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Melatonin alleviates high-fat-diet-induced dry eye
by regulating macrophage polarization via IFT27
and lowering ERK/JNK phosphorylation

Yuying Cai,1,3 Xin Zhang,1,3 Chuanxi Yang,2 Yaping Jiang,1,* and Yihui Chen1,4,*
SUMMARY

Dry eye disease is themost common ocular surface disease globally, requiring amore effective treatment.
We observed that a high-fat diet induced macrophage polarization to M1 and further induced inflamma-
tion in the meibomian and lacrimal glands. A four-week treatment with melatonin (MLT) eye drops can
regulate macrophage polarization and alleviate dry eye signs. To investigate the therapeutic effects
and mechanisms of action of MLT on high-fat-diet-induced dry eye disease in mice, RAW 264.7 cells pre-
treated with LPS and/or MLT underwent digital RNA with the perturbation of genes sequencing (DRUG-
seq). Results showed that IFT27 was up-regulated, and MAPK pathways were suppressed after MLT pre-
treatment. ERK/JNK phosphorylation was reduced in meibomian glands of MLT-treated dry eye mice and
increased in IFT27 knockdown RAW 264.7 cells. In summary, MLT regulated macrophage polarization via
IFT27 and reduced ERK/JNK phosphorylation. These results support that MLT is a promising medication
for dry eye disease.

INTRODUCTION

Dry eye disease (DED) is the most prevalent ocular surface disease globally.1,2 The ocular surface microenvironment (OSM) consists of the

cornea, conjunctiva, meibomian glands (MGs), lacrimal glands (LGs), neural networks, specific cells, matrices, small molecules, and micro-

biome collaborate.3 MG and LG secretions are the main components of the aqueous and lipid layers of the tear film and help to maintain

clear optical surfaces, protect the eye from microorganisms, and sustain homeostasis.4–6 MG dysfunction (MGD) is the most common cause

of lipid deficiency DED.7 It is usually characterized by the obstruction of the terminal ducts or abnormalities in the substance or amount of

secretion by the glands.8,9 Hyperlipidemia is a risk factor for MGD.10,11 The severity of MGD increases with the elevation of serum triglyceride

and low-density lipoprotein levels.12,13 In addition, metabolic diseases such as obesity and hyperlipidemia expose organisms to persistent

chronic inflammation,14 and proinflammatory cytokines can induce apoptosis.15,16 Mice on a high-fat diet (HFD) exhibit lipid accumulation

in MGs, which exacerbates MGD by potentially causing MG cell apoptosis and dysregulating MG physiological functions.17

Several types of immune cells are involved in the pathogenesis of dry eye disease and are rapidly recruited at the site of injury.18 Macro-

phages are detected in large numbers in specimens from patients with dry eye disease and play an important role in the development and

dissipation of inflammation.19,20 Classically activated M1 macrophages and alternatively activated M2 macrophages are the two most typical

phenotypes.21 M1 macrophages induced by bacterial lipopolysaccharide (LPS) produce proinflammatory cytokines such as interleukin (IL)-6,

IL-1b, tumor necrosis factor a (TNF-a), and inducible nitrogen oxide synthase (iNOS). Conversely, IL-4-induced M2 macrophages produce a

variety of anti-inflammatory cytokines, including arginase-1 (Arg-1) and IL-10.22,23 In this study, we found that macrophages are abnormally

polarized in the development of dry eye disease; therefore, themodulation of this polarization is a potential treatment strategy. Furthermore,

the mitogen-activated protein kinase (MAPK) pathway plays an important role in intracellular signal transduction in eukaryotic cells and is

involved in the regulation of cell differentiation, proliferation, division, and apoptosis.24 Among the MAPK pathways, the transduction

pathway was identified first, which is divided into extracellular signal-regulated kinase 1 (ERK1) and ERK2.25–27 The MAPK signaling pathway

promotes the transcription of various inflammatory genes, including genes encoding TNF-a, IL-1b, and COX-2 enzymes, and the activation of

transcription factor NF-kB.28,29 When TNF-a binds to its receptor, the MAPK and NF-kB signaling pathways are activated. This results in the

amplification of the inflammatory response, worsening tissue damage.30

Melatonin (MLT) is a methoxyindole synthesized and secreted principally by the pineal gland at night under normal light/dark condi-

tions.31–33 MLT also has strong anti-inflammatory and antioxidant properties and its role in various ophthalmic diseases, including ocular

surface disorders, such as DED and MGD, is currently being investigated.10,34,35 MLT was found to attenuate lipopolysaccharide-induced
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Figure 1. HFD-induced obesity and dyslipidemia, as well as MGD in C57BL/6 mice

HFD mice had larger body size (A) and significant weight gain (B), with total cholesterol level rise in serum (C), MGs (D), and LGs (E). Representative slit-lamp

images showed HFD mice exhibited the obstruction of MGs’ opening (F, red arrows), depigmentation in lid margins (G), and milky-fluid secretion (H). Tear

secretion (I) and tear film rupture time (J) were both significantly decreased in HFD mice. Data are presented as mean G SD; n = 6 per group. A Mann–

Whitney U test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. HFD, high-fat diet; NFD, normal-fat diet; LG, lacrimal

gland; MG meibomian gland; w, weeks.
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pro-inflammatory responses, adipogenesis, apoptosis, and autophagy in humanMG epithelial cells, suggesting a potential protective role of

MLT in MGD.36

However, the effects andmechanisms of MLT onMGs and LGs remain unclear. This study aimed to investigate the therapeutic effects and

mechanisms of action of MLT on high-fat-diet-induced dry eye disease in mice. To the best of our knowledge, this is the first study to validate

the effect of MLT on the OSM in an animal model and to drive its translational application to clinical practice.
RESULTS

