-

opment of myopia under certain conditions by participating in the modification of protein lactylation in these pathways. Therefore, our find-

ings support the hypothesis that the myopic retina is in a state of redox imbalance due to the rapid elongation of the ocular axis and thus

needs to utilize glycolysis for rapid energy acquisition.51 Based on PPI analysis, we found that DLPs were mainly related to the regulation

of cellular metabolic processes, nucleic acid metabolic processes, and the production of precursor metabolites and energy. Cells maintain

cellular homeostasis and function by coordinating various metabolic processes that provide energy and biosynthetic precursors.52 The cur-

rent findings suggest that Kla may influence the development of FDM by affecting cellular metabolic processes in the retina, which confirms

the previous results of GO and KEGG enrichment analyses from another angle.

Theprimary aimof this studywas to identify the key proteins that undergo lactylation in the context of FDMand investigate their association

with the onset ofmyopia and the underlyingmechanisms. The identification of lactylatedproteinsmay shed light onpotential targets for future

myopia control.We identified19proteinswith consistent trends in lactylationmodificationsby validationusing thePRMtechnique. FABP5plays

a vital role as a lipid chaperone in fatty acids (FAs) transport and metabolism and is closely related to metabolic disorders and abnormal cell

proliferation in pathological states.53 Studies have shown that the intracellular transport of FAs is a complex and dynamic process that directly

or indirectly affects various cellular biochemical processes, primarily gene expression, cell development, metabolism, and inflammatory

Figure 6. GO enrichment analysis of DLPs

(A) Biological process categories.

(B) The relationship between DLPs and biological process categories.

(C) Cellular component.

(D) The relationship between DLPs and Cellular component.

(E) Molecular function.

(F) The relationship between DLPs and Molecular function.
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responses.54 Meanwhile, whether FAs are involved in the development of myopia has attracted attention. A largescale RNA sequencing study

by Zenget al. showed that lipid biosynthetic pathways are significantly downregulated in the retinas of guineapigswith FDM.55 Yanget al. used

gas chromatography time-of-flightmass spectrometry todetect changes in retinalmetabolismduringFDMinguineapigsand foundthatarach-

idonic acid was significantly downregulated in the retinas of FDM.56 In addition, Pan et al. found that the addition ofu-3 polyunsaturated fatty

acids (PUFA) to the diet inhibited the decrease in blood flow in the choroid of guinea pigs with FDM and delayed the progression ofmyopia.57

Mori et al. used fat-1 mice, which produce endogenous n-3 PUFA, as amodel and were given an n-3 PUFA-free diet. They found that n-3 PUFA

independently inhibited the development ofmyopia compared toWTmice lacking n-3 PUFA.58 All of the aforementioned studies suggest that

the occurrence of myopia may be associated with a significant downregulation of PUFA; however, the molecular mechanisms underlying the

regulation and involvement of these FAs inmyopia development remain unclear. Guo et al. found that S-glutathionylation promoted FA bind-

ing andnuclear translocationof FABP5, activatedPPARb/d, and inhibitedmacrophage inflammation.59 In our study, elevated levels of Kla at site

61 in FABP5were found for thefirst time inmyopic retinas, and this findingwas confirmedusingPRM.Thus, the lactylatedmodificationof FABP5

may be a potential target for myopia treatment, but the underlying mechanism requires further study.

Interestingly, among the validated proteins, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase 1 (PGK1),

and alpha-enolase 1 (ENO1) are involved in glycolysis. GAPDH, a classical glycolytic enzyme, is one of the most prominent targets of

Figure 7. Pathway analysis of DLPs

(A) KEGG pathway enrichment analysis of DLPs.

