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High-Fat Diet Induces Inflammation of Meibomian Gland
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PURPOSE. To determine if a high-fat diet (HFD) induces meibomian gland (MG) inflam-
mation in mice.

METHODS. Male C57BL/6J mice were fed a standard diet (SD), HFD, or HFD supplemented
with the peroxisome proliferator-activated receptor gamma (PPAR-γ ) agonist rosiglita-
zone for various durations. Body weight, blood lipid levels, and eyelid changes were
monitored at regular intervals. MG sections were subjected to hematoxylin and eosin
staining, LipidTox staining, TUNEL assay, and immunostaining. Quantitative RT-PCR and
western blot analyses were performed to detect relative gene expression and signaling
pathway activation in MGs.

RESULTS. MG acinus accumulated more lipids in the mice fed the HFD. Periglandular
CD45-positive and F4/80-positive cell infiltration were more evident in the HFD mice,
and they were accompanied by upregulation of inflammation-related cytokines. PPAR-γ
downregulation accompanied activation of the mitogen-activated protein kinase (MAPK)
and nuclear factor kappa B (NF-κB) signaling pathways in the HFD mice. There was
increased acini cell apoptosis and mitochondria damage in mice fed the HFD. MG inflam-
mation was ameliorated following a shift to the standard diet and rosiglitazone treatment
in the mice fed the HFD.

CONCLUSIONS.HFD-induced declines in PPAR-γ expression and MAPK and NF-κB signaling
pathway activation resulted in MG inflammation and dysfunction in mice.
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Hyperlipidemia refers to an abnormality in lipid
metabolism, which is characterized by an increase in

total cholesterol, triglycerides, and low-density lipoprotein
cholesterol and/or a decrease in circulating high-density
lipoprotein cholesterol.1 In the United States, more than
100 million (about 53% of adults) have elevated low-density
lipoprotein cholesterol levels,2 and approximately 31 million
American adults have total cholesterol levels that exceed 240
mg/dL.3 Globally, hyperlipidemia is associated with more
than half of ischemic heart disease,4 and it has been consid-
ered to be a major risk factor contributing to the preva-
lence and severity of coronary heart diseases.5 Hyperlipi-
demia is also involved in augmenting comorbidities such
as type 2 diabetes mellitus, hypertension, nonalcoholic fatty
liver disease, and atherosclerosis.6 It has become a major
global health challenge leading to high overall medical and
nonmedical expenditures.7

Our recent study has shown that hyperlipidemic mice
fed a high-fat diet (HFD) showed dry eye–like ocular
surface damage.8 Another study from our group found
that apolipoprotein E knockout (ApoE−/−) mice, which
were characterized by severe hyperlipidemia, demonstrated
a pathological change in meibomian gland dysfunction

(MGD).9 ApoE−/− mice showed extreme hyperlipidemia of
greater than 700 mg/dL of cholesterol in serum,9 which
is not common in patients with hyperlipidemia (gener-
ally over 200 mg/dL in serum).10 In the current study,
we induced a hyperlipidemia model by feeding C57BL/6J
mice a HFD, which resulted in cholesterol levels similar
to those of moderate hyperlipidemia in humans, to inves-
tigate MG changes under hyperlipidemia conditions. We
found that hyperlipidemia induced inflammation of the
MG and surrounding microenvironment. Furthermore, this
condition is mediated through activation of the mitogen-
activated protein kinase (MAPK) and nuclear factor kappa
B (NF-κB) signaling pathways, as well as downregulation
of peroxisome proliferator-activated receptor gamma (PPAR-
γ ) expression. Our study may reveal therapeutic targets for
hyperlipidemia-induced MGD.

MATERIALS AND METHODS

Materials

PPAR-γ (ab45036), interleukin (IL)-1β (ab9722), tumor
necrosis factor-alpha (TNF-α; ab66579), and F4/80 (ab6640)
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antibodies were obtained from Abcam (Cambridge, UK).
CD45 antibody (sc-52491) and rosiglitazone (sc-202795)
were obtained from Santa Cruz Biotechnology (Dallas,
TX, USA). IL-6 (12912S), NF-κB p65 (8242), phospho-NF-
κB p65 (3033), stress-activated protein kinase (SAPK)/Jun-
amino-terminal kinase (JNK; 9258), phospho-SAPK/JNK
(9255S), p38 MAPK (9212L), phospho-p38 MAPK (4631L),
p44/42 MAPK (Erk1/2) (4695S), and phospho-p44/42 MAPK
(Erk1/2) (9101S) antibodies were obtained from Cell Signal-
ing Technology (Danvers, MA, USA). Invitrogen Donkey
anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594 (A-11058); Invitrogen Donkey anti-Goat
IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 488 (A-11055); and Donkey anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody (A-21206) were
obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Horseradish peroxidase (HRP)-conjugated anti-β-actin anti-
body (a5316) was obtained from Sigma-Aldrich (St. Louis,
MO, USA), and 4′,6-diamidino-2-phenylindole (DAPI; H-
1200) and mounting medium (H-5000) were obtained from
Vector Laboratories (Burlingame, CA, USA).