High-fat diet -induced establishment of a mouse model of dry eye disease

After 4 months of HFD feeding, the mice showed significant changes in body size and weight (Figures 1A and 1B), and the serum total choles-

terol level increased (Figure 1C), comparedwith that of their age-matched counterparts after normal-fat diet (NFD) feeding. TheMGs and LGs

showed significant lipid infiltration (Figures 1D and 1E), suggesting that HFD is an effectivemethod formodeling hyperlipidemia.MGdropout

and opening obstruction are important signs of MGD.37 The degree of MG opening obstruction in mice progressively worsened as the dura-

tion of HFD feeding increased (Figure 1F). After 4months of HFD feeding, the lidmargins showedmarked depigmentation (Figure 1G). More-

over, the meibum of hyperlipidemic mice appeared milk-like and thick in texture (Figure 1H). A significant decrease in tear secretion was

observed after 8 weeks of HFD feeding (Figure 1I), indicating that LG function was damaged at this time. The TBUT decreased after 16 weeks

of HFD administration (Figure 1J), indicating a reduction in tear stability. These results suggest that the high-fat diet intervention successfully

established a mouse model of dry eye disease.
Melatonin alleviates dry eye signs of hyperlipidemic mice

WhenMLT concentrations ofR10�5M were administered, the mice showed an improvement in the blockage of the MG opening, compared

with that of the HFD group (Figure 2A). Similarly, MLT concentrations of R10�5M increased tear production (Figure 2B) and enhanced tear

film stability (Figure 2C). Hematoxylin and eosin staining revealed a large infiltration of inflammatory cells around the MG and LG follicles of

hyperlipidemic mice (Figures 2D and 2F), and the inflammatory cells were markedly reduced after 4 weeks of MLT treatment. MLT also

reversed the dilatation of MG ducts in hyperlipidemic mice (Figure 2E). Similarly, we found that hyperlipidemia increased lipid deposition

in the LGs of mice; however, MLT administration was ineffective in this situation (Figure 2G). These findings suggest that MLT may have

an effect on high-fat-diet-induced dry eye disease.
Melatonin attenuates high-fat diet-induced inflammation of the ocular surface microenvironment

Considering that inflammatory factors play an important role in dry eye disease, we first tested the changes in inflammation-related

indicators.38 mRNA was extracted from MGs and reverse-transcribed for RT-qPCR. Primer sequences are shown in Table 1. MLT effec-

tively reduced the upregulation of inflammatory factors caused by hyperlipidemia (Figures 3A–3C). Immunofluorescence staining was

performed on MG and LG sections. Hyperlipidemia caused significant upregulation of IL-1b, IL-6, and TNF-a in tissue, and MLT dimin-

ished the expression of these inflammatory factors (Figures 3D–3F). F4/80 is a marker of macrophages. We observed that MLT reversed

the macrophage aggregation between vesicles caused by hyperlipidemia in MGs. However, MLT did not appear to have such a positive

effect on the LGs (Figure 3G). DHE staining allowed for the observation of intracellular ROS. MLT also reduced oxidative stress in the

MGs and LGs (Figure 3H). These results suggest that the effect of MLT on the progression of dry eye disease may be related to the

inhibition of inflammatory factor release.
IFT27 levels were increased after melatonin administration

To further clarify the molecular mechanisms that regulate dry eye, we used drug sequencing to set up MLT intervention experiments with

different concentrations and to detect mRNA expression. We used a short time-series expression miner (STEM) to analyze the differences

in the cellular expression of genes between LPS-induced RAW 264.7 cells with or without MLT administration (Figure 4). The heatmap of

gene expression between the groups is shown in Figure 5A. As a significant therapeutic effect was observed in the MLT10�3M group, we

further investigated the results of the volcano plot of the MLT10�3M group, which showed a significant up-regulation of IFT27. The KEGG

results showed that intermolecular interactions played an important role in this process. To investigate the relationship between MLT and

IFT27, we further analyzed the fit of the molecules using the docking model, for example, the vina score was �7 and the cavity size was

1839 (Figures 5B–5E). Finally, we examined IFT27 expression in animal experiments, and the results showed that IFT27 expression was signif-

icantly increased with MLT concentrations of 10�3M and 10�4M compared with that in the HFD group, with concentration gradients set in a
iScience 27, 110367, July 19, 2024 3
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Figure 2. MLT alleviated dry eye signs of hyperlipidaemic mice

Representative slit-lamp images showed MLT alleviates the obstruction of MGs openings (red arrows) in HFD mice after 4 weeks of treatment (A). MLT at

concentrations above 10�5M improved tear secretion (B) and tear film rupture time (C). Representative hematoxylin and eosin staining exhibited MLT

relieved the aggregation of inflammatory cells (yellow arrows) in the MG (D) and LG (F) induced by HFD. Oil Red O staining showed lipid deposition in LG

(G), and MLT attenuated lipid deposition and duct dilation (yellow star) in MG (E). Data are shown as mean G SD; n = 6 per group. A one-way ANOVA test

was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars: 100 mm (D, F), 200 mm (E, G). HFD, high-fat diet; NFD, normal-

fat diet; LG, lacrimal gland; MG meibomian gland; MLT, melatonin.
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concentration-dependent manner (Figures 5F and 5G). These results suggest that IFT27 was significantly up-regulated in the eyelid gland

tissues after MLT treatment.

Melatonin decreased M1 macrophages and increased M2 macrophages in dry-eye mice

To investigate the effect of MLT on macrophage regulation in the MG tissues of dry eye disease, we used western blotting (WB) and immu-

nofluorescence to detect the expression ofM1 andM2macrophage-relatedgenes, such as TNF-a, iNOS, CD206, andArg-1 in theMG tissues.

