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PPARg Regulates Mouse Meibocyte
Differentiation and Lipid Synthesis
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ABSTRACT Purpose: Previous reports suggest that age-
related meibomian gland atrophy is associated with
decreased expression of the lipid-sensitive nuclear receptor,
PPARg. The purpose of this study was to identify the role of
PPARg in modulating meibocyte lipid synthesis. Methods:
Cytoplasmic and nuclear fractions from meibomian glands
of young (2M) and old (2Y) C57Bl6 mice were probed using
antibodies specific for PPARg. Mouse meibocytes were
cultured, immortalized using a SV40 lentiviral vector, and
evaluated for lipid synthesis using LipidTox staining and
CARS/Raman microspectroscopy. Lipid synthesizing clones
were tested for effects of PPARg agonist, rosiglitazone, on
lipid synthesis and PPARg localization, post-translational
modification and induction of PPARg response genes. Re-
sults: The cytoplasmic fraction in young mice contained
both 50 and 72 kDa PPARg bands that were absent or
reduced by 75% in older mice, respectively. Cultured mei-
bocytes produced neutral lipid containing equal amounts of
wax and cholesterol esters, similar to mouse meibum.
Addition of rosiglitazone (10-50 mM) significantly increased
lipid production (P<.05) in meibocytes, associated with
SUMO1 sumoylation and cytoplasmic accumulation of the
72 kDa PPARg. Rosiglitazone also increased the localization
of PPARg to the cytoplasm and up-regulated of PPARg, ADP
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and ADFP mRNA. Conclusions: This study confirms the loss of
cytoplasmic/vesicular PPARg localization in older, atrophic
mouse meibomian glands. Furthermore, PPARg stimulates
lipid synthesis in mouse meibocytes, associated with PPARg
sumoylation and translocation to the cytoplasm. Taken
together these data suggest that lipid synthesis in older mice
is down regulated by a PPARg mediated pathway.

KEY WORDS eyelid, lipid, meibocytes, meibomian gland,
PPARg, tear film
I. INTRODUCTION
M eibomian glands are lipid-excreting, holocrine
glands that are embedded in the tarsal plate of
the mammalian eyelid and provide lipid to the

tear film.1,2 Loss of tear film lipid is known to cause tear
film instability, increase tear evaporation, and increase tear
film osmolarity, causing an evaporative form of dry eye.3-6

Evaporative dry eye is generally thought to be an age-
related disorder that is a common clinical complaint of pa-
tients visiting the ophthalmologist or optometrist and may
comprise from 37% to 47% of the average patient popula-
tion.7 Recently, there has been increasing awareness of the
association between evaporative dry eye and meibomian
gland dysfunction (MGD) in the form of meibomian gland
dropout and altered lipid quantity and/or quality.8-10

While the risk of evaporative dry eye and MGD increases
with age, much remains to be clarified regarding the under-
lying cellular and molecular mechanisms.11 Past clinical and
animal studies have established that meibomian glands are
susceptible to keratinization and that genetic alterations and
chemical agents, i.e., chlorinate biphenyls and epinephrine,
can lead to replacement of the meibomian gland with keratic
cysts.12-14 These observations have formed the basis for an
obstructive model of MGD where hyperkeratinization of
the meibomian gland duct leading to ductal occlusion and
plugging is thought to cause cystic dilation and a ‘disuse at-
rophy’ of the gland.6 Androgens have also been implicated
in the development of evaporative dry eye, based on findings
that neutral and polar lipid profiles of meibomian glands
show distinct differences related to sex and the presence of
functional androgen receptors.15,16 While keratinization and
androgens are clearly important to gland function, the overall
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mailto:jjester@uci.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtos.2016.08.001&domain=pdf
http://www.theocularsurface.com


OUTLINE

I. Introduction

II. Materials and Methods

A. Animals

B. Isolation, Culture, Immortalization and Character-
ization of Mouse Meibocytes

C. Immunocytochemistry

D. Assessment of Meibocyte Lipid Synthesis

E. Protein Isolation and Western Blotting

F. Immunoprecipitation

G. RNA Isolation and Analysis of Gene Expression

H. Statistical Analysis

III. Results

A. Cytoplasmic and Nuclear PPARg Expression

B. Characterization of Immortalized Mouse
Meibocytes

C. Lipid Synthesis and PPARg Localization in Cultured
Meibocytes

D. Effects of Rosiglitazone on Lipid Synthesis and
PPARg Localization

IV. Discussion

V. Conclusion

MEIBOCYTE PPARg / Jester, et al
regulation of meibomian gland differentiation and lipid syn-
thesis remains unknown.