(B) Significant pathway enrichment of DLPs. Circles represented DLPs, and green boxes indicated different biological. The up-regulated protein was red, while

the down-regulated protein was colored blue.
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Figure 8. PPI network of DLPs

The size of the nodes indicates the enrichment score. Different colors represent different biological processes: regulation of cellular metabolic processes (red);

nucleic acid metabolic process (green); generation of precursor metabolites and energy (yellow); and other biological processes (white).
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PTMs that alter enzyme activity, subcellular localization, and regulatory interactions with downstream chaperones, thereby affecting glycolytic

and non-glycolytic functions.60–62 GAPDH glutathionylation protects catalytic cysteines from over-oxidation and inactivates the glycolytic

function of GAPDH.60 Increased S-nitrosylation of GAPDH induced by iNOS during aging, followed by its translocation to the nucleus and

mediation of apoptosis, leads to age-associated sarcopenia.61 Acetate enhances GAPDH enzyme activity, aerobic glycolysis, and Th1 cell

polarization by modulating GAPDH acetylation levels.62 PGK1, an important ATP-generating enzyme in glycolysis, is reversibly and dynam-

ically modified at threonine 255 (T255) by O-conjugated N-acetylglucosamine (O-GlcNAc), which activates the activity of PGK1 to enhance

glycolysis and acts as a kinase to inhibit pyruvate dehydrogenase activity to inhibit the TCA cycle, thereby promoting tumor growth.63 Luo

et al. found that reduced PGK1 succinylation in a rat model of acute epilepsy may affect the integrity of the blood-brain barrier by altering

vasopressin and VEGF levels in the hippocampus, thereby influencing epilepsy.64 Quan et al. revealed that KIF15 deubiquitinates PGK1

by recruiting USP10, which promotes glycolytic capacity and tumor growth in pancreatic cancer cells.65 ENO1 is a key glycolytic enzyme,

whose aberrant expression drives the pathogenesis of various cancers.66–68 In a study on oral squamous cell carcinoma, overexpression of

NEDD4L led to ubiquitination and subsequent protein degradation of ENO1, which inhibited glycolysis and further inhibited the cell cycle

and cell proliferation.66 Hou et al. showed that lysine crotonylation of ENO1 was significantly elevated in human colorectal cancer tissues,

which enhanced its activity and promoted the growth, migration, and invasion of colorectal cancer cells.67 Yuan et al. reported that aspirin

attenuated the glycolysis and proliferation of hepatoma cells by modulating the level of lysine 2-hydroxyisobutyrylation of ENO1.68 Although

the current study found that GAPDH, PGK1, and ENO1 could undergo lactylation in the retinas of FDM, it remains unclear how their lactylation

alterations affect their enzymatic activities and functions, which requires further investigation. Here, we show that a feedback loop in the retina

may drive the pathogenesis of FDM.25 After detecting enhanced glycolytic flux and lactate accumulation in the retina of FDM guinea pigs, we

found elevated levels of lactylation of the glycolytic enzymes GAPDH, PGK1, and ENO1, which might further promote or inhibit glycolytic

metabolism, suggesting that disruption of this feedback loop might be a potential therapeutic approach for myopia.

Glutathione S-transferase pi 1 (GSTP1) and GSTM1 are interesting proteins, both of which are key enzymes involved in the detoxification

andmetabolism of oxidative stress products.69 Oxidative stress-induced oxidative damage, resulting from an imbalance between free radical

production and antioxidant defense, has been found to be closely associated with various eye diseases, such as glaucoma70 and cataract.71

Continuous ocular axis elongation and thinning of scleral thickness in high myopia, along with atrophy of the retinal pigment epithelium and

choroid, could lead to oxidative stress in a hypoxic environment.72 A recent proteomic study of the retinas of FDM rabbits found that oxidative

stress in the retina might be closely related to the pathogenesis of myopia.73 The generation of oxidative stress in the myopic retina under

hypoxic conditions is important due to its high blood flow, photo-oxidative damage, and high polyunsaturated FA content, which is one of the

most common targets for the generation of free radicals involved in lipid peroxidation products and has been proposed as a marker for the

clinical management of many diseases, including myopia.74 GSTP1 and GSTM1 play key roles in protecting cells from oxidative stress; how-

ever, few mechanisms have been studied at the protein modification level. Balchin et al. revealed that S-nitrosylation of Cys47 and Cys101