Expression of iNOS and TNF-a was significantly increased in mice undergoing HFD treatment; however, this trend reversed after the use of

MLT (Figures 6A–6C). Notably, with MLT 10�4 M intervention relative to MLT 10�3 M, there was a significant increase in TNF-a levels. Mean-

while, high-fat-diet intervention significantly increased the expression of CD86, and decreased the expression of CD206 andArg-1, and; inter-

vention with MLT 10�3M further reversed this trend. However, intervention with MLT10�4 M decreased the expression of CD206 (Figure 6E).

These data suggest that MLT intervention reduces dry eye progression by decreasing lid pro-inflammatory M1 macrophages and increasing

anti-inflammatory M2 macrophages.

Knockdown of IFT27 activates the lipopolysaccharide-induced polarization of M1 macrophages in an in vitro assay

To further validate that MLT can inhibit M1macrophage polarization via IFT27, we compared lentivirally transfectedmacrophages from IFT27,

with control lentiviral vectors, and then stimulated themwith LPS.WB confirmed the efficiency of the transfection, and LPS stimulation resulted

in the macrophage M1-type polarization and induction of pro-inflammatory cytokines such as IL-1b, TNF-a, IL-6, and iNOS expression (Fig-

ure 7 A–D). In our study, the knockdown of IFT27 was found to increase LPS-induced inflammatory cytokine production. The results ofWB also

suggested that the inhibition of IFT27 expression significantly increased the protein levels of iNOS and TNF-a (Figure 7E). Meanwhile, the

inhibition of IFT27 significantly increased JNK and ERK phosphorylation (Figure 7E). These data suggest that IFT27 knockdown may activate

M1 macrophage polarization.

Knockdown of IFT27 inhibits the interleukin-4-induced polarization of M2 macrophages in an in vitro assay

To investigate the effect of MLT on macrophage M2 polarization via IFT27, we first transfected RAW 264.7 cells with lentivirus expressing

IFT27 to inhibit the expression of IFT27, and then induced macrophages to reach M2 polarization with 20 ng/mL IL-4. RT-qPCR analysis

similarly showed that the knockdown of IFT27 in macrophages inhibited IL-4-induced expression of CD206 and IL-10 (Figures 8A and

8B). These data suggest that knockdown of IFT27 decreased macrophage sensitivity to IL-4, which in turn inhibited M2 macrophage

polarization.

Extracellular signal-regulated kinase 1 and c-Jun N-terminal kinase are also involved in the regulation of dry eye disease by

melatonin

Digital RNA with the perturbation of genes sequencing (DRUG-seq) was performed to investigate the potential anti-inflammatory and anti-

apoptotic effects of MLT. Following Kyoto Encyclopedia of Genes and Genomes (KEGG), gene ontology (GO), Reactome (REAC), and

WikiPathways (WP), we found that differential genes were enriched in pathways including the JNK and ERK signaling pathways for

each cluster (Figure 4). Immunofluorescence results suggest that MLT intervention significantly inhibited high-fat-diet-induced ERK and

JNK phosphorylation (Figure 8C). For validation, we performed protein assays in mouse MGs and found that HFD led to an increase in

ERK and JNK phosphorylation, whereas MLT decreased this indicator (Figures 8D and 8E). SENI, which was demonstrated to be an acti-

vator of ERK, and ANI, which was an activator of JNK, were used to further validate the role of MLT in the regulation of ERK and JNK

phosphorylation. The results suggest that SENI and ANI upregulated ERK and JNK phosphorylation, which was suppressed by MLT. More-

over, after ERK/JNK agonist pretreatment, MLT’s negative regulation of inflammatory factors was reversed (Figures S2B and S2C). MLT’s

up-regulation of IL-4 (a promoter for M2 macrophage polarization) was also diminished by ERK/JNK activation (Figure S2A).

DISCUSSION

In this study, we confirmed the existence of an association between hyperlipidemia and MG/LG dysfunction. We identified the therapeutic

effect of MLT eye drops on dry eye disease and further determined that the effect was achieved by regulating macrophage polarization via

IFT27 and reducing ERK/JNK phosphorylation.

Patients with hyperlipidemia are more likely to experience dry eyes,39–41 and MGD, the main cause of evaporative dry eye, is more

closely related to hyperlipidemia.42 Both ApoE-knockout mice and HFD-fed mice can exhibit hypercholesterolemia. ApoE knockout

mice exhibited MGD phenotypes, including MG shedding, ductal dilatation, and orifice occlusion, and abnormal MG follicle
iScience 27, 110367, July 19, 2024 5



Table 1. RT-qPCR primers

Gene Forward (50-30) Reverse (30-50)

b-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

TNF-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

IL-1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IFN-g ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC

IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

IFT27 CTGGTGCAGATGTTCCGCA GTGTCAAGAACTGGCACTGTC

iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC

CD206 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC

Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC

CD86 TGTTTCCGTGGAGACGCAAG TTGAGCCTTTGTAAATGGGCA

IFN, interferon; IL, interleukin; TNF, tumor necrosis factor; IFT, intraflagellar transport; iNOS, inducible nitric oxide synthase; Arg, arginase.
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morphology.43 HFD-fed mice exhibited an increased MG area and a greater variety of saturated lipids.23 Both mice models exhibited

inflammation in the MGs and the surrounding environment, as evidenced by the infiltration of inflammatory cells and factors. Inflamma-

tion may contribute further to apoptosis of MG cells.43–45 This finding is comparable to those in our experimental results. HFD caused

immune cell infiltration of the LG and increased levels of gene expression of inflammation-related cytokines.17 This relationship may

prevent tear production by destroying alveolar cells and blocking the ducts. However, whether inflammation in the OSM is a primary

or subsequent reaction to systemic inflammation caused by an HFD remains unclear. Nevertheless, inflammation is clearly the main

trigger of dry eye.