Animals

Male C57BL/6J mice (4 weeks old) were purchased from
Shanghai SLAC Laboratory Animal Center (Shanghai, China).
All studies were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. The experimental protocol was approved by the
animal ethics committee of Xiamen University. Mice were
housed in a standard pathogen-free environment at 25°C
± 1°C and 60% ± 10% relative humidity on an alternating
12-hour light/dark cycles from 8:00 AM to 8:00 PM. Two
groups of 4-week-old mice were fed with a standard diet
(SD, 10 kcal% fat, 1022; Beijing HFK Bioscience, Beijing,
China) or a HFD (60 kcal% fat, D12492; Research Diets, New
Brunswick, NJ, USA). They were sacrificed at various times
ranging from 4 weeks to 16 weeks. Another group of mice
(HFD-rosi) was intraperitoneally injected with rosiglitazone
(10 mg/kg/d, one time daily) over the course of 4 weeks and
were fed a HFD. The HFD-rev group were first fed a HFD for
4 weeks, followed by a SD for another 4 weeks. Each group
at each time point included 20 mice.

Plasma Cholesterol Measurements

Blood was collected from mice on the HFD at various time
points after 8 hours of fasting (n = 5 for each group). Plasma
total cholesterol was then measured enzymatically using a
commercially available kit (ab65390; Abcam).

Slit-Lamp Examination

The animals were weighed and photographed; the eyelid
margins and corneas were then imaged under a slit-lamp
microscope (Takagi Seiko Co., Ltd., Nagano, Japan) by a
single masked ophthalmologist.

Histological Analysis

Eyelid tissues (n = 5 for each group) were embedded in
optimal cutting temperature (OCT) compound or paraffin
according to the standard protocol. OCT-embedded samples
were cut into 5-μm-thick sections, mounted on glass slides,
and stored at –80°C. Hematoxylin and eosin (H&E) stain-

ing (three sections per animal, five animals per group)
was performed on the paraffin sections. For the trans-
mission electron microscopy analysis, MG tissues (three
sections per animal, five animals per group) were fixed in
a mixture of 2.5% glutaraldehyde and 4% paraformalde-
hyde in PBS (pH 7.4) at 4°C for 2 hours, and they were
then cut into pieces 4 mm long by 2 mm wide. After
that, they were dehydrated, embedded, sliced, and stained
using a standard protocol as we have previously reported.11

The MG ultrastructure was observed under a trans-
mission electron microscope (JEM2100HC; JEOL, Tokyo,
Japan).

LipidTox Staining

Eyelid frozen sections (n = 5 for each group) were fixed
in 4% paraformaldehyde for 30 minutes and washed in PBS
for 5 minutes. Sections were then stained with Invitrogen
HCS LipidTOX (1:250, H34475; Thermo Fisher Scientific) for
1 hour at room temperature. After rinsing with PBS for 10
minutes, the sections were counterstained with DAPI. Digital
images of representative areas of the MG were captured with
a Leica upright microscope (DM2500; Leica Microsystems,
Wetzlar, Germany). The mean intensity of staining in sections
was measured by image analysis software (NIS Elements 4.1;
Nikon, Melville, NY, USA).

Immunofluorescent Staining

Frozen sections (n = 5 for each group) were fixed
in 4% paraformaldehyde for 10 minutes and then incu-
bated at 4°C overnight with primary antibodies for IL-
1β (1:150), TNF-α (1:200), F4/80 (1:200), CD45 (1:150),
and IL-6 (1:200). Negative controls were generated simul-
taneously by incubating sections with PBS without a
primary antibody. On the next day, samples were incu-
bated with Alexa Fluor 594-conjugated IgG (1:300) or
Alexa Fluor 488-conjugated IgG (1:300) for 1 hour in the
dark at room temperature followed by three PBS washes
and counterstaining with DAPI. Digital images of repre-
sentative areas of the MG were captured with a Leica
upright microscope (DM2500; Leica Microsystems, Wetzlar,
Germany).