Table 1. PRM validation results in lactylated proteomic analysis

Protein Accession Protein Name Position FDM/NC Ratio (PRM) FDM/NC Ratio (4D-LFQ)

A9QUC5 FABP5 K61 1.47 10.17

A0A286XB17 PEA15 K98 1.20 1.53

A0A286XU57 CFL1 K44 1.26 1.66

A0A286XVH5 PURB K115 1.08 1.47

A4L9L4 SAG K21 2.04 2.46

B5AN23 GAPDH K143 1.21 2.80

H0V2B3 EEF1A1 K439 2.66 1.40

H0VU24 THRAP3 K557 1.09 1.45

H0W9D3 GSTP1 K111 1.21 1.67

A0A286XZ92 ATP5PD K63 1.07 1.44

H0UTZ2 MACROH2A1 K303 1.36 1.80

H0UVC5 VIM K418 1.47 1.79

H0VBD5 FSCN1 K74 1.25 1.81

H0VYI8 AIP K112 1.04 1.38

H0W0E9 HNRNPF K224 1.20 1.43

P16413 GSTM1 K82 1.85 1.55

A0A286XYN2 MDH1 K205 1.44 1.77

A0A286XRU5 PGK1 K30 1.48 1.64

A9YWS9 ENO1 K92 1.68 1.34

Note: PRM, parallel reaction monitoring; 4D-LFQ, 4 dimensions label-free quantitation.
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Figure 9. Lactylated enzymes involved in metabolism-related pathways

Proteins marked by red circles are the lactated modifications identified in this study. The green circles mark the acetylation-modified proteins identified in the

team’s previous studies. Fonts highlighted in red indicate substances for which increased protein expression or activity was detected in this study.
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reduced the enzymatic activity of GSTP1 by 94% and destabilized the structural domain of GSTP1.75 In the present study, we found for the first

time that the Kla levels of GSTP1_K111 and GSTM1_K82 were significantly increased in the FDM retinas. However, the effects of lactylation

modifications on the activity, structure, stability, and kinetics of these enzymes need to be further investigated to confirm whether they are

involved in the progression of myopia by affecting the level of oxidative stress in the myopic retina.

Limitations of the study

The present study has certain limitations. It was limited to the myopic guinea pig retina, and the underlying biological mechanisms by which

multiple Kla proteins affect myopia progression have not been thoroughly investigated. Future studies are needed to link retina-choroid-

sclera Kla crosstalk to further validate the effects of Kla on protein function and the progression of myopia.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hongsheng Bi

(hongshengbi1@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The lactylome data have been deposited in the ProteomeXchange dataset (PRIDE) under the accession number PXD046495.
� This paper does not report the original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and experimental design

Sixty healthy 2-week-old male pigmented guinea pigs (Cavia porcellus, 110–120 g) were purchased from Henan Kangda Laboratory Animal

Ltd. andmaintained at the Animal Experimental Center of the Affiliated Eye Hospital of ShandongUniversity of Traditional ChineseMedicine.

All animals were randomly assigned to either the 2-week monocular FDM group or the 2-week NC group (30 animals per group). Fresh veg-

etables and water were freely available. The animal room was exposed to a 12 h light/dark cycle. The light illumination in the cages was

approximately 350 lux. No eyes in the NC group received treatment. In the monocular FDM group, the 3D-printed hoods used for the animal

experiments were modified by a latex balloon with 60% light transmission that covered the guinea pigs’ right eye, leaving the left eye, nose,

mouth, and ears exposed (Figure 1C).37 Hoods were checked and repositioned daily for completeness and cleanliness, and replaced imme-

diately with new hoods of appropriate size, if necessary.

This study was approved by the Animal Care and Ethics Committee of the Affiliated Eye Hospital of Shandong University of Traditional

Chinese Medicine, Jinan, China. All procedures were performed in accordance with the Association for Research in Vision and the Ophthal-

mology Statement for the Use of Animals in Ophthalmic and Vision Research.

