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PURPOSE. To validate the adenosine triphosphate (ATP)-binding cassette transporter A1
(ABCA1) expression and distribution in human eyelid tissues and meibomian gland
epithelial cells.

METHODS. Meibomian gland tissues from human eyelids were isolated by collagenase
A digestion and cultured in defined keratinocyte serum-free medium (DKSFM). Infrared
imaging was used to analyze the general morphology of meibomian glands. Hematoxylin
and eosin (H&E) staining and Oil Red O staining were used to observe the
morphological structure and lipid secretion in the human meibomian gland tissues.
Quantitative real-time polymerase chain reaction, western blotting, and immunostaining
were used to detect the mRNA and protein expression and cytolocalization of ABCA1 in
the meibomian gland tissues and cultured cells.

RESULTS. The degree of loss of human meibomian gland tissue was related to age.
Meibomian gland lipid metabolism was also associated with age. Additionally, human
meibomian gland tissues express ABCA1 mRNA and protein; glandular epithelial cells
express more ABCA1 mRNA and protein than acinar cells, and their expression in
acinar cells decreases with differentiation. Furthermore, the expression of ABCA1 was
downregulated in abnormal meibomian gland tissues.ABCA1was mainly localized on the
cell membrane in primary human meibomian gland epithelial cells (pHMGECs), whereas
it was localized in the cytoplasm of immortalized human meibomian gland epithelial
cells (iHMGECs). The mRNA and protein levels of ABCA1 in pHMGECs were higher than
those in iHMGECs.

CONCLUSIONS. Meibomian gland tissues of the human eyelid degenerate with age. ABCA1
expression in acinar cells decreases after differentiation and plays an important role in
meibomian gland metabolism.
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Meibomian gland dysfunction (MGD) is the primary
cause of evaporative dry eye syndrome,1,2 account-

ing for >65% of dry eye cases,3 with a global prevalence
rate of 21.2% to 71.0%.4,5 In China, the prevalence rate
among people >40 years of age is 54.7% to 68.3%.6 MGD
is characterized by obstruction of the terminal ducts of the
meibomian glands and/or changes in the quality or quan-
tity of meibomian gland secretions.7 Patients with moderate
to severe MGD may develop ocular surface inflammation,
and, in severe cases, complications such as corneal ulcers
and perforation may occur, endangering visual function.8–10

Lipid metabolism abnormalities may be an important factor
in the occurrence and development of MGD.11–13 With the
rapid development of genomics, proteomics, and lipidomics,

the changes in gene expression of meibomian glands in
patients with MGD and healthy individuals, as well as the
differences and similarities in meibum proteins and lipid
components, have become hot topics in this field. However,
the mechanisms underlying meibum metabolism disor-
ders and changes in meibum quality and quantity remain
unclear.

The adenosine triphosphate (ATP)-binding cassette trans-
porter A1 (ABCA1) gene is located on chromosome 9q31 and
encodes a key rate-limiting protein in reverse cholesterol
transport mediated by apolipoproteins.14,15 ABCA1 is widely
found in the liver, gastrointestinal tract, adipose tissue,
and macrophages, and it participates in cellular cholesterol
homeostasis, regulation of cholesterol and phospholipid
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content, and cell signaling transduction.16 Therefore, the role
of ABCA1 in human metabolic diseases such as atheroscle-
rosis, diabetes, Parkinson’s disease, and Alzheimer’s disease
has become a popular research topic.17

ABCA1 is expressed in the endothelial cells of Schlemm’s
canal, the optic nerve, and retinal tissues.18,19 High ABCA1
expression may promote lipid metabolism and clearance
within retinal pigment epithelium (RPE) cells and reduce
apoptosis thereof.20,21 Inhibition of ABCA1 and scavenger
receptor class B type I (SR-BI) activity mediated by gliben-
clamide may eliminate the outflow of photoreceptor-derived
lipids stimulated by high-density lipoproteins (HDLs) in
cultured human RPE cells, supporting the role of reverse
cholesterol transport regulation in the pathogenesis of age-
related macular degeneration.22 Nevertheless, it remains
unclear whether ABCA1 participates in the occurrence and
development of MGD by regulating meibomian gland lipid
metabolism.