TUNEL Assay

Cell apoptosis detection was performed using the DeadEnd
Fluorometric TUNEL System (G3250; Promega, Fitchburg,
WI, USA). The MG frozen sections (n = 5 for each group)
were incubated with proteinase-K Tris/HCL, pH = 7.4 (10
mM), for 30 minutes at 37°C, followed by three washes with
PBS for 5 minutes each. Then, 50 μL of a TUNEL reaction
mixture was added, and the sections were placed in the dark
for 1 hour at 37°C. The specimens were rinsed three times
with PBS for 5 minutes each, counterstained with DAPI, and
photographed with a Leica upright microscope (DM2500;
Leica Microsystems, Wetzlar, Germany).

RNA Extraction and Quantitative RT-PCR

MGs were isolated by removing skin, subcutaneous tissue,
muscle, and palpebral conjunctiva under a dissecting micro-
scope. Total RNA was extracted from the samples using Invit-
rogen TRIzol reagent (15596-018; Thermo Fisher Scientific).
Every group had five samples, and each sample consisted
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TABLE. Mouse Primer Sequences Used for Quantitative RT-PCR

Gene Sense Primer Anti-Sense Primer

IL-1β 5′-GGCAACTGTTCCTGAACTCAACTG-3′ 5′-CCATTGAGGTGGAGAGCTTTCAGC-3′
IL-6 5′-GAGGATACCACTCCCAACAGACC-3′ 5′-AAGTGCATCATCGTTGTTCATACA-3′
IL-10 5′-GCCAGTACAGCCGGGAAGACAATA-3′ 5′-GCCTTGTAGACACCTTGGTCTT-3′
TNF-α 5′-AGCCCACGTAGCAAACCACCAA-3′ 5′-ACACCCATTCCCTTCACAGAGCAAT-3′
MMP-3 5′-CCTTTTGATGGGCCTGGAAC-3′ 5′-GAGTGGCCAAGTTCATGAGC-3′
MMP-9 5′-CAATCCTTGCAATGTGGATG-3′ 5′-AGTAAGGAAGGGGCCCTGTA-3′
PPAR-γ 5′-CCGAAGAACCATCCGATT-3′ 5′-CGGGAAGGACTTTATGTA-3′
β-actin 5′-CCTAAGGCCAACCGTGAAAAG-3′ 5′-AGGCATACAGGGACAGCACAG-3′

of pooled MG tissues from both eyes of the same mouse.
An equal amount of RNA was reverse transcribed to cDNA
using a reverse-transcription kit (RR047A; TaKaRa, Shiga,
Japan) following the manufacturer’s protocol. Real-time PCR
was performed with a StepOne Real-Time PCR detection
system (Applied Biosystems, Alameda, CA, USA) and with
a SYBR Premix Ex Taq Kit (RR420A; TaKaRa) according
to the manufacturer’s instructions. The Table provides the
primer sequences used to amplify specific gene products.
The amplification program included an initial denaturation
step at 95°C for 10 minutes, followed by denaturation at 95°C
for 10 seconds and annealing and extension at 60°C for 30
seconds for 40 cycles, after which a melt curve analysis was
conducted to confirm amplification specificity. Differential
gene expression was calculated according to the compar-
ative threshold cycle method and normalized to β-actin
expression as the reference gene.

Western Blot Analysis

Isolated MGs were extracted in a cold lysis buffer composed
of protease and phosphatase inhibitors (78440; Thermo
Fisher Scientific). Protein concentration was quantified using
a BCA Protein Assay Kit (23225; Thermo Fisher Scien-
tific). Each group contained five samples, and each sample
consisted of pooled MGs from both eyes of the same mouse.
Equal amounts of protein extracts (20 μg) were subjected to
electrophoresis on 10% tricine gels and then electrophoret-
ically transferred to a polyvinylidene fluoride membrane.
After blocking in 5% BSA for 1 hour, the membranes
were incubated overnight at 4°C with one of the following
primary antibodies: PPAR-γ (1:1000), NF-κB p65 (1:1000),
phospho-NF-κB p65 (1:1000), SAPK/JNK (1:2000), phospho-
SAPK/JNK (1:2000), p38 MAPK (1:2000), phospho-p38
MAPK (1:2000), p44/42 MAPK (Erk1/2; 1:1000), phospho-
p44/42 MAPK (Erk1/2; 1:1000), or β-actin (1:8000). After
three washes with Tris-buffered saline containing 0.05%
Tween 20 for 10 minutes, the membranes were incubated
with HRP-conjugated goat anti-mouse or anti-rabbit IgG
secondary antibodies. HRP-conjugated mouse anti–β-actin
was used for protein quantification. An enhanced chemilu-
minescence reagent (ECL-500; Lulong, Inc., Xiamen, China)
and a transilluminator (ChemiDoc XRS System; Bio-Rad,
Philadelphia, PA, USA) were used to determine the protein
expression levels.