METHOD DETAILS

Biological measurements

Refraction and AL measurements were taken at the beginning and end of the treatment period, as described previously.37 Biometric mea-

surements were performed by a research optometrist who was blinded to the treatment group assignment, with the help of an animal care

assistant. Briefly, one drop of compound tropicamide phenylephrine eye drops (Santen, Japan) was injected into the conjunctival sac of

guinea pigs every 5min for three consecutive times, and then theywere left for 30min in a dark room. The optometristmeasured the refraction

of the guinea pigs in a dark room using a streak retinoscope (YZ24; 66 Vision Technology Co., Ltd., China). The average of the vertical and

horizontal meridians was used as the equivalent refraction, and the average of the three measurements was calculated.

The AL was measured using A-scan ultrasonography (Cinescan, Quantel Medical, France), with instrument parameters adjusted for the

guinea pigs. The conducting velocities of the anterior chamber, lens, and vitreous chambers were 1557, 1723, and 1540 m/s, respectively.76

Local anesthesia of the ocular surface was performed using oxybuprocaine hydrochloride (Santen, Japan). The final AL values were obtained

from the mean of 10 replicate measurements. The hoods of the guinea pigs in the FDM group were removed and cleaned before each mea-

surement and put back on immediately after completion of the measurement.

Continued
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Sample collection and digital capillary western blotting

After form deprivation for two weeks, all guinea pigs were euthanized by intraperitoneal injection of an overdose of pentobarbital sodium

solution (100 mg/kg). The form-deprived eye in the FDM group and the right eye in the NC group were removed. As shown in Figure 1C,

the peripapillary blood vessels and muscles were first clipped, and the eyeball was sheared circularly along the corneoscleral limbus

1 mm below the limbus. The anterior part of the eye and the vitreous body were discarded, and the neurosensory layer of the retina, which

contained almost no retinal pigment epithelial layer, was carefully separated. The retinas were then frozen in liquid nitrogen and stored at

�80�C until use.

The protein expression levels of GLUT1, HK2, PFKFB3, PKM, LDHA, and b-actin were assayed using a ProteinSimple Abby capillary western

blotting analyzer (ProteinSimple, CA, USA). Three retinas per group were randomly selected for protein extraction, and amixture of RIPA lysis

buffer and PMSF protease inhibitor was added to each tissue at a ratio of 10 mg: 100 mL. The tissues were then thoroughly ground at 4�C, and
the supernatants were collected after centrifugation at 8000 rpm for 5 min, and the protein concentration was measured using a BCA protein

assay kit (Beyotime Bio, Shanghai, China). Each sample was dissolved in PBS (1X) solution to a final up-sampling concentration of 2 mg/mL.

Western blotting was performed using the Abby system, according to the manufacturer’s protocol. Primary antibodies were GLUT1

(1:150; 21829-1-AP, Proteintech Bio, Wuhan, China), HK2 (1:35; A20829, ABclonal, Wuhan, China), PFKFB3 (1:50; 13763-2-AP, Proteintech

Bio, Wuhan, China), PKM (1:50; 10078- 2-AP, Proteintech Bio, Wuhan, China), LDHA (1:50; 21799-2-AP, Proteintech Bio, Wuhan, China),

and b-actin (1:50; PTM-5018, PTM Bio, Hangzhou, China). The bands were quantitatively analyzed using Compass software (v6.1.0).

LDH activity and lactate content assay

Five and six randomly selected retinas from each group were assessed for LDH activity and lactate production, respectively. Briefly, the cor-

responding tissue extract was added to the retinal tissue, which was ground, and the supernatant was collected after centrifugation. LDH

activity and lactate content were measured using an LDH activity assay kit (BC0685, Solarbio, Beijing, China) and a lactate assay kit

(BC2235, Solarbio, Beijing, China), respectively, and the corresponding optical densities weremeasured at 450 nm (LDH) and 570 nm (lactate)

using an enzyme-linked immunosorbent assay reader according to the manufacturer’s instructions. Finally, the LDH activity and lactate con-

tent were calculated according to the manufacturer’s instructions.