Recently, a telomerase immortalized human meibomian
gland epithelial cell line has been developed that has been
used to evaluate the influence of androgens, growth factors,
serum, neurotransmitters, and antibiotics onmeibomian gland
epithelial proliferation and lipid synthesis.17-25 In these studies,
gene expression analysis has shown that peroxisome prolifera-
tive activated receptor (PPAR) signaling can be differentially
regulated based on induction of proliferation or differentiation.
PPARs are a family of lipid-sensitive nuclear receptors that
show distinct tissue localizations and physiologic activities.
One member, PPARg, has been shown to play an important
role in regulating lipid synthesis and differentiation of adipo-
cytes and sebocytes and is known to interact with other nuclear
hormone receptors, including androgens and retinoic acid.26-28

While past studies have shown that PPARg is expressed in
developing and adult mouse meibomian glands,29 the role of
PPARg signaling on meibocyte lipid synthesis is not known.

Interestingly, during aging of humans and mouse meibo-
mian glands, PPARg undergoes a change in the immunocyto-
chemical localization within meibocytes from a vesicular/
cytoplasmic and nuclear localization in young glands to a pre-
dominantly nuclear pattern in older glands. This change occurs
concurrently with decreased basal acinar cell proliferation,
gland atrophy and clinically identified meibomian gland
dropout.30-32 Overall, these findings support the hypothesis
that aging of the meibomian gland involves altered meibocyte
differentiation and PPARg receptor signaling that is associated
with meibomian gland dropout and altered lipid quality.

To test this hypothesis we have evaluated the subcellular
localization of PPARg in meibomian glands of young and
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old mice and cultured mouse meibocytes. In this paper we
present data showing that the cytoplasm of meibocytes
contain a 50/72 kDa PPARg that is decreased or absent in
meibomian glands from older mice. Furthermore, treatment
of cultured mouse meibocytes with the PPARg agonist, rosi-
glitazone, induces lipid synthesis coincident with sumoyla-
tion and increased localization of PPARg to the cytoplasm
along with up-regulation of PPARg response genes. Taken
together, these findings indicate that PPARg regulates lipid
synthesis in meibocytes and suggest that age-related atrophy
of mouse meibomian glands involves downregulation of
PPARg-induced lipid synthesis.
II. MATERIALS AND METHODS
A. Animals

C57Bl/6 mice were used in this study. All animal pro-
cedures were approved by the University of California,
Irvine, Institutional Animal Care and Use Committee and
were conducted in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.
All animals were humanely sacrificed by cervical neck dislo-
cation following sedation with ketamine (100 mg/Kg body
weight) and xylazine (20 mg/Kg body weight) prior to tissue
collection.

B. Isolation, Culture, Immortalization and Character-
ization of Mouse Meibocytes
Isolation and Culture: The upper and lower eyelids of

twenty 6-week-old mice were removed, disinfected with
70% ethanol and dissected using a Zeiss SteREO Discov-
ery.V12 microscope (Carl Zeiss MicroImaging, LLC, United
States). Tissues were first washed with phosphate buffer sa-
line (PBS, pH 7.2) and then immediately placed in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
antibiotics (Invitrogen, Carlsbad, CA). The conjunctiva and
excess skin was removed and the tarsal plates carefully
excised and placed in PBS containing 0.25% collagenase A
(Invitrogen, Carlsbad, CA) and 0.6U/ml dispase II (Invitro-
gen). Glands were then digested at 37�C overnight followed
by centrifugation at 1,500 RPM for 15 minutes. The cell pel-
let was then suspended in Keratinocyte Growth Medium
(KGM, Lonza Walkersville, Inc., Walkersville, MD) contain-
ing human epidermal growth factor (hEGF), insulin
(bovine), Hydrocortisone and antibiotics (Gentamicin) sup-
plemented with 10% fetal bovine serum. Cells were cultured
on 6-well primaria culture plates (Becton Dickinson and
Company, Franklin Lakes, NJ) and maintained in a humid-
ified 5% CO2 incubator at 37�C. In the reported studies, 2
batches of mice were used to establish meibocyte cultures
for characterizing lipid synthesis and immortalization,
respectively.

Immortalization of Meibocytes: Primary mouse meibo-
cytes at 40-50% confluence were immortalized using a
SV40 large T-antigen inserted in a lentiviral vector (Applied
Biological Materials Inc., Richmond, BC Canada). Briefly,
viral supernatant containing 0.8 mg/ml of polybrene
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transfection reagent (Millipore Corporation, Phillisburg, NJ)
was added to meibocytes cultures. Cells were then cultured
overnight and the viral supernatant removed and replaced
by serum supplemented KGM complete growth medium
for an additional 72 hours. Cells were then plated in 60-
mm dishes at a limited dilution of 50 cells/dish. Single
clones were then isolated using a cloning disc soaked with
Trypsin-EDTA and subcultured to 6-well plates. Initially,
8 clones were isolated, and one clone (CN-G2) that pro-
duced abundant lipid droplets was selected for further study.