Thus, identifying the expression and localization of
ABCA1 protein in human meibomian gland tissues and
exploring the regulation of ABCA1 in the physiological
and pathological functions of meibomian glands would
contribute to the clinical diagnosis and treatment of MGD.
Therefore, we aimed to determine the expression and local-
ization of ABCA1 in ex vivo human meibomian gland tissues
and in cultured meibomian gland epithelial cells, thus clar-
ifying the expression intensity and localization of ABCA1
in human meibomian gland tissues and cells and providing
the possibility for further exploration of the role of ABCA1
in meibomian gland metabolism.

METHODS

Reagents and Antibodies

Gibco Defined Keratinocyte Serum-Free Medium (DKSFM,
10744019); fetal bovine serum; penicillin–streptomycin;
Gibco BASIC DMEM/F-12, HEPES (C11330500BT); Gibco
Human EGF Recombinant Protein (PHG0311); Gibco
Insulin–Transferrin–Selenium (ITS-G) (100×) (41400045);
Gibco TrypLE Express Enzyme (1×), phenol red (12605010);
Invitrogen ABCA1 Polyclonal Antibody (PA1-16789); Invit-
rogen PPAR gamma Monoclonal Antibody (K.242.9) (MA5-
14889); Invitrogen F(ab′)2-Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488
(A48282TR); and Invitrogen Goat anti-Rabbit IgG (H+L)
Secondary Antibody, HRP (31460) were all obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Hydrocor-
tisone (M3451) was purchased from AbMole BioScience
(Houston, TX, USA). The cell culture flasks and 6-, 12-, 24-,
and 96-well culture plates were obtained from Corning
(Corning, NY, USA).

Human Eyelid Tissue Collection

Human eyelid tissues were obtained from the Shenzhen Eye
Bank following the tenets of the Declaration of Helsinki,
with the approval of the Ethics Committee of Shenzhen Eye
Hospital and the Academic Committee of Ophthalmology in
Shenzhen, China. All samples were obtained from the Shen-
zhen Red Cross Body Donation Reception Center, China,
and informed consent forms for the use of the donated
tissues were provided by the Center. All donors were of Han
ethnicity, and tarsal plate tissues were obtained from human
eyelids within 12 hours postmortem.

Slit-Lamp Photography and Infrared Imaging of
MGD Ex Vivo

After the skin, fibrous and connective tissues, muscles,
and conjunctiva were removed from the human eyelid,
the morphology of the tarsal gland was observed under
a slit-lamp microscope. An OCULUS Keratograph 5M
corneal topographer (OCULUS Optikgeräte GmbH, Wetzlar,
Germany) was used to conduct infrared photography
of the ex vivo tarsal gland by two professionals to
evaluate the extent of glandular atrophy and absence
(Fig. 1).

Meibomian Gland Explant Culture

After infrared imaging, the ex vivo tarsal plate tissue was
immersed in 0.5% iodophor (Adf, Shenzhen, China) for
2 minutes, followed by a 20-minute soak in a 1:2000
tobramycin working solution. The tissue was then cut into
2 × 2-mm pieces and digested with 2 mg/mL collagenase A
at 37°C for 24 hours. Subsequently, the tissues were treated
with Gibco Trypsin-EDTA (0.05%) for 5 to 8 minutes to
form a single-cell suspension. The cells were then cultured
in supplemental hormonal epithelial medium (SHEM) until
they adhered to the wall, at which point the medium
was switched to DKSFM containing 5 ng/mL epidermal
growth factor (EGF) and 50 μg/mL bovine pituitary extract
(BPE; M&C Gene Technology, Beijing, China). When the cell
density reached 70% to 80%, a subculture was performed.
The SHEM consisted of DMEM/F-12 supplemented with 5%
fetal bovine serum, 1% penicillin–streptomycin, 1% ITS-G
(100×), 0.5% dimethyl sulfoxide, 0.5-μg/mL hydrocorti-
sone, and 10-ng/mL human EGF recombinant protein.23