Retinal immunofluorescence

Three eyes from each groupwere examined for immunofluorescence staining. The eyes were placed on an ice box immediately after removal.

We operated under a microscope using ophthalmic surgical scissors and forceps. After carefully lifting and stripping the blood vessels and

muscle tissue around the eyeball, the eyeball was quickly immersed in a 4�C FAS eyeball fixative (Servicebio, Wuhan, China) for more than

24 h. Subsequently, the eyes were paraffin-embedded and cut into 5-mm-thick slices, which were allowed to dry and then deparaffinized

in an oven at 65�C for 60 min. Tissue sections were immersed in xylene three times (7 min each), twice in 100% ethanol (5 min each), sequen-

tially in a graded ethanol solution for 5 min each (95%, 85%, 75%, and 50%), and finally in ultrapure water for 5 min. Proteinase K antigen repair

solution (Sparkjade, Shandong, China) was added dropwise to the tissue sections, and antigen repair was carried out at 37�C for 30 min in the

oven, naturally cooled to room temperature, and washed with PBS three times for 5 min each. Endogenous peroxidase sealing solution

(Sparkjade, Shandong, China) was addeddropwise to the sections, whichwere closed at room temperature for 10min to remove endogenous

peroxidase and washed again. Sections were blocked with goat serum sealer for 30 min in a 37�C oven and incubated overnight at 4�C with

anti-lactyl-lysine antibody (1:50; PTM-1401RM, PTMBio). After washing three times with PBS, the sections were incubated with Alexa Fluor 488

goat anti-rabbit secondary antibody for 1 h at room temperature. After washing three more times, the retina was sealed with DAPI. Images

were captured using a Leica DM IL LED fluorescent invertedmicroscope at 2003magnification. The mean optical density values of the retina

were measured using the ImageJ software.

Western blotting for mass spectrometry analysis

Six retinal tissues from each group were used for protein extraction. The extraction procedure was consistent with our previously described

method.37 Each well was supersampled with 15 mg of protein lysate, and the electrophoresis buffer enabled the bands to be separated and

transferred to a polyvinylidene difluoride membrane. Membranes were blocked with 5% skim milk for 1 h at room temperature, followed by

overnight incubation at 4�C in anti-lactyl-lysine antibody (1:300; PTM-1401RM, PTM Bio). The next day, the membranes were washed three

times (10 min each) with TBST and incubated with horseradish peroxidase-conjugated secondary antibody (1:10,000; 31460, Thermo) for

2 h at 4�C. The membranes were washed with TBST three times (10 min per wash). Protein bands were visualized using an ECL chemilumi-

nescence kit (WBKLS0500; Millipore).

Trypsin digestion and enrichment

The total retinal protein extraction method was the same as previously described. When digesting, 20% trichloroacetic acid was added to the

protein solution, vortexed andmixedwell, and precipitated at 4�C for 2 h. Centrifuged at 4,500 g for 5min, the supernatant was discarded and

the precipitate was washed three times with pre-cooled acetone. After the precipitate dried, tetraethylammonium bromide was added at a

final concentration of 200 mM and dispersed by ultrasonication. The first digestion was performed overnight by adding trypsin at a 1:50
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trypsin-to-protein volume ratio. The samples were reducedwith 5mMdithiothreitol at 56�C for 30min. Finally, iodoacetamidewas added to a

final concentration of 11 mM and incubated for 15 min at room temperature in the dark.

The enrichmentmethod for the lysine lactylation-modified peptides was consistent with that described by Yang et al.77 Briefly, tryptic pep-

tides dissolved in IP buffer were incubated with prewashed antibody beads overnight at 4�C with gentle shaking. The antibody beads were

washed, and the bound peptides were eluted with 0.1% trifluoroacetic acid. Finally, the eluate was collected, vacuum-freeze-dried, and de-

salted according to the C18 Zip Tips (Millipore) instructions for LC-MS/MS analysis.