Characterization of Clone CN-G2: The lipid-producing clone,
CN-G2, was characterized for the production of lipid and the ef-
fects of serum and PPARg agonist, rosiglitazone. Cells at passage
23 and above were plated at 30% confluence in either glass cham-
ber slides (BD Falcon 4-well CultureSlide, Rockville, MD) for
immunocytochemistry and lipid staining or 100-mm diameter
dishes for biochemical and RNA analysis. Cells were then cultured
for 7 days (3 coverslips and 3 dishes per condition) in either 0%,
1%, 2% or 10% serum containing KGM growth media to deter-
mine the effects of serum on lipid synthesis and PPARg localiza-
tion. To assess the effects of rosiglitazone, cells were plated at 30%
confluence in 2% serum containing KGM growth media for 7 days
and then switched to media containing rosiglitazone at 10 mM,
20 mM and 50 mM (Enzo Life Sciences, Plymouth Meeting, PA)
with changes in the media every other day. Cells were then
collected at 1, 3, and 5 days (3 coverslips per condition) and
7 days (3 coverslips and 3 dishes per condition) for analysis of lipid
synthesis or PPARg localization and gene expression.

C. Immunocytochemistry
For analysis of meibomian glands, eyelids from 3 young

(2-month-old) and 3 old (2-year-old) mice was initially fixed
overnight in 2% paraformaldehyde in PBS at 4�C, washed in
PBS, embedded in Tissue Tech O.C.T. Compound (Sakura
Finetek USA, Inc, Torrance, CA), frozen in liquid nitrogen
and stored at -80�C and then sectioned using a Leica
CM1850 Cryotome (Leica, Wetzlar, Germany), and mounted
onto glass slides. For analysis of cultured meibocytes, cells
were fixed in 2% paraformaldehyde in PBS for 2 hours.

For immunostaining, cells and tissue sections were per-
meablized in PBS containing 0.5% dimethyl sulfoxide and
0.5% Triton X (pH 7.2) for 5 minutes and then washed in
PBS. Slides were then incubated in goat serum (1/30) for
30 minutes at 37�C and then incubated with rabbit anti-
PPARg (1:50, Abcam, Cambridge, MA). Slides were then
washed with PBS, stained with FITC conjugated goat anti-
rabbit IgG (1:200, Invitrogen) for 1 hour at 37�C and then
counterstained with DAPI (Invitrogen). For negative con-
trols, primary antibodies were either omitted or replace by
nonspecific rabbit sera. The samples were then evaluated
and imaged using a Nikon Eclipse E600 epifluorescence mi-
croscope (Nikon Inc, Melville, NY).

D. Assessment of Meibocyte Lipid Synthesis
To assess whether immortalized meibocytes synthesized

lipids characteristic of the meibomian gland, CN-G2 cells
were evaluated by coherent anti-Stokes Raman scattering
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(CARS) and Raman microspectroscopy using previously
published techniques.33 Briefly, multimodal CARS micro-
scopy was carried out using an inverted confocal microscope
(Fluoview 300, Olympus) and an optical parametric oscil-
lator (Levante Emerald OPO, APE, Berlin) pumped by the
second harmonic of a Nd:vanadate picosecond mode-
locked laser (PicoTrain, High-Q). CARS images were ob-
tained using a 20x, 0.70 NA objective (UplanSApo,
Olympus), which has a w0.5 mm lateral and w3.5 mm axial
focal volume. Raman microspectroscopy was carried out us-
ing a frequency doubled Nd:vanadate laser (Verdi V5,
Coherent) tuned to 532 nm. Raman microspectroscopy
was coupled to CARS through the back port of the micro-
scope and used the same objective lens. Switching between
CARS and Raman detection was accomplished using a
carrousel, allowing detection of lipid droplets using CARS,
which were then directly analyzed by Raman.

To measure the lipid content, cells were stained with
neutral lipid fluorescent probe, HCS LipidTOXTM (Invitro-
gen. Carlsbad, CA). Cells were fixed in 2% paraformalde-
hyde and then rinsed in PBS. Cells were then incubated in
HCS LipidTox solution (dilution 1:1000) for 20 minutes at
room temperature. Coverslips were rinsed in PBS, counter-
stained with DAPI nuclear stain and fluorescence imaged
using the Nikon Eclipse E600 microscope. A total of 5
random images for each coverslip (3 coverslips totaling 15
image per treatment) were digitized and then analyzed using
Metamorph Image Processing Software (Molecular Devices,
Downington, PA, USA). All coverslips from each experi-
ment were stained and evaluated on the same day to reduce
the effects of random variations in staining intensity and im-
aging. Regions of fluorescence were first thresholded using
the Threshold subroutine to include all high intensity pixels
representing lipid droplets within cells and generally
included pixel intensities from 100 to 255. This threshold
was then applied to all subsequent images taken during
the same experiment. Thresholded pixel area was then
measured using the Measure subroutine in Metamorph
and the area recorded. For each image the number of cells
was also determined by counting the nuclei using the
Manual Count subroutine. To calculate the lipid content
per cell in each image, the thresholded lipid pixel area was
then divided by the total number of cells in each image.