Macrophages are key cells of the innate immune system. Classically activated M1 cells are involved in the initiation and maintenance

of inflammation, whereas alternatively activated M2 cells are associated with the abrogation of inflammation.46 Inflammation linked to

an HFD is marked by the accumulation of macrophages in tissues such as fat, liver, or muscle which leads to an increase in pro-inflam-

matory cytokines.47 In our study, we found that macrophages with increased M1 polarization and decreased M2 polarization are

usually observed in the meibomian glands of mice with dry eye disease, and that an imbalance between M1 and M2 is associated

with disease progression. Injection of ex vivo-derived M2 macrophages significantly reduced the progression of ophthalmopathy in

mice.48,49 Similarly, the effective modulation of macrophage polarization in vivo may be an effective strategy against retinal degener-

ation.50 In this study, we also observed that cytokines were converted from M1-associated cytokines to M2-associated cytokines after

MLT treatment.

We found that MLT inhibited the LPS-induced pro-inflammatory cytokine response in RAW 264.7 cells and promoted the secretion of anti-

inflammatory factors. MLT affects macrophage function by impacting macrophage development,51 and modulating macrophage polariza-

tion. Notably, MLT affects the macrophage phenotype by reducing M1 macrophage function and promoting M2 macrophage function.52

MLT plays a key anti-inflammatory role in diabetic wound healing by increasing the M2/M1 ratio and promoting a faster transition from

the inflammatory phase to the tissue regeneration phase.53 Furthermore, MLT can enhance TET-mediated DNA demethylation and raise

the M2/M1 ratio via transferring exosomal aKG to macrophages, which alleviates adipocyte inflammation.54 Therefore, MLT may be used

for the prevention and treatment of obesity-induced systemic inflammatory diseases.54 In addition, MLT exhibits potent antioxidative effects.

Excess ROS produced by oxidation leads to inflammatory tissue damage and activates the expression of inflammatory cytokines.55 In our

study, hyperlipidemic mice exhibited increased levels of ROS in MG and LG tissues, which may be associated with lipid deposition in the al-

veoli.56,57 In contrast, oxidative stress activates inflammation, which in turn induces the apoptosis of alveolar cells,58,59 resulting in OSM

dysfunction. However, MLT activated antioxidative stress and increased anti-apoptotic protein. MLT is a potent endogenous ROS scav-

enger.60 MLT can reduce excess ROS production and maintain mitochondrial function.61 Intraperitoneal injection of MLT protects the

corneal61 and retinal pigment epithelial cells.58 Therefore, we hypothesized thatMLT reduces inflammation inOSM caused by high lipid levels

by modulating macrophage polarization and scavenging excess ROS.

STEM analysis of the sequencing results showed that the differential genes were enriched in the MAPK cascade. Notably, IFT27 also

increased significantly after treatment with MLT. IFT27, encoding a small GTPase component of IFT particles, is mutated in a consan-

guineous family with Bardet-Biedl syndrome.62 IFT particles are composed of more than 20 unique proteins in 2 subcomplexes called

IFT-A and IFT-B.63 IFT particles are thought to serve as cargo adapters that connect proteins needed to build cilia to molecular motors

so that ciliary structural components can be assembled from the cell body into the cilium.64,65 The IFT27 knockout mice exhibited weak-

ened hedgehog signaling and dysfunctional hedgehog signaling was observed in both the embryo and in fibroblasts derived from the

animals.66 In the present study, we analyzed the relationship between IFT27 and macrophage polarization for the first time, and pro-

vided crucial insights for the future regulation of macrophage polarization through the modulation of IFT27 to improve the progression

of dry eye disease.
6 iScience 27, 110367, July 19, 2024



Figure 3. MLT attenuated HFD-induced inflammation of the ocular surface microenvironment

mRNA levels of TNF-a (A), IL-1b (B), and IFN-g (C) disclosed significant downregulation inMGs after MLT treatment compared to HFDmice. MLT decreased IL-1b

(D), IL-6 (E), and TNF-a (F) immunofluorescence staining in both MG and LG of HFDmice. F4/80 positive cells characterizedmacrophages in MG and LG (G). MLT

reduced reactive oxygen species levels in MG and LG detected by dihydroethidium staining (H). Data are shown as mean G SD; n = 3 per group. A one-way

ANOVA test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars: 50 mm. HFD, high-fat diet; NFD, normal-fat diet;

LG, lacrimal gland; MG meibomian gland; MLT, melatonin; TNF, tumor necrosis factor; IL, interleukin; IFN, interferon.
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The ERK pathway is the classical pathway for MAPK signaling. In addition to ERK1/2, there are two further members of the MAPK family,

c-Jun N-terminal kinase (JNK) and p38 kinase, which have been reported to play a major role in promoting apoptosis.67–70 Previous studies

have found that the activation of the JNK and ERK pathways regulates IL-8 expression and promotes macrophage recruitment.71 Further-

more, JNK/P38/ERK phosphorylation in the MAPK signaling pathway affects macrophage apoptosis.72 Zhou et al. also found that b-Elemene

regulatedM1-M2macrophagebalance through the ERK/JNK/P38MAPK signaling pathway.73 Considering the relationship betweenERK and