Immortalized human meibomian gland epithelial cells
(iHMGECs), generously provided by David Sullivan, PhD,
from Harvard Medical School,24 were cultured in DKSFM
supplemented with 5-ng/mL EGF and 50-μg/mL BPE. The
cells were subcultured when they reached 70% to 80%
confluence.25

Histology

After infrared imaging of the meibomian glands, the central
tarsal plate (three to five glands) was embedded in cryo-
embedding matrix or paraffin and stored at −80°C (frozen
sections) or 24°C to 26°C (paraffin sections). Paraffin
sections were stained with hematoxylin and eosin (H&E),
and frozen sections were subjected to immunofluorescence
and Oil Red O staining.

H&E Staining

All sections were obtained from the upper right eyelid. Sagit-
tal sections (5 μm) were obtained using a microtome (HM525
NX Cryostat; Epredia, Shanghai, China), with six sections
per specimen stained with H&E and imaged using an opti-
cal microscope (BX43 Light Microscope; Olympus, Tokyo,
Japan).

Immunofluorescence

For meibomian gland immunostaining, frozen sections
were fixed with 4% paraformaldehyde at room temper-
ature, incubated with 0.2% Triton X-100, blocked with
2% BSA, incubated with the primary antibody overnight,
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FIGURE 1. Infrared photography of human meibomian glands after separation and culture of primary meibomian gland epithelial cells.

washed, incubated with the secondary antibody, rinsed thor-
oughly, and observed under an inverted fluorescence micro-
scope (Nikon Imaging, Tokyo, Japan) for image acquisi-
tion. Human meibomian gland epithelial cells were used
for immunofluorescence staining. P2 cells in a 24-well
culture plate were fixed with 4% paraformaldehyde after
culture medium removal and thoroughly washed with
phosphate-buffered saline (PBS). The remaining steps were
the same as those used for tissue immunofluorescence
staining.

Oil Red O Staining

Frozen meibomian gland sections were fixed in 4%
paraformaldehyde solution for 10 minutes, washed with
PBS for 5 minutes, and stained using the modified Oil
Red O staining kit (Solarbio Life Science, Beijing, China).
After being fixed, they were treated with buffer solution

for 2 to 5 minutes, stained with the staining solution
for 15 minutes, differentiated with differentiation solution,
and then rinsed with tap water to stop the differentiation
and turn the cell nuclei blue. Finally, the sections were
sealed with glycerin–gelatin and observed under an optical
microscope.

RNA Extraction, Reverse Transcription, and
Quantitative Real-Time Polymerase Chain
Reaction

ABCA1 mRNA was extracted from tissues or cells using
an isolation kit (RE-03011; Foregene, Chengdu, China).
After quantification using a NanoDrop Spectrophotome-
ter (NanoDrop Technologies, Wilmington, DE, USA), cDNA
was synthesized from 1 μg total RNA using the Prime-
Script RT reagent kit (RR047A; Takara Bio, Shiga, Japan).
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To quantify cDNA, real-time PCR was performed using the
CFX96 Touch Real-Time PCR Detection System (Applied
Biosystems, Waltham, MA, USA). The PCR amplification
was conducted in a volume of 25 μL using TB Green
Premix Ex Taq II (RR802A; Takara BIO). The cycling
protocol consisted of one cycle of 30 seconds at 95°C
followed by 40 cycles at 95°C for 5 seconds and 60°C for
30 seconds. Subsequently, a melting curve analysis was
conducted to confirm amplification specificity. Differen-
tial gene expression was calculated using the comparative
threshold cycle method and normalized to glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as the refer-
ence gene. The following primer sequences were used for
amplification:

ABCA1 forward primer: 5′-AGCAAGGAGCTGGCTGAAG-3′

ABCA1 reverse primer: 5′-GGTAGATITGGGTGGAGGA-3′

GAPDH forward primer: 5′-AtCCCATCACCATCTTCC-3′

GAPDH reverse primer: 5′-ATGACCCTTTTGGCTCCC-3′

Western Blot Analysis

Meibomian gland samples and epithelial cell lysates were
prepared using a radioimmunoprecipitation assay (RIPA)
solution composed of protease and phosphatase inhibitors
(BC3710; Solarbio Life Science), and protein concentra-
tions were estimated using BCA (PC0020; Solarbio Life
Science). Fifteen micrograms of protein from each sample
were resolved on 4% to 12% precast polyacrylamide gels
(F12412GEL; Changzhou Boyi Biotech Co., Ltd., Nanjing,
China) under denaturing and reducing conditions for west-
ern blotting. The protein extracts were transferred to
polyvinylidene difluoride membranes, which were then
blocked with 5% fat-free milk in Tris-buffered saline contain-
ing 0.05% Tween 20 (T8220; Solarbio Life Science) at
room temperature for 1 hour, followed by sequential incu-
bation with a primary antibody for ABCA1 (1:800) and
a horseradish peroxidase–conjugated secondary antibody.
GAPDH was used as a loading control. Protein signals were
detected using an enhanced chemiluminescence reagent
(1705060; Bio-Rad, Hercules, CA, USA) and an ultrasensitive
multifunctional imager (Amersham Imager 680; GE Health-
care, Chicago, IL, USA).

Statistical Analysis

Summary data are reported as mean ± SD. Statistical
comparisons among groups were performed through anal-
ysis of variance and Student’s unpaired t-test using Prism
9.4 (GraphPad Software, Boston, MA, USA). Statistical signif-
icance was set at P < 0.05.

RESULTS

Human Meibomian Glands Show Degenerative
Changes With Age

The loss of meibomian glands in donors increases with age.
Meibomian gland tissues were obtained from 16 donors,
including 12 men and FOUR women (age range,
12–90 years; average age, 63.5 ± 18.5 years). Six cases
corresponded to cerebrovascular accidents, four to malig-
nant tumors, and five to chronic and congenital diseases; the
remaining one was undefined (Table 1). Meibomian gland

loss grading from 0 to 3 by an experienced clinician based
on infrared images yielded the following results: grade 0,
eight cases (loss area, 0%–25%); grade 1, four cases (loss
area, 26%–50%); grade 2, one case (loss area, 51%–75%);
and grade 3, three cases (loss area, 76%–100%).26 Given
the small sample sizes, these observations require further
investigation for accurate statistical analysis (Table 2).

The general morphology of human ex vivo meibomian
glands was observed under a slit-lamp microscope (Fig. 2A).
The meibomian gland tissues of adolescents were normal
in shape, with moderate length and arrangement of the
glands. The gland ducts and acini were visible under infrared
light, with the acini arranged in a circular pattern around
the gland. In middle-aged and elderly people, the clarity
of the glands was significantly lower compared to younger
people: approximately one-third of the glands in middle-
aged people were atrophied, with shortened gland length
and reduced acinar density. Central gland loss, twisting, and
deformation were present in the elderly group (Fig. 2B).

Lipid Metabolism Abnormalities Worsen With Age

H&E staining revealed significant differences in the acinar
and ductal structures of the meibomian glands across differ-
ent ages. In teenagers, lipid-producing acini could be seen
entering the central duct obliquely through short branch
tubules, with the acini being spherical or oval shaped and
having a diameter of approximately 150 to 200 μm. The
duct was lined with a typical four-layer squamous epithe-
lium, with basal cells being smaller and darker in color

TABLE 1. Donor Cause of Death and Slit-Lamp/Infrared Imaging
Availability

Specimen Age Gender
Cause of
Death

Infrared
Imaging

Slit-Lamp
Photography

1 50 M CVA � �
2 53 M CVA � —
3 55 M CVA — �
4 72 F CVA � —
5 74 F CVA � �
6 90 F CVA — —
7 12 M CCD — �
8 68 M CCD — �
9 68 M CCD � —
10 68 M CCD � —
11 80 M CCD � �
12 36 M MT � —
13 64 M MT � �
14 70 M MT — �
15 73 M MT � —
16 83 F Other — —

CCD, chronic and congenital disease; CVA, cardiovascular and
cerebrovascular accident; F, female; M, male; MT, malignant tumor;
�, images available.