E. Protein Isolation and Western Blotting
For mouse meibomian glands, 5 young (2-month-old)

and 5 old (2-year-old) mice were sacrificed and the meibo-
mian glands isolated from the upper and lower eyelids and
pooled together to obtain enough protein for multiple west-
ern blots. Tissues were then homogenized using a Polytron
(PT-1200, Kinematic, Bohemia, NY). For extraction of pro-
tein from tissue cultured cells, 100 mm dishes were first
rinsed 3 times in Dulbecco’s phosphate buffered saline,
and then cells were scraped from the dish using a polyeth-
ylene Cell Lifter (Corning Inc., Corning, NY). Proteins
from tissues and cells were fractionated using the NE-PER
Nuclear & Cytoplasmic Extraction Reagent kit from Thermo
, VOL. 14 NO. 4 / www.theocularsurface.com
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Scientific (Rockford, IL). All extraction buffers were supple-
mented with the Calbiochem Protease Inhibitor Cocktail Set
III (EMD Chemical Inc, Gibbstown, NJ) and Phosphatase
Inhibitor Cocktail 2 (Sigma-Aldrich, St Louis, MO). The
protein content of the cell and tissue extracts was then
measured using the RC DC Protein Assay (Bio-Rad Labora-
tories, Hercules, CA) and the samples run on 12% SDS
PAGE gels. Proteins were then transferred to PVDF mem-
branes using iBlot Gel Transfer Device (Invitrogen, Carls-
bad, CA). Membranes were then blocked using 5% non-fat
dry milk in PBS-T (0.2% Tween 20) and then immuno-
stained using antibodies to PPARg (Dilution 1:500). Mem-
branes were then rinsed with PBS-T and then incubated
with goat anti-rabbit IgG (HþL) HRP (Dilution 1:2500;
Invitrogen), rinsed with PBS-T and incubated with Super-
Signal� West Pico Chemiluminescent Substrate (Thermo
Scientific, Rockford, IL). Immunostained bands were then
detected using photographic film. All western blots were
repeated 3 times.

F. Immunoprecipitation
Cytoplasmic extracts from cultured meibocytes were

first immunoprecipitated using goat anti-PPARg antibodies
(sc-22020, Santa Cruz Biotechnology, Dallas, TX) linked to
Dynabeads-Protein G (Novex, Life Technologies, Oslo, Nor-
way). Proteins were eluted and then western blotted using
rabbit anti-PPARg antibodies (ab27649, Abcam, Cam-
bridge, MA) to identify presence of cytoplasmic 50 and
72 kDa PPARg. Blots were then stripped using a mild strip-
ping protocol and then reacted with rabbit monoclonal anti-
body to SUMO1 (ab133352, Abcam).

G. RNA Isolation and Analysis of Gene Expression
Gene expression was evaluated by real time PCR using

previously published methods.34,35 Briefly, cells were directly
lysed using RLT buffer and the RNA isolated over RNeasy
spin columns as suggested by the manufacturer (Quiagen,
Valencia CA). RNA yield and quality was evaluated with
the aid of a Nanodrop spectrophotometer (Thermo Scienti-
fic, Wilmington, DE). 0.5 mg RNA was reverse transcribed
using oligo dT and random primers as supplied in the
QuantiTect Reverese Transcription Kit (Quiagen). Real
time PCR was performed using Power Sybr Green reagents
(ABI Life Technologies, Foster City, CA) and validated real
time PCR primers obtained from SA Biosciences (Quiagen).
Products were evaluated by melt curve analysis and sizing
on agarose gels. Relative quantization was performed using
the delta CT method using both GAPDH and beta actin as
the normalizing housekeeper genes as previously
described.34

H. Statistical Analysis
All results are reported as mean � standard deviation.

Differences between groups were assessed by one-way
ANOVA and Bonferroni multiple comparisons (Sigma
Stat version 3.11, Systat Software Inc, Point Richmond,
CA). All experiments were repeated at least 3 times.
THE OCULAR SURFACE / OCTOBER 2016, VO
III. RESULTS
A. Cytoplasmic and Nuclear PPARg Expression