JNK signaling pathways and macrophages, we further investigated the expression of ERK and JNK.74,75 As the ERK/JNK pathway plays an

important role in the regulation of for regulating HFD-induced inflammation,76 which was also confirmed in our study, we hypothesized

that MLT functions on HFD-induced dry eye via ERK/JNK. MLT inhibits chondrocyte apoptosis and attenuates inflammatory responses via

the MAPK signaling pathway.77 The protein expression of p38 MAPK is significantly downregulated in diabetes mellitus after MLT treatment,

which ultimately exerts a protective effect on the inner blood-retinal barrier.78 LPS triggered TLR4-mediated pro-inflammatory cytokine
iScience 27, 110367, July 19, 2024 7
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Figure 4. MLT suppressed MAPK pathway according to DRUG-seq

Differential genes were found to be enriched in pathways such as the Toll-like receptor signaling pathway, nuclear factor-k, andMAPKpathway for each cluster via

Kyoto Encyclopedia of Genes and Genomes, Gene Ontology. Reactome, and WikiPathways analysis. DRUG-seq, Digital RNA with the perturbation of genes;

MAPK; mitogen-activated protein kinase; MLT, melatonin.
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responses and promoted adipogenesis in LPS-stimulated human MG epithelial cells, and MLT pretreatment inhibits the phosphorylation of

MAPK/NF-kB components and exerts anti-inflammatory effects.36 Therefore, MLT treatment for MGD at the cytosolic level is feasible.

Comparably, we found that both LPS-treated RAW 264.7 cells and hyperlipidemic mice models demonstrated markedly increased ERK

and JNK phosphorylation. Furthermore, MLT downregulated downstream inflammatory cytokines and ROS production in the MGs and

LGs by limiting JNK and ERK phosphorylation, maintaining the health and homeostasis of OSM components.

We found that mouse MG cells expressed MT1 and MT2 receptors, and MT2 was abundantly expressed in the cytoplasm of MG cells

(Figure S3). Liu et al. found a similar pattern in human MGs.36 Whether MLT alters pro-inflammatory factor/anti-inflammatory factor produc-

tion by affecting macrophage polarization or by binding to MT1 and MT2 receptors and generating a signal cascade requires further

investigation. We also found that MLT promoted the phagocytosis of Ox-LDL by macrophages (Figure S2D), with the formation of macro-

phage-derived foam cells. This contrasts with the findings of most previous studies.36,79,80 This finding may indicate that MLT tends to induce

macrophages to differentiate into the M2 type rather than into foam cells. Additionally, the Ox-LDL content between tissues may be reduced

because of enhanced phagocytosis by macrophages, although further research is required to clarify this process.
Limitations of the study

This study examined the use of a moderate dose of MLT as therapeutic management for dry eye disease. However, further research is

required to determine the optimal drug concentration. IFT27 knockdown in RAW 264.7 cells can impact downstream ERK/JNK
Figure 5. IFT27 binded well to MLT in molecular conformation as a differential gene

(A) heatmap of gene expression among different concentrations of MLT; B, the volcano plot suggested that IFT27 is significantly increased by intervention at

MLT10�3M concentrations; C, KEGG pathway; D, Docking model between IFT27 and MLT; E, vina score and cavity size; F, G, The expression of IFT27 in HFD

and MLT treatment. Data are shown as mean G SD; n = 3 per group. A one-way ANOVA test was used for statistical analysis. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Scale bars: 50 mm. HFD, high-fat diet; NFD, normal-fat diet; MLT, melatonin; IFT, intraflagellar transport.

iScience 27, 110367, July 19, 2024 9



Figure 6. MLT decreased M1 macrophages and increased M2 macrophages in dry eye mice

(A–E) Western blot showed TNF-a, iNOS, Arg-1 and CD206 in meibomian glands after treated with MLT; F-I, Immunofluorescence results showed CD86, CD206

and Arg-1 in meibomian glands after treated with MLT. Data are shown as meanG SD; n = 3 per group. A one-way ANOVA test was used for statistical analysis.

*p< 0.05, **p < 0.01, ***p< 0.001, ****p< 0.0001. Scale bars: 50 mm. HFD, high-fat diet; NFD, normal-fat diet; MLT, melatonin; TNF, tumor necrosis factor; iNOS,

inducible nitric oxide synthase; Arg, arginase.
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phosphorylation, although this has not been verified in vivo, and the regulatory role of IFT27 onmeibomian cells needs to be identified in vitro.

Furthermore, we clarified that MLT binds to IFT27 reducing ERK/JNK phosphorylation, although the underlying mechanism of action could

not be identified. This will be the focus of our future investigations.
10 iScience 27, 110367, July 19, 2024
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Figure 7. Knockdown of IFT27 activated LPS-induced polarization of M1 macrophages in an in vitro assay

(A–D) ELISA assay revealed the changes in TNF-a, IL-1b, IL-6 and iNOS levels in macrophage supernatant; E-K, Western blot assay showed si-IFT27 treatment

activated LPS-induced polarization of M1macrophages; Data are shown as meanG SD; n = 3 per group. A one-way ANOVA test was used for statistical analysis.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars: 50 mm. MLT, melatonin; LPS, lipopolysaccharide; IFT, intraflagellar transport; TNF, tumor necrosis

factor; iNOS, inducible nitric oxide synthase; IL, interleukin; ERK, extracellular signal-regulated kinase; JNK, Jun N-terminal kinase.
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Antibodies