Statistical Analysis

Statistical analysis was performed with SPSS Statistics 16.0
(IBM, Armonk, NY, USA). Summary data are reported as
means ± SD. The Mann–Whitney test was conducted for
statistical comparisons among groups using Prism 6.0 soft-

ware (GraphPad Software, San Diego, CA, USA). P < 0.05
was considered statistically significant.

RESULTS

HFD Induces Abnormalities in MG Secretion

Mice on the 16-week HFD showed significant increases in
their body size (Fig. 1A), body mass (Fig. 1B), and blood
total cholesterol levels (Fig. 1C), which were higher than for
their counterparts on a SD. Slit-lamp microscope imaging
showed milky secretions on the eyelid margins of mice after
4 weeks of the HFD, as well as in the conjunctival sac after 8
weeks of the HFD. The secretions became more prominent
after 12 and 16 weeks (Fig. 1D).

HFD Induces Histological and Functional MG
Changes

In the HFD group, obvious periglandular neutrophils
and monocytes/macrophages appeared beginning at 8
weeks (Fig. 2A). LipidTox staining demonstrated increased
condensed fluorescence in the acinar units of the HFD group
between 4 weeks and 16 weeks, whereas diffuse and less
pronounced staining patterns were observed in mice in the
SD group (Fig. 2B), suggesting that the HFD induced lipid
distribution changes in the MG.

HFD Induces Proinflammatory Cytokines
Expression and Inflammatory Cell Infiltration in
the MG Surrounding Microenvironment

To further determine the inflammatory condition of the MG
after a HFD, we performed immunofluorescent staining of
several proinflammatory cytokines. The results showed that
IL-1β (Fig. 3A), TNF-α (Fig. 3B), and IL-6 (Fig. 3C) expres-
sion was obviously higher in the HFD group than in the
SD group from 4 weeks to 16 weeks. Furthermore, CD45
(Fig. 3A) and F4/80 (Fig. 3B) immunofluorescent staining
was more intense in the MGs of mice fed the HFD than
those of the SD mice, indicating more pan-leukocyte and
macrophage infiltration in the HFD group. In addition, IL-
1β, TNF-α, matrix metalloproteinase-3 (MMP-3), and IL-10
mRNA levels were also generally higher in the HFD group
compared with their corresponding levels in the SD group
at different stages between 4 weeks and 16 weeks (Fig. 3D).
IL-6 mRNA was only increased after 4 weeks of the HFD.
MMP-9 was lower for the HFD at 4 weeks but increased
from 8 weeks to 12 weeks, and there was no increase at 16
weeks compared with the SD group (Fig. 3D). These results
confirmed that the HFD induced chronic inflammation of the
MG microenvironment.
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FIGURE 1. HFD-induced hyperlipidemia accompanied eyelid margin secretion abnormalities. The body size of mice fed a HFD for 16 weeks
was significant larger compared with mice fed the SD for the same feeding time (A). Body mass (B) and total cholesterol concentrations (C)
significantly increased in mice placed on the HFD compared with SD mice. Representative slit-lamp images show a milky secretions (white
arrows) in the eyelid margins of mice placed on the HFD, especially after 16 weeks of being on this regimen (D). Data are shown as mean
± SD; n = 5; **P < 0.01.

FIGURE 2. The HFD induced MG histological changes. Representative H&E staining of eyelids shows obvious neutrophils and mono-
cytes/macrophages around the MG acini in mice on the HFD from 8 weeks (A, white arrows). LipidTox staining shows condensed lipid
accumulation in the MG of mice fed the HFD (B, C). Scale bars: 50 μm (A), 100 μm (B); n = 5; **P < 0.01.
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FIGURE 3. The HFD induced inflammatory cell infiltration and increases in proinflammatory cytokine levels. (A–C) Immunofluorescent
staining shows increased IL-1β, CD45, TNF-α, F4/80, and IL-6 expression levels in the MG of mice fed the HFD. (D) Gene expression levels
of IL-1β, IL-6, TNF-α, MMP-3, MMP-9, and IL-10 were upregulated in the MG of mice placed on the HFD (D). Scale bars: 50 μm. Data are
shown as mean ± SD; n = 5; *P < 0.05, **P < 0.01.

PPAR-γ Expression Was Downregulated in HFD
Mice

PPAR-γ plays an important role in mediating MG morpho-
genesis and meibocyte differentiation and is also a major
regulator of lipid synthesis.12 PPAR-γ agonists inhibit
proinflammatory cytokine production in monocytes and
macrophages.13 These effects include declines in TNF-α, IL-
1β, IL-6, and IL-12 expression levels, as well as inhibition
of inducible nitric oxide synthase and MMP-9 in mono-
cytes and macrophages.14 PPAR-γ upregulation is associ-
ated with declines in both the NF-κB signaling pathway
and stress-induced inflammatory response.15 Such effects
of a HFD can also be found in the microbial and physio-
logical ecosystems of the murine small intestine.16 Consis-
tent with this association, we found dramatic decreases
of PPAR-γ gene and protein expression levels in the
mouse MGs after being on the HFD for 4 to 16 weeks
(Figs. 4A–4C).