As shown earlier,31 immunostaining of mouse eyelids with
antibodies specific for PPARg show a cytoplasmic/vesicular
and nuclear localization of PPARg within the acinar cells of
meibomian glands in young mice (Figure 1A). This is in
contrast to the predominantly nuclear localization that is
detected in acinar cells of meibomian glands in older mice
(Figure 1B). Subcellular fractionation of pooled mouse meibo-
mian gland tissue (5 mice/age group) into cytoplasmic and nu-
clear fractions showed that the nucleus contains almost
exclusively a 50 kDa PPARg in both young (2M) and old
(2Y) glands that is consistent with the expression of the g1
splice variant of PPARg (Figure 1C).36 Furthermore, staining
of western blots with antibodies specific for g1 showed positive
staining while antibodies to g2 failed to stain (data not shown).
Evaluation of the cytoplasmic fraction showed that in addition
to the 50 kDa PPARg splice variant there was a 72 kDa
PPARg variant suggesting post translational modification of
PPARg. Comparison of young (2M) and old (2Y) meibomian
glands indicated that there was a marked decrease in both the
50 and 72 kDa PPARg forms in the cytoplasmic compartment
of the old meibomian glands, with almost complete loss of the
50 kDa PPARg. Densitometry measurements based on
normalization to GAPDH staining (Figure 1D) showed a sig-
nificant (P < .05) 75% decrease in the 72 kDa band and com-
plete loss for the 50 kDa band. Additionally, the nuclear
50 kDa PPARg was reduced by 40% based on densitometry
normalized to nuclear Histone 3 expression (H3).

B. Characterization of Immortalized Mouse
Meibocytes
After immortalization and cloning, we compared the

characteristics of primary cultured, normal mouse meibo-
cytes to that of the SV40 transformed and immortalized
mouse meibocyte clone, CN-G2 (Figure 2). Cultured normal
mouse meibocytes showed an epithelial morphology with
very slow growth that required weeks to come to confluence.
In culture many cells showed accumulation of perinuclear
vacuoles (Figure 2A) that appeared to enlarge over time.
By contrast, CN-G2 immortalized cells were fast growing
but also showed an epithelial morphology and the accumu-
lation of perinuclear vacuoles that at times filled the cyto-
plasm (Figure 2B, arrows). Staining of cells with
antibodies specific to PPARg showed that both normal mei-
bocytes (Figure 2C) and CN-G2 cells (Figure 2D) contained
both nuclear and cytoplasmic localized PPARg. Cytoplasmic
staining was both diffuse and filamentous with some cells
that contained perinuclear vacuoles, presumably represent-
ing lipid, showing strong diffuse PPARg staining
(Figure 2D, arrow). Staining of CN-G2 cells (Figure 2E)
and normal meibocytes (data not shown) with the neutral
lipid probe, LipidTox (Green), showed strong fluorescent
staining of cytoplasmic vacuoles indicating the synthesis of
neutral lipids. These fluorescent images were digitized and
then thresholded using digital imaging software as shown
in Figure 2F to measure lipid area.
L. 14 NO. 4 / www.theocularsurface.com 487
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Figure 1. PPARg localization in
mouse meibomian gland identified
by immunostaining (A and B) and
western blotting (C and D) (Repre-
sentative of 3 mice per age for
immunocytchemistry and pooled
meibomian gland proteins from 5
mice for each age). Young mice (A)
showed both nuclear and cyto-
plasmic PPARg staining while old
mice (B) showed predominantly nu-
clear staining (green ¼ PPARg,
red ¼ nuclei). Western blots (C) and
densitometry averaged from 3
western blots and normalized using
GAPDH for cytoplasmic fraction and
Histone 3 for nuclear fraction (D)
show that the nucleus contains only
the 50 kDa PPARg band which is
significantly (P<.05) reduced in old
mice, while the cytoplasmic fraction
shows loss of the 50 kDa band and a
significantly (P<.05) reduced 72 kDa
PPARg band in old glands (error
bar ¼ standard deviation).
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To verify that the cells were meibocytes and synthe-
sized meibomian gland lipid, CN-G2 cells were analyzed
using CARS and Raman spectroscopy. Cells that con-
tained visible lipid droplets by brightfield microscopy
showed the presence of bright spots using CARS imaging
[Figure 3A]. In general, lipid droplets ranged in size from
1.3-4.0 mm in diameter, which is sufficiently large to
probe with Raman spectroscopy. The spontaneous Raman
spectrum that was obtained from the lipid droplets is
shown in Figure 3B;Red line ¼ CN-G2 cells. For compar-
ison, the Raman spectrum obtained from mouse meibo-
mian gland lipid is also shown [Figure 3B; Black
line ¼ MG Acini]. It should be noted that the two
main peaks at 2846 cm�1 and 2886 cm�1 represent the
respective symmetric and asymmetric CH2 stretching vi-
brations of purified wax and cholesterol esters, character-
istic of the major meibomian gland lipids that have been
previously reported.33 Importantly, the lipids synthesized
by CN-G2 cells show similar peak vibrational components
indicating the lipid contains high amounts of wax esters
and cholesterol esters. By contrast, lipids from sebaceous
gland and fat tissue, which have reduced cholesterol esters,
show remarkably different Raman spectra with a reduced
vibrational peak at 2886 cm�1 [Figure 3C;
Black ¼ sebocyte and Blue ¼ adipocyte]. Of interest
was the finding that there is a third broad peak around
2940 cm-1 [Figure 3B, arrow], which corresponds to a
lower peak identified in the meibomian gland acinar lipid
and represents a CH3 stretch vibration associated with
protein. This peak has been shown to vary depending
on the location of lipid from the acini to the duct, and
may contain information regarding the protein content
or lipid fluidity.33
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C. Lipid Synthesis and PPARg Localization in
Cultured Meibocytes
Since serum contains unsaturated and essential free fatty