Anti-IL-1 antibody Abcam Cat# ab315084; RRID: AB_3105874

Anti-IL-6 antibody Abclonal Cat# A0286; RRID: AB_2757098

Anti-Tnf-a antibody Abclonal Cat# A11534; RRID: AB_2758597

Anti-F4/80 antibody Cell Signaling Technology Cat# 30325; RRID: AB_2798990

Anti-CD86 antibody Abclonal Cat# A16805; RRID: AB_2768800

Anti-CD206 antibody Cell Signaling Technology Cat# 24595; RRID: AB_2892682

Anti-Arg-1 antibody Cell Signaling Technology Cat# 93668; RRID: AB_2800207

Anti-p-ERK antibody Cell Signaling Technology Cat# 5726; RRID: AB_2797617

Anti-p-JNK antibody Cell Signaling Technology Cat# 9255; RRID: AB_2307321

594-conjugated Goat anti-Rabbit IgG (H + L) Abclonal Cat# AS074; RRID: AB_2768324

Anti-JNK antibody Cell Signaling Technology Cat# 9252; RRID: AB_2250373

Anti-p-JNK antibody Cell Signaling Technology Cat# 4668; RRID: AB_823588

Anti-ERK antibody ABclonal Cat# A4782; RRID: AB_2863347

Anti-p-ERK antibody ABclonal Cat# AP0974; RRID: AB_2863871

Anti-iNOS antibody Cell Signaling Technology Cat# 13120; RRID: AB_2687529

Anti-Tnf-a antibody Cell Signaling Technology Cat# 11948; RRID: AB_2687962

Anti-CD86 antibody ABclonal Cat# A19026; RRID: AB_2862518

Anti-IFT27 antibody MyBioSource Cat# MBS3208968; RRID: AB_3105920

Anti-GAPDH antibody Cell Signaling Technology Cat# 5174; RRID: AB_10622025

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology Cat# 7074; RRID: AB_2099233

Chemicals, peptides, and recombinant proteins

Melatonin Sigma Cat# M5250

Dimethyl sulfoxide Sigma Cat# 34943

Rodent Diet With 60 kcal% Fat Research Diets Cat# D12492

Dihydroethidium Beyotime Cat# S0063

Fetal bovine serum Sigma Cat# F8318

Penicillin-Streptomycin Gibco Cat# 15140122

Phenol red cotton threads Tianjin Jingming New Technological Development N/A

Oil Red O solution Servicebio Cat# G1015,

DAPI Vector Laboratories Cat# H-1200-10

Human DiI-Oxidised Low-Density Lipoprotein Yeasen Cat# 20609ES76

Lipopolysaccharide Sigma Cat# 0111: B4

Anisomycin Selleck Cat# S7409

Senkyunolide I Selleck Cat# S3275

IL-4 Sigma Cat# SRP3211

Reverse transcription kit TaKaRa Cat# RR036A

SYBR green master mix Yeasen Cat# 11200ES03

Phosphatase inhibitor Thermo Fisher Scientific Cat# 78420

Phenylmethanesulfonyl fluoride Beyotime Cat# ST505

ECL substrate Millipore Cat# WBULP-100ML
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Critical commercial assays

Tissue total cholesterol kit Applygen Cat# E1015

Fluid sample total cholesterol kit Applygen Cat# E1005

BCA protein quantification kit Beyotime Cat# P0012

Deposited data

Raw and analyzed data for DRUG-seq data This manuscript GEO: GSE269343

Experimental models: Cell lines

RAW 264.7 Shanghai Fuheng Biological Technology Cat# FH0328

Experimental models: Organisms/strains

C57BL/6 mice Beijing Vital River Laboratory Animal Technology N/A

Oligonucleotides

IFT27 si-RNA Genomeditech N/A

Primers for b-Actin, TNF-a, IL-1b, IFN-g, IL-4, IFT27,

iNOS, CD206, Arg-1, and CD86, see Table 1

This paper N/A

Software and algorithms

ImageJ software ImageJ RRID: SCR_003070
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Yihui Chen

(1300089@tongji.edu.cn).

Materials availability

All reagents generated in this study are accessible from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

� Sequencing data have been deposited at gene expression omnibus (GEO) and are publicly available as of the date of publication

(GEO: GSE269343).
� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and treatment

Four-week-old male C57BL/6 mice (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were split randomly into two

groups and fed either a normal-fat diet (NFD, 10 kcal% fat, n = 12) or HFD (60 kcal% fat, Research Diets, Inc., New Brunswick, NJ, USA, n = 48).

Themice were housed in ventilated cages with alternating 12 h light-dark cycles (8 AM–8 PM) at 25G 1�C and 60G 10% relative humidity. Six

mice in each group were executed at 20 weeks of age in order to verify the effect of HFD on the ocular surface.

MLT was dissolved in dimethyl sulfoxide (DMSO), and the concentrations were adjusted to 10�8 M–10�3 M (six concentration gradients)

with saline, keeping the DMSO concentration at 1%. The remaining mice (NFD n = 6, HFD n = 42; 20-week-old) were used to verify the ther-

apeutic effect of melatonin eye drops on hyperlipidemic mice. HFDmice were divided into seven subgroups including one control group and

six MLT groups (six mice in each group). Saline containing 1% DMSO was administered to the control group and NFD group. MLT at con-

centrations ranging from 10�8 M to 10�3 M. For each mouse, 2 mL of solution per eye was administered bilaterally to each mouse at 8:00,

13:00, and 18:00 daily for 4 weeks. Themice were sacrificed at 24 weeks. The ARVOStatement for the Use of Animals inOphthalmic and Vision

Research served as the guide for all animal treatments. The experimental protocol was authorized by the experimental animal ethics com-

mittee of Yangpu Hospital, Tongji University (approval number: LL-2022-WSJ-003).
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Cell culture and treatment