HFD Upregulates Both MAPK and NF-κB
Signaling Pathways

Proinflammatory cytokine responses to a variety of envi-
ronmental stresses including dietary changes are induced

through a host of different cell signaling pathways that
mediate NF-κB activation.17 To clarify which mediators
were activated by the HFD in the MG, the phospho-NF-κB
p65, phospho-JNK, phospho-extracellular signal-regulated
kinase (ERK), and phospho-p38 MAPK protein expression
levels were measured. The western blotting results showed
that all of these pathway constituents were upregulated
(Fig. 4D), based on increases in the ratios of phosphory-
lated protein divided by total protein for p38, ERK, JNK,
and NF-κB p65 at different time points (Fig. 4E). These
rises collectively indicated that p38, JNK, and ERK/MAPK
cascades and their downstream NF-κB signaling pathways
are involved in mediating HFD-induced inflammation of
the MG.

HFD Promotes MG Apoptosis and Induces
Ultrastructural Changes in MG Acinar Cells

We performed TUNEL assays on the MG tissues to iden-
tify apoptotic cells. TUNEL-positive cells were scarce in the
SD group but were obvious in the HFD group (Fig. 5A).
Cell counting results confirmed more apoptotic cells in the
MG of mice fed the HFD from 4 to 16 weeks (Fig. 5B).
After 16 weeks, MG acinar cell nuclear condensation and
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FIGURE 4. The HFD downregulated PPAR-γ expression and upregulated both MAPK and NF-κB signaling pathways. (A–C) Quantitative
RT-PCR and western blot analysis documented declines in the PPAR-γ gene and protein expression in the MGs of mice fed the HFD.
(D) Western blot analysis documented increases in MG MAPK and NF-κB signaling pathway phosphorylation in mice placed on the HFD.
(E) The levels of the phosphorylated forms of MAPKs or NF-κB p65 were individually normalized to the expression levels of their total form.
Data are shown as mean ± SD; n = 5; *P < 0.05, **P < 0.01.

fragmentation developed only in the HFD group (Fig. 5C-c,
arrow head). Furthermore, the HFD disrupted mitochondrial
structural integrity. The mitochondria were swollen with
disorganized cristae (Fig. 5C-d, arrow head), in contrast to
the dense and organized mitochondrial cristae in the SD
group (Fig. 5C-b).

Diet Shift Alleviates MG Inflammation Induced by
the HFD

To further evaluate the reversibility of HFD-induced inflam-
mation of the MG, mice after 4 weeks of the HFD were
fed with the SD for another 4 weeks while their littermates
remained on the HFD. After the 4-week diet shift, IL-1β, IL-6,
TNF-α, CD45, and F4/80 immunofluorescent staining, along
with inflammatory cell infiltration, fell significantly below
those in the HFD group (Fig. 6A). The IL-1β, TNF-α, IL-6,
MMP-3, MMP-9, and IL-10 gene expression levels reverted
back to those in mice fed the SD (Fig. 6B). Furthermore,
the PPAR-γ gene and protein expression levels significantly
increased to almost reach those of mice on the SD (Fig. 6C).
Moreover, western blotting analysis showed that NF-κB p65,
JNK, ERK, and p38 MAPK phosphorylation declined to levels
similar to those in the SD group (Fig. 6D).

Rosiglitazone Suppresses HFD-Induced MG
Inflammation

The declines in PPAR-γ gene and protein expression levels
and MG phenotypic changes in the HFD group prompted
us to determine if stimulating PPAR-γ with rosiglitazone, a
specific PPAR-γ agonist, could reverse any of these pheno-
typic changes. Indeed, rosiglitazone treatment for 4 weeks
upregulated PPAR-γ gene and protein expression in the
MG of the HFD group (Fig. 7A). There was scant IL-1β,
TNF-α, IL-6, CD45, and F4/80 immunofluorescent staining
compared with that in the HFD group (Fig. 7B). Further-
more, proinflammatory IL-1β, TNF-α, and IL-6 gene expres-
sion levels were downregulated, whereas anti-inflammatory
IL-10 expression was upregulated in mice after rosiglitazone
treatment (Fig. 7C). Phosphorylated NF-κB p65, JNK, ERK,
and p38 MAPK expression levels in the MG also decreased
after rosiglitazone treatment (Fig. 7D). Therefore, PPAR-γ
modulation may promote MG inflammation induced by a
HFD.