acids, which are ligands for PPARg, cells were cultured in
different serum concentrations to evaluate the effects of
serum on lipid synthesis. When cells were cultured for
7 days and then stained with LipidTox, there was a marked
reduction in the neutral lipid staining in low serum concen-
trations compared to cells maintained in 10% serum
(Figures 4A and 4B, respectively). Quantifying the amount
of lipid present in cultures showed that there was a signifi-
cant reduction (P < .05) in total lipid area/cell when cells
were cultured in media contain 0%, 1% or 2% serum with
an 82%, 83% and 37% reduction in lipid synthesis, respec-
tively (Figure 4C). Although 2% serum containing media
appeared to promote lipid synthesis compared to serum
free or 1% serum, 2% serum maintained cell viability while
at the same time significantly reducing lipid synthesis
compared to 10% serum treated cultures. Reduced serum
also altered the localization of PPARg as identified by cell
fractionation and western blotting (Figure 4D). While no
change was detected in the localization of nuclear PPARg,
cultures grown in low serum showed a significant (P<.05)
loss of the cytoplasmic 72 kDa PPARg compared to cells
grown in 10% serum containing media. Overall, these find-
ings indicate that reduced serum concentrations in the cul-
ture media lead to significant loss of lipid synthesis that is
associated with loss of the 72 kDa PPARg protein.

D. Effects of Rosiglitazone on Lipid Synthesis and
PPARg Localization
CN-G2 cells were grown in media containing 2% serum for

7 days, and then treated with rosiglitazone, a member of the
, VOL. 14 NO. 4 / www.theocularsurface.com
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Figure 2. Brightfield (A and B)
and PPARg immunostaining (C and
D) of primary cultured mouse
meibocytes (A and C) and SV40
immortalized CN-G2 meibocytes (B
and D). Note that both cells in
culture appear to contain promi-
nent vacuoles (arrows) and show
cyotplasmic and nuclear PPARg
staining. Cytoplasmic vacuoles
showed strong staining with fluo-
rescent LipidTox (E) indicating the
presence of neutral lipids. Area of
LipidTox staining was then
thresholded (F, orange area) to
measure lipid area. Each image is
representative of 3 separate cov-
erslips.
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thiazolidineiones family of synthetic PPARg agonists that has
been shown to have important anti-type 2 diabetic actions.28 It
stimulates sebum production in diabetic patients and lipid syn-
thesis in sebocyte cell cultures.37 Cells treated for 7 days with
rosiglitazone showed a significant (P<.05), dose- and time-
dependent, 8-10-fold increase in lipid area per cell following
exposure to 10 mM, 20 mM and 50 mM rosiglitazone when
compared tobaseline lipid levels (Figure 5). Fractionationof cells
THE OCULAR SURFACE / OCTOBER 2016, VO
andwestern blotting for the cytoplasmic fraction of PPARg after
7 days exposure to rosiglitazone (Figure 6A) also showed a sig-
nificant (P<.05) dose-dependent increase in cytoplasmic
PPARg compared to untreated CN-G2 cells (0 mM). Interest-
ingly, cytoplasmic fractions from CN-G2 cells also showed
increased amounts of both the 50 kDa and 72 kDa PPARg pro-
tein with the appearance of multiple bands. These additional
bands most likely represent post translational modifications
L. 14 NO. 4 / www.theocularsurface.com 489
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Figure 3. Coherent Anti-Stokes
Raman (CARS) image focused on
2845 cm�1 (A) and Raman micro-
spectroscopy (B and C) of CN-G2
lipid vacuoles. CN-G2 cells (B and
C, Red line) show major peaks at
2846 cm�1 and 2886 cm�1, similar
to that of lipid within meibomian
gland acini (B) indicating the
abundance of wax and cholesterol
esters, respectively. Lipid in CN-G2
cells was distinct from that of
lipid within sebocytes and adipo-
cytes (C, black and blue, respec-
tively), which contain reduced
cholesterol esters. Also note the
presence of an elevated peak at
2940 cm�1 from the CH3 stretch
region representative of protein in
CN-G2 cells (B, arrow) that is also
present in acinar lipid at reduced
levels that show maturational
changes within the meibomian
gland lipid.