LC-MS/MS analysis

The peptides were dissolved in liquid chromatography fluid phase A (0.1% formic acid and 2% acetonitrile) and separated using a NanoElute

ultra-high-performance liquid chromatography system (Bruker Daltonics). Subsequently, in fluid phase B containing 0.1% formic acid and

100% acetonitrile solution, the peptides were separated in a gradient from 6% to 22% in 42 min, 22%–30% in 12 min, and 22%–80% in

3 min at a constant flow rate of 450 nL/min and held at 80% for the last 3 min.

The peptides were injected into a capillary ion source for ionization and analyzed using a TimsTOF Promass spectrometer. The ion source

voltage was set at 1.5 kV. Both the peptide parent ion and its secondary fragments were analyzed using a TOF detector with a secondarymass

spectrometry scan range of 100 to 1,700 m/z. The parallel-accumulated serial fragmentation mode was used for data acquisition. Each cycle

involved ten parallel-accumulated serial fragmentation primary mass spectra acquisitions and secondary mass spectra with parent ion

charges within the 0–5 range were selected. The dynamic exclusion time was set at 24 s to avoid repeated scans of the parent ions.

The targeting PRM analysis

Total protein extraction, trypsin digestion, and peptide enrichment were performed as described previously. The peptides were separated

using an EASY-nLC 1200 ultra-high-performance liquid chromatography system after being dissolved in liquid chromatography fluid phase A.

Liquid phase Bwas an aqueous solution containing 0.1% formic acid and 90% acetonitrile. The liquid phase gradientwas set: 0–36min, 9–25%;

36–54 min, 25–35%; 54–57 min, 35–80%; and 57–60 min, 80%, with the flow rate maintained at 500 nL/min. The peptides were injected into an

ion source for ionization and analyzed using a Q Exactive HF-X mass spectrometer. The ion source voltage was set to 2.1 kV, and both the

peptide parent ion and its secondary fragments were detected and analyzed using anOrbitrap. Using the PRMmode, the primarymass spec-

trometer was scanned over the 500–1,050 m/z range with a scanning resolution of 1,200,000. The resolution of the secondary MS scan was set

at 15,000. A data-independent scan was used for the data acquisitionmode, and the HCD collision energy was set at 28%. The automatic gain

controls for the MS were set at 3E6 and 1E5. The maximum injection times for the ions were set at 50 ms and 220 ms, and the separation

window was set at 1.4 m/z.

TheMS results were analyzed using Skyline (v.21.1). Trypsin [KR/P] was chosen as the proteinase, the number of maximummissed cut sites

was selected as four, and the peptide lengthwas selected as 7–25 amino acid residues. Cysteine alkylationwas set as a fixedmodification, and

lysine lactylation was set as a variablemodification. The precursor ion charges were selected as two and three, the ion chargewas one, and the

ion types were b and y. The fragment ions were selected from the third to the last, and the mass error tolerance for ion matching was set at

0.02 Da.

Bioinformatics analysis

Raw data were processed using MaxQuant and the integrated Andromeda search engine (v.1.5.2.8), as described by Meng et al.41 The sub-

cellular localization of DLPs was predicted usingWolf Psort (v.3.0) software. Motif-x software was used to analyze sequencemodels consisting

of 10 amino acids upstream and downstream of the Kla site for all protein sequences. GO functional annotation was performed using the

EggNOG database. The KEGG database was used to annotate protein pathways. GO and KEGG enrichment significance analysis of DLPs

was performed using Fisher’s exact test (with identified proteins as background), and a p-value <0.05 was considered significant. The

STRING database (v.11.5) was used to construct the PPI network, and Cytoscape (v.3.9.1) software was used to visualize the network.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data are expressed as meanG standard deviation. The differences between groups were assessed using an independent two-

sample t-test, with p < 0.05 being statistically significant, and p < 0.01 being highly significant. Statistical analyses were performed using IBM

SPSS Statistics for Windows, version 25.0. GraphPad Prism 8 software was used to draw bar, box, and pie plots.
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