DISCUSSION

MGs are large sebaceous glands within the eyelids that can
secrete lipids to stabilize tear film and reduce aqueous tear
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FIGURE 5. The HFD promoted MG apoptosis and induced ultrastructural mitochondrial alterations. (A) Representative images show the
marked increase in apoptotic TUNEL-stained cells in mice placed on the HFD in comparison with those fed the SD. Red arrows indicate
TUNEL-positive cells. (B) The TUNEL-positive cell ratios of mice fed the HFD were significantly higher than for the mice fed the SD. (C)
Representative transmission electron microscopy images of the MG showing nuclear fragmentation and karyopyknosis in mice placed on
the HFD (C-c, arrowhead) and the absence of any abnormalities in mice placed on the SD (C-a). Cristae in mitochondria from mice placed
on the HFD are disorganized (C-d, arrowhead), whereas they appear organized in mice placed on the SD (C-b). Scale bars: 50 μm (A), 0.2
μm (C). Data are shown as mean ± SD; n = 5; **P < 0.01.

evaporation.18 MGD is a chronic and diffuse abnormality
that is commonly characterized by terminal duct obstruc-
tion and/or qualitative/quantitative changes in the glandu-
lar secretory content.19 MGD is currently considered to be a
major causative factor of dry eye disease.20

We have shown here that a HFD induced chronic inflam-
matory of MG in a mouse model. This condition is mediated
through activation of the MAPK and NF-κB signaling path-
ways and downregulation of PPAR-γ expression. The MG
secretion and lipid accumulation in acini were abnormal in
the mice fed the HFD, changes similar to those in other MGD
animal models and patients.21,22

It was reported that TNF-α levels were upregulated in
the adipose tissue of obese murine models,23 and there
was an association between metabolic disorders and chronic
inflammation.24 Extensive studies have demonstrated that
HFD-related inflammation is characterized by the accumu-
lation of macrophages in adipose, liver, muscle, or other
tissues, resulting in elevated levels of proinflammatory IL-
1, IL-6, IL-8, and TNF-α cytokines.25–29 It is well estab-
lished that adipose tissue and liver are chronically inflamed
during a prolonged HFD.30,31 Hyperlipidemia accompany-
ing the metabolic syndrome predisposes development of
a chronic inflammatory environment, possibly contribut-

ing to diabetes, cardiovascular disease, neurodegenerative
disorders, and musculoskeletal system diseases.6,32–34 With
regard to ocular disorders, hyperlipidemia can disrupt ocular
health by promoting cataract, maculopathy, glaucoma, and
diabetic retinopathy.35–38 Such an association was demon-
strated when chronic increases in proinflammatory medi-
ators in HFD murine models disrupted vitreous and reti-
nal homeostasis.39,40 Because MG is essential for maintain-
ing ocular surface homeostasis,15 we determined whether or
not the chronic inflammatory condition induced by a HFD
in mice compromises ocular surface health through patho-
physiological changes in the MG. The development of HFD-
related hyperlipidemia was associated with upregulation of
both the MAPK-linked NF-κB signaling cassette and persis-
tent rises in proinflammatory cytokine genes and protein
expression. These rises were accompanied instead by PPAR-
γ downregulation.

As previously reported, macrophages mainly produce
proinflammatory cytokines, but they can also produce anti-
inflammatory cytokines such as IL-10.41,42 We found promi-
nent macrophage infiltration in the MGs of the HFD group.
Therefore, it is conceivable that IL-10 expression increases in
the MG due to a HFD. Consistent with this finding, Stienstra
et al.43 demonstrated that HFD feeding could increase the
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FIGURE 6. Diet shift alleviated MG inflammation induced by the HFD. Immunofluorescent staining of IL-1β, CD45, TNF-α, F4/80, and IL-6
shows significantly less staining following replacement of the HFD with the SD. (A) The levels in these HFD-rev group are compared with
levels in mice placed on the SD. (B) This substitution of the HFD with the SD caused declines in MG IL-1β, IL-6, TNF-α, MMP-3, and MMP-9
gene expression levels, which became more similar to those in mice kept throughout the entire period on the SD. (C) Quantitative RT-PCR
and western blot analysis documented the reversal of declines in MG PPAR-γ gene and protein expression levels subsequent to replacement
of the HFD with the SD in mice. (D) Western blot analysis shows the declines in MAPK and p65 NF-κB phosphorylation subsequent to
replacing the HFD with the SD. Scale bars: 50 μm. Data are shown as mean ± SD; n = 5; *P < 0.05, **P < 0.01.