MEIBOCYTE PPARg / Jester, et al
involving serine phosphorylation and sumoylation. To identify
whether these higher molecular weight bands were due to
post-translationalmodification of PPARg, the cytoplasmic frac-
tion was immunoprecipitated to isolate PPARg using a goat
anti-PPARg antibody (Figure 6B). Staining of western blots
with rabbit anti-PPARg confirmed the immunoprecipitation
of both the 50 kDa and72 kDaPPARgbands (Lane 1). Stripping
and reprobing of western blots with antibodies against SUMO1
showed that the 72 kDa PPARg band was sumolyated and post
translationally modified (Lane 2). RNA extracted from cultures
treated with 50 mM rosiglitazone also showed enhanced expres-
sion of PPARg, adiponectin and ADFP (Figure 6C, number
above bar¼ range) as measured by real-time PCR.

IV. DISCUSSION
This report establishes that aging in the mouse meibo-

mian gland leads to a loss in the expression of the lipid-
sensitive nuclear receptor, PPARg, with complete loss of
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the 50 kDa PPARg1 splice variant and substantial loss of
a 72 kDa PPARg band within the cytoplasmic compartment
of the gland. Cell culture studies using an SV40 transformed
meibocyte cell line also confirm that decreased lipid synthe-
sis associated with reduced serum concentrations was asso-
ciated with loss of the 72 kDa PPARg. Furthermore, this
report establishes for the first time that the PPARg agonist,
rosiglitazone, dose-dependently increases lipid synthesis
concomitant with increased PPARg cytoplasmic localization
of both the 50 kDa and 72 kDa proteins, identifies the sumo-
lyation of PPARg by SUMO1 as potentially playing a role in
nuclear export of PPARg, and establishes the upregulation
of PPARg response genes involved in lipid synthesis, i.e.
adiponectin and ADFP. Taken together, these findings sug-
gest that lipid synthesis in the meibomian gland is regulated
by PPARg and that during aging there is decreased PPARg
receptor activation, leading to deceased lipid synthesis and
age-related atrophy of the meibomian gland.
, VOL. 14 NO. 4 / www.theocularsurface.com
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Figure 4. Effects of serum on
lipid synthesis (A-C) and PPARg
localization (D) in CN-G2 cells. CN-
G2 cells grown in 0% serum me-
dia (A) showed reduced LipidTox
staining compared to cells grown
in 10% serum containing media (B;
green ¼ LipidTox, red ¼ nuclei).
Quantification of lipid area (C)
showed that cells grown in 10%
serum synthesized significantly
more lipid than cells grown in
reduced serum (P<.05). Fraction-
ation of cells into the cytoplasmic
and nuclear compartment showed
that serum starved cells contained
a signficiantly (P<.05) reduced
amounts of 72 kDa PPARg protein,
with little change in the nuclear
compartment. Western blot is
representative of 3 separate ex-
periments.
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Past studies have shown that the human meibomian
glands undergo age-related changes similar to that identified
in the mouse, including a loss of cytoplasmic localization of
PPARg and decreased acinar cell proliferation in older indi-
viduals.30 These findings, taken together with our cell culture
findings showing that loss of cytoplasmic PPARg is associ-
ated with significantly decreased lipid synthesis, suggest that
aging in humans leads to decreased lipid synthesis. Impor-
tantly, the changes in PPARg in human lids, while signifi-
cantly correlated with age, also show significant correlations
with the development of MGD as graded by the quality of
the lipid expression and gland dropout.30 Since age was the
only significant predictor of the change in PPARg localiza-
tion in our recently published study,30 it is likely that
decreased lipid synthesis and gland atrophy precede the
development of age-related MGD. While these cell culture
and biochemical findings need to be repeated and confirmed
in humans, overall they suggest that loss of PPARg signaling
and downregulation of lipid synthesis leading to meibomian
gland atrophy may be a major cause of evaporative dry eye in
older patients. Clearly, understanding the role of PPARg in
meibomian gland function may provide important insights
into understanding the development of age-related MGD
and provide novel approaches to treating this disease.