In an incubator set at 37�C and 5% CO2, RAW 264.7 murine macrophages (Shanghai Fuheng Biological Co., Ltd., China) were cultivated

in DMEM supplemented with 10% fetal bovine solution, 100 U/mL penicillin, and 100 mg/mL streptomycin (supplies sourced from Gibco

Life Technologies, Shanghai, China). The RAW 264.7 cells were seeded at a density of 53105 cells/well into a 6-well plate. When the cells

reached 70–80% confluency, a serum-free starvation culture was performed for 12 h. The MLT and control groups were defined as RAW

264.7 cells that had been pretreated for 30 min with varying concentrations of MLT (M5250, Sigma-Aldrich) or isochoric DMSO (34943,

Sigma-Aldrich), respectively. Next, to induce high lipid and inflammatory conditions in the cells, 100 mg/mL of Ox-LDL (Human DiI-

Oxidised Low-Density Lipoprotein, 20609ES76, Yeasen) or 10mg/mL LPS (0111: B4, Sigma-Aldrich) was introduced. An IFT27 knockout

lentivirus was constructed by Genomeditech. For lentivirus infection, macrophages (53104 cells per well in a six-well plate) were infected

with si-IFT27 or control lentivirus (MOI, 50) in DMEM containing 10 mg/mL polybrene, 10% FBS, and 1% penicillin/streptomycin. To vali-

date this pathway, si-IFT27, 50nM anisomycin (ANI, S7409, SELLECK), and 5mM senkyunolide I (SENI, S3275, SELLECK) were adminis-

tered 30 min before MLT or DMSO. To induce polarization, RAW 264.7 cells were treated with 10mg/mL LPS (0111: B4, Sigma-

Aldrich) for M1 macrophages and 20 ng/mL IL-4 (SRP3211, Sigma-Aldrich) for M2 macrophages after overnight starvation in medium

without FBS.
METHOD DETAILS

Plasma and MG cholesterol measurements

Blood,MG, and LG tissues were obtained frommice fed either anHFD orNFD for 16 weeks(20-week-old) after 8 h of fasting (n= 6). Serum and

meibomian gland total cholesterol levels were determined using a cholesterol assay kit(E1005, E1015, Applygen, China).
Animal examination

The weight of each mouse was recorded weekly. A solitary ophthalmologist used a slit-lamp microscope (Kanghua Science & Technology,

China) to examine the corneas and eyelid margins of every mouse every 4 weeks.
Tear secretion test and tear film breakup time

Tear secretion tests and tear film breakup time (TBUT) were performed weekly at 3 PM by a single ophthalmologist.

Phenol red cotton threads (JingmingCo., Ltd., China) were used for the tear secretion test. The tears remaining in the conjunctival sac were

dried using absorbent paper before testing. After lightly anesthetized with 1% sodium pentobarbital (50 mg/kg, i.p.), a phenol red cotton

thread was positioned at one-third of the distance from the lateral canthus. The wet length of the thread was measured after 1 min and ac-

curate to 0.1 mm.

For the TBUT, themice’s conjunctival sacs were filled with 1 mL of 1% liquid sodium fluorescein (Jingming Co., Ltd., China). Both upper and

lower eyelids were squeezed so that fluorescein was uniformly distributed on the ocular surface. The amount of time that passed between the

last eye closure and the first disruption in the tear filmwas recorded. Themeasurements were performed in triplicate. The averageof the TBUT

measurements per eye was used in the analysis.
Hematoxylin and eosin staining

MGs and LGs (n = 6) were soaked in formalin for 24 h, dehydrated, made transparent, and implanted in paraffin blocks. A total of 5-mm-thick

paraffin sections (three sections per animal, six animals per group) were dewaxed, stained, dehydrated, and made transparent. The sections

were subsequently sealed so that images could be taken.
Oil Red O staining

The upper and lower eyelids and extra orbital LGs (n = 6) were embedded with optimal cutting temperature (OCT) compound and fabri-

cated into 6-mm-thick ice sections. Sections were dipped in Oil Red O (ORO) working solution for 8 min (protected from light) and

immersed in isopropanol for 3 s. After rinsing three times with phosphate buffered saline (PBS) for 5 min, the sections were sealed and

observed.
Immunofluorescence staining

6-mm-thick cryosections of the MGs and LGs were fixed in 4% paraformaldehyde for 20 min at 25�C. The slices were soaked with 0.2% Triton

X-100 for 20 min following PBS washing. After a 60 min incubation period with 2% bovine serum albumin, sections were subsequently incu-

bated for an additional hour at 4�C with anti-IL-1 (1:50, ab315084, Abcam), anti-IL-6 (1:50, A0286, Abclonal), anti-Tnf-a (1:50, A11534, Abclo-

nal), anti-F4/80 (1:200, #30325, CST), anti-IFT27(1:100, MBS3208968, MyBioSource), anti-CD86(1:50, A16805, abclonal), anti-CD206(1:400,

#24595, CST), anti-Arg-1(1:50, #93668, CST), anti-p-ERK(1:200, #5726, CST), and anti-p-JNK(1:200, #9255, CST). The sections were coated

for 60 min at 25�C with Alexa Fluor 594-conjugated IgG (1:50, AS074, Abclonal) after three consecutive 10-min washes in PBS. Sections

were stainedwith DAPI (Vector Laboratories, Burlingame, USA), and a fluorescentmicroscope (Olympus, Tokyo, Japan) was used for imaging.
iScience 27, 110367, July 19, 2024 19



ll
OPEN ACCESS

iScience
Article
Detection of reactive oxygen species

Hydroethidine, also known as Dihydroethidium, is one of themost commonly used superoxide anion fluorescence detection probes for the

detection of reactive oxygen species. The dye can freely enter the cell and is detected by intracellular superoxide anion fluorescen-

ce.81,82To detect reactive oxygen species (ROS), freshly frozen slices of MGs and LGs were examined under a fluorescence microscope