expression of IL-10 in adipose tissue. Our previous study
also showed that a HFD could induce IL-10 expression in
lacrimal gland.44 In the current study, IL-10 was significantly
increased from 4 weeks to 8 weeks; it was attenuated from
8 weeks to 16 weeks after the HFD but was still higher than
that of the SD group. We hypothesized that IL-10 may have
a compensatory function in suppressing the inflammation
caused by a HFD in the early stages. We noticed that IL-10
expression was upregulated in MG after rosiglitazone treat-
ment. A previous study reported that rosiglitazone markedly
increased the number of macrophages in adipose tissue
and then upregulated the IL-10.43 Rosiglitazone could also
induce IL-10 expression in colitis and Parkinson’s disease
models.45,46 Based on our current study, PPAR-γ is likely to
continue to upregulate the expression of anti-inflammatory
cytokines (such as IL-10) and decelerate the process of MGD.

MMP-9 is an inflammatory mediator of the ocular surface
disease such as dry eye and conjunctivochalasis.47 MMP-9
is also involved in the regulation of cell death. MMP-9 defi-
ciency protects against retinal ganglion cell death.48 Ding
et al.49 reported that 13-cis-retinoic acid may promote MG
epithelial inflammation and cell death, in part via MMP-9.
MMP-3 is a physiological activator of MMP-9.50 In our current
study, the HFD elevated the expression of MMP-3 and MMP-
9 in the MG. The increase of MMP-3 and MMP-9 may be
responsible, at least in part, for the HFD-induced MG inflam-
mation and cell apoptosis.

Lipid accumulation induced by a HFD is known to induce
inflammation through activation of the MAPK-linked NF-κB
signaling pathway axis in mice liver.51 Similarly, lipid accu-

mulation in the MG accompanies HFD-induced pathophys-
iological responses. Recent studies have shown that a HFD
was associated with macrophage recruitment in adipose
tissue.26,27 Rises in F4/80 staining in the MG of mice on
a HFD stemmed from increases in macrophage infiltration
mediated by HFD-induced NF-κB activation.52 Increases in
CD45-stained immune cells delimited in the periglandu-
lar region correlated with the severity of the inflammatory
condition within the MG of mice fed a HFD.

The increases in lipid accumulation occurring during
prolonged periods on the HFD were identified based on
progressive increases in LipidTox staining in acinar units.
Activation of inflammatory cytokines such as TNF-α, IL-
1, IL-6, and NF-κB could promote cell apoptosis.53–55 The
inflammatory condition accompanying such rises in lipids
may contribute to inducing MG cellular apoptosis. On the
other hand, the increases in MG cell death could instead
underlie dysregulation of MG physiological processes such
as lipogenesis, lipid clearance, and lipolysis, leading to lipid
accumulation in the mice fed the HFD. Further insight into
hyperlipidemia-related MGD awaits the analysis of meibum
and tear lipid composition in the mice fed a HFD. HFD-
induced activation increased ERK1/2, p38, and JNK/MAPK
phosphorylation, whereas PPAR-γ expression levels were
downregulated. These effects contribute to the cell structural
changes and the inflammatory condition induced by the
HFD. Other studies involving immune cells have shown that
p38 MAPK regulates TNF-α, IL-1β, IL-6, and IL-8 cytokine
expression levels, which in turn trigger immune responses.56

Previous studies have shown that MAPKs play critical roles
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FIGURE 7. Rosiglitazone decreased HFD-induced MG inflammation. (A) Quantitative RT-PCR and western blot analyses show increased PPAR-
γ gene and protein expression levels in mice placed on the HFD and were treated simultaneously with rosiglitazone. (B) Immunofluorescent
staining shows decreased IL-1β, CD45, TNF-α, F4/80, and IL-6 expression levels in the rosiglitazone-treated group. (C) Quantitative RT-PCR
analysis shows that rosiglitazone downregulated IL-1β, IL-6, and TNF-α expression levels, whereas IL-10 expression was upregulated. (D)
Western blot analysis shows that rosiglitazone induced declines in MAPK and NF-κB p65 phosphorylation. Scale bars: 50 μm. Data are
shown as mean ± SD; n = 5; *P < 0.05, **P < 0.01. ROSI, rosiglitazone.