As shown, meibomian glands express the g1 isoform of
PPARg, which is a 475 aa alternative splice variant of PPARg
lacking the N-terminal 30-residues.36 PPARg1 contains an N-
terminal transactivation domain (residues 30-136 of the full
THE OCULAR SURFACE / OCTOBER 2016, VO
length transcript), a DNA-binding domain (residues 136-
140), and a C-terminal ligand-binding domain (residues
204-505) having ligand-dependent transactivation function.
PPARg1 also contains a consensus serine phosphorylation
site at S11238,39 and two sumoylation sites, K107 and
K395.40 Growth up-regulation through MAP kinases have
been shown to lead to phosphorylation of PPARg at S112 fol-
lowed by sumoylation by SUMO1 or 2/3 at K107/K395, lead-
ing to increased transcriptional activity, cytoplasmic
transport, and other unknown downstream effects involved
in cell differentiation and lipid synthesis.41,42 Our finding of
a 72 kDa PPARg protein within the cytoplasmic compart-
ment of lipid synthesizing meibocytes and young meibomian
glands suggests that post-transcriptional modification
including serine phosphorylation and sumoylation of PPARg
plays an important role in regulating lipid synthesis within
meibocytes. The finding that the PPARg agonist, rosiglita-
zone, induces post translational modification of PPARg by
SUMO1 and the cytoplasmic localization of PPARg while
stimulating lipid synthesis, further supports this hypothesis.
In future studies it will be important to establish the role of
PPARg sumoylation and its role in regulating meibocyte dif-
ferentiation. Nevertheless, the finding the PPARg agonists
stimulate lipid synthesis suggests that these agents may have
potential therapeutic effects in restoring lipid synthesis in
meibomian glands of patients suffering age-related MGD.

For this study, we immortalized mouse meibocytes using
an SV40 viral vector. While transformation using viral
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Figure 5. Effects of 0, 10 mM, 20 mM, and 50 mM rosiglitazone on lipid
synthesis in CN-G2 cells. Note that rosiglitazone dose and time-
dependently stimulated a significant (P<.05), 8-10 fold increase in lipid
area within CN-G2 cells. (Data is representative of 3 separate
experiments).

Figure 6. Effects of rosiglitazone on PPARg localization (A), post
translational modification (B) and PPARg response gene expression (C).
Induced lipid synthesis by rosiglitazone was associated with a significant
(P<.05) increase in cytoplasmic localization of PPARg proteins showing
multiple bands consistent with post translational modification involving
serine phosphorylation and sumoylation (A). Immunoprecipitation of
PPARg using goat anti-PPARg antibodies pulled down both the 50 kDA
and 72 kDa proteins (B, Lane 1). Stripping and re-probing of western blot
using a rabbit anti-SUMO1 antibody showed staining of the 72 kDa
band, indicating sumoylation. Rosiglitazone also enhanced expression of
PPARg and other PPARg response genes, adiponectin and ADFP (C).
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oncogenes are known to produce cell lines showing genetic
instability and altered cell growth regulation and differenti-
ation, a similar approach has been used for the sebaceous
gland to establish a lipid synthesizing cell line for which
the molecular mechanisms of sebaceous gland function
have been evaluated.43-46 Recently, a human telomerase
immortalized meibomian gland epithelial cell line has been
generated that contains neutral lipids, expresses genes
involved in lipid synthesis and responds to androgens.21

Since telomerase immortalization has been shown to main-
tain normal cell differentiation,47 future studies are needed
to compare our findings regarding regulation of lipid syn-
thesis by PPARg in this meibomian gland epithelial cell
line. Additionally, the effects of androgens, known to play
an important role in the development of MGD in patients,
on PPARg signaling are also needed.

Finally, Raman spectral analysis of CN-G2 lipid detected
an elevated vibrational peak around 2940 cm�1 in addition to
the two main peaks at 2846 cm�1 and 2886 cm�1 associated
with wax and cholesterol esters. Though less prominent, this
peak was also identified in the mouse meibomian gland
acinar lipid and showed progressive decreasing levels as lipid
moved from the acinus to the central meibomian gland duct
suggesting maturation of the lipid.33 The significance of this
492 THE OCULAR SURFACE / OCTOBER 2016
peak is possibly related to either increased protein associated
with the lipid or differences in lipid fluidity. The finding that
CN-G2 cells show an enhanced vibrational peak in this re-
gion is consistent with this maturation hypothesis; newly syn-
thesized meibomian gland lipid would contain the highest
amount of associated protein or change in fluidity. Further
study is needed to determine the significance of this region
and whether lipid produced by meibocytes in culture un-
dergoes similar maturation following synthesis of lipid.

V. CONCLUSION
This study shows that lipid synthesis in the mouse is

regulated by the lipid-sensitive nuclear receptor, PPARg.
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Furthermore, downregulation of lipid synthesis by serum
starvation leads to decreased cytoplasmic localization of
PPARg in cultured meibocytes, similar to that observed in
older mice and human meibomian glands. Taken together,
these findings suggest that there is an age-related decrease
in lipid synthesis by the meibomian gland that may explain,
in part, age-related MGD and the development of evapora-
tive dry eye in this patient population.
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