(Olympus, Tokyo, Japan) after 30 min of 10mM dihydroethidium (DHE, S0063, Beyotime, China) staining protected from light conditions

at 37�C.
Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA)is an immunoassay typically used to measure antibodies or antigens, including proteins

or glycoproteins, in biological samples.83 Like other immunoassays, it relies on the binding of an antibody to a target to facilitate

detection.84,85 The levels of inflammatory cytokines in the supernatant of cells were detected using ELISA kits according to the

manual instructions. Shortly, the macrophage supernatant and gradient concentration of standards were added to the well and incu-

bated for 2 h, followed by this addition of biotin antibody, horseradish peroxidase labeled streptavidin, the TMB and the termination

solution. The OD values of each well were measured at 450 nm, the concentration curves were plotted and the concentration was

calculated.
Molecular modeling and docking of melatonin and IFT27

The docking study of MLT and IFT27 was performed, as committee described.86 Briefly, the crystal structure of MLT was aligned to the crystal

structure of IFT27 by the ChEMBL database (https://www.ebi.ac.uk/chembl/#). CB-Dock software (http://clab.labshare.cn/cb-dock/php/

index.php) was used to perform the docking study and the docking results were visualized using the CB-Dock software.
Real-Time quantitative reverse transcription PCR (RT-qPCR)

Hair, skin, muscle, subcutaneous tissue, and conjunctiva were removed from the mouse eyelids under a dissecting microscope, and

the MGs were maintained. Each group consisted of three samples, each containing two MGs from the same mouse. After three rinses

with PBS, RNA was extracted with the TRIzol reagent. Quantification was performed using a Nanodrop spectrophotometer (Thermo

Scientific, Waltham, USA). A reverse transcription kit (RR036A; TaKaRa Bio, Japan) was used to perform reverse transcription with an

equivalent volume of RNA. Using SYBR green master mix (11200ES03, Yeasen, China) and a StepOneTM Real-Time PCR detection

equipment (Applied Biosystems, USA), RT-qPCR was performed. Table 1 presents the primer sequences for amplification of specific

gene products.

The thermal patterns for 40 cycles were as follows: 95�C for 30 s; 10 s of denaturation at 95�C; and annealing and extension at 60�C for 30 s.

A melt curve analysis was then performed to verify the specificity of the amplification. Using b-actin as an internal control, the RT-qPCR find-

ings were evaluated using the comparative computed tomography method and standardized against the control group.
Western blotting

Proteins were extracted from the MGs using 1.5% SDS lysis buffer containing a phosphatase inhibitor (cat#78420; Thermo Fisher Sci-

entific, MA, USA) and phenylmethanesulfonyl fluoride (PMSF; ST505; Beyotime, China). The protein concentration was determined using

a BCA Protein Quantification Kit (P0012, Beyotime, China). Each group received six samples, each of which contained pooled MGs from

both eyes. Next, 20 mg protein in equal parts was taken, separated via SDS-PAGE, and placed onto PVDF membranes (Millipore, Darm-

stadt, Germany). Following a 2h-blocking period in 5% BSA, the membranes were incubated for an additional night at 4�C using primary

antibodies, including anti-JNK (1:1000, #9252, CST); anti-p-JNK (1:1000, #4668, CST); anti-ERK (1:500, A4782, Abclonal); anti-p-ERK

(1:500, AP0974, Abclonal); anti-iNOS (1:1000, #13120, CST); anti-TNF-a (1:1000, #11948, CST); anti-CD86 (1:500, A19026, Abclonal);

anti-Arg-1 (1:1000, #93668, CST); anti-CD206 (1:1000, #24595, CST); anti-IFT27 (1:100, MBS3208968, MyBioSource); anti-GAPDH

(1:1000, #5174, CST); and the secondary antibody (1:1000, #7074, CST). Enhanced chemiluminescence (Millipore, MA, USA) was used

to visualize the signals of the identified proteins, and ChemiDoc imaging equipment (Bio-Rad, Hercules, CA, USA) was used to record

the images.
Digital RNA with perturbation of genes (DRUG-seq)

The RAW 264.7 cells were grouped into four main categories: control, LPS, MLT, and LPS+MLT. Based on the gradient concentration of

MLT, the MLT group and the LPS+MLT group may be further divided into 5 subgroups (10�3M, 10�4M, 10-5M, 10�6M, and 10�7M MLT).

Cells treated with different drugs for 12 h were collected for the next step. As previously described,87 cDNA from individual wells was

labeled using DRUG-seq by including certain barcodes in RT primers. Briefly, after the extraction of total RNA using the TRIzol

method, DRUG beads and 2x binding buffer were added to capture poly (A) RNA. Single-stranded DNA was obtained through reverse

transcription of these products. A Bioptic Qsep100 Analyzer was used to analyze the library. Then, 2x HIFI Amplification Mix and index

were added, and PCR Amplification was performed for the library fragments. The DNA beads were screened for library fragments. To

determine whether the library size distribution matched with the theoretical size, a Bioptic Qsep100 Analyzer was utilized. The NovaSeq
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high-throughput sequencing platform and PE150 sequencing mode were used for sequencing. Data are posted in GEO repository with

accession number GSE269343.
QUANTIFICATION AND STATISTICAL ANALYSIS

Means and standard deviations (SDs) are used to present quantitative data. GraphPad Prism (version 6.0; GraphPad Software Inc., USA) was

used to process the data. Statistical analyses were performed using the Mann–Whitney U test and one-way analysis of variance. Statistical

significance was set at p < 0.05.
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