FIGURE 8. Illustration of the hypothetical mechanism of MG inflammation following a HFD.

in the regulation of HFD-induced inflammation.57–59 In our
study, when we switch the mice from the HFD to the SD,
the activation of MAPKs was suppressed. Phosphorylation
of c-Jun amino-terminal kinase and p38 have been shown

to be diminished in heterozygous PPAR-γ –deficient (PPAR-
γ +/−) mice in response to specific stimuli.60 Furthermore, in
inflammatory bowel disease, activating PPAR-γ suppressed
proinflammatory cytokine and chemokine expression levels
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by reducing MAPK and NF-κB activation.61 PPAR-γ agonist
could inhibit advanced glycation end product–induced chon-
drocytes apoptosis and degeneration by suppressing the
activation of MAPK and NF-κB.62 In our study, rosiglitazone
increased the PPAR-γ expression level, suppressed MAPK
and NF-κB cascade activation, and inhibited rises in the
proinflammatory cytokine expression levels, indicating that
MAPKs were likely downstream of PPAR-γ in HFD-induced
MG inflammation.

The role of PPAR-γ in controlling cell signaling events
mediating HFD-induced increases in MG inflammatory
status is consistent with its involvement in other physiologi-
cal processes. This transcription factor is an important regu-
lator of sebocyte maturation in the sebaceous gland,63 as
well as meibocyte differentiation and lipid synthesis.64 PPAR-
γ also plays a key role in anti-inflammation.65 In our study,
rosiglitazone, a specific agonist of PPAR-γ , reversed the
PPAR-γ declines toward normal levels, which offset HFD-
induced increases in macrophage infiltration and rises in
proinflammatory cytokine and chemokine expression levels
in the MG, indicating that HFD-induced PPAR-γ downregu-
lation may account for the elevated inflammatory cell infiltra-
tion and upregulation of proinflammatory cytokine gene and
protein expression.Moreover, the pathophysiological impact
of the HFD on the MG was substantiated based on observ-
ing that these deleterious effects were reversed by switching
from the HFD to the SD.

We found lipid accumulation in the MG, and the expres-
sion of PPAR-γ decreased after the HFD. Consistent with
another study by our group, PPAR-γ expression was also
decreased and lipid accumulation increased in an ApoE
knockout MGD animal model.9 Illesca et al.66 reported that
a HFD can lead to downregulation of PPAR-γ expression
accompanied with upregulation of transcription factors and
their target genes involved in lipogenesis in adipose tissue.
A HFD can also lead to downregulation of PPAR-γ expres-
sion in the small intestine.67 In our current study, PPAR-
γ expression decreased with the HFD, accompanied by
lipid accumulation in the MG, perhaps due in part to the
activation of other genes involved in lipogenesis in MG.
Additionally, obstruction of the MG, the most prominent
aspect of MGD,19 would lead to lipid accumulation in the
MG duct and acinar. Moreover, increased LipidTox staining
may represent the accumulation of other abnormal lipids.
We will investigate this further in our future study. In this
study, rosiglitazone partially offset HFD-induced increases
of proinflammatory cytokine and chemokine expression
levels in the MG, indicating that HFD-induced PPAR-γ down-
regulation may be responsible for the elevated inflamma-
tory cell infiltration and upregulation of proinflammatory
cytokine expression. Therefore, PPAR-γ was involved not
only in lipid synthesis but also anti-inflammation in our
study.

Our previous study showed that a HFD could induce
corneal epithelial barrier disruption and significant squa-
mous metaplasia of the corneal epithelia, leading to dry
eye–like ocular surface damage.8 Another study from our
group showed that a HFD induced abnormal lipid accumula-
tion, inflammation, lipid peroxidation, and apoptosis in the
lacrimal gland, leading to declines in aqueous tear secre-
tion.44 The aqueous tear secretion was reduced to about half
of the normal level after 4 months on a HFD, based on our
previous study. In our current study, inflammation of the
MG was also evident, and there was a milky secretion on
the eyelid margin after 4 months on the HFD. Therefore, we

suspect that both aqueous tear deficiency and MG dysfunc-
tion contribute to the dry eye–like ocular surface changes in
mice fed a HFD.

It remains unclear whether MG inflammation is a primary
or secondary response to systemic inflammation induced by
a HFD. It is also unknown whether a HFD induces ocular
surface inflammation, which would then compromise MG
dysfunction. Because MGs are easily accessible for deter-
mining phenotypic changes, they are an attractive tissue for
use in clarifying the relationship between a HFD and inflam-
mation.

In conclusion, HFD-induced hyperlipidemia promoted
MG inflammation through concurrent PPAR-γ downregula-
tion and upregulation of the MAPK/NF-κB signaling path-
way axis, followed by increases in inflammatory cell infiltra-
tion and rises in MG proinflammatory cytokine gene and
protein expression in mice (Fig. 8). Our study provided
direct and extended evidence of HFD-induced MG inflamma-
tion, largely in response to an alteration of PPAR-γ signaling,
thus suggesting that PPAR-γ may be a potential treatment
target with regard to MG inflammation induced by a HFD.
Diet control may be a possible therapeutic strategy for HFD-
related MGD inhibition and treatment.
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