TABLE 2. Grading of Meibomian Gland Loss

Grade Number Constituent Ratio

0 8 50%
1 4 25%
2 1 6%
3 3 19%
Total 16 100%
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FIGURE 2. (A) Slit-lamp photography of the meibomian glands. (B) Infrared photography of the meibomian glands. The tarsal plates were
separated from the cadaveric eyelids and divided into three age groups: teenager, middle-aged, and elderly. They were photographed directly
after trimming some muscles and fascia. Note that the thickness of the tarsal plate and the setting of photographic lighting result in different
transparencies. The two older donors (middle-aged and elderly) showed mild to moderate meibomian gland atrophy, accompanied by gland
shortening (red arrow) or loss (black arrow).

compared to secretory cells (Fig. 3A). In contrast, in middle-
aged individuals, the central duct was thickened due to an
increase in epithelial cells. The duct was slightly dilated,
and the atrophic acini were small and irregularly shaped.
Compared with those of teenagers and middle-aged donors,
the glandular structure of elderly donors showed signif-
icant changes, with gland shortening, central gland duct
cystic expansion, thinner epithelium on the gland duct wall
compared to normal glands, and some parts of the gland
wall appearing wavy. The secretory acini were significantly
smaller and rounder compared to those in normal glands,
and the tubules were expanded and entered the central duct
at a right angle. Atypical ducts formed within the acini, and
the number of secretory cells decreased, leaving only a few
cell layers.

Oil Red O staining revealed that lipid deposition increases
with age. Compared to those of teenagers, the acini and
ducts of middle-aged and elderly donors stained more
prominently, especially in elderly donors, where the stain-
ing was strongly positive (Fig. 3B).

ABCA1 Expression Is Downregulated in
Abnormal Meibomian Gland Tissues

Immunofluorescence and quantitative PCR (qPCR) were
used to compare ABCA1 expression in abnormal and normal
meibomian gland tissues. The results showed strong staining
for ABCA1 in normal tissues but weak staining in abnormal
tissues (Fig. 4). The staining in the meibomian gland duct
epithelium was stronger than that in acinar cells. In basal
acinar cells, ABCA1 expression decreased as the degree of
acinar epithelial cell differentiation increased. Quantitative
real-time PCR (qRT-PCR) further confirmed that the gene

expression of ABCA1 was reduced in the abnormal group
(n = 6, P < 0.05). Although the samples might have
contained pterygium tissue in addition to acinar ducts, this
factor was unlikely to affect our detection of the difference
in ABCA1 expression between the abnormal and control
groups, as ABCA1 is not expressed in human meibomian
connective tissues.

Primary Culture of Human Meibomian Gland Cells

Meibomian gland cells were successfully expanded using
SHEM. After culturing the eyelid single-cell suspension in
SHEM medium for 1 to 3 days, we observed oval or polyg-
onal adherent cells, with fibroblast growth around adjacent
cell colonies. After switching the medium to DKSFM, the
cells showed logarithmic growth, and cell colonies began
to form on the fifth day, with fibroblast growth inhibited,
reaching 80% to 90% confluence in 10 to 12 days (Fig. 5).
Beyond this confluence, the cells exhibited morphologi-
cal aging (enlargement and flattening); cell growth slowed
during P0, proliferation speed increased after P0, and cells
at <P4 had a morphology similar to that of P0 cells. Subse-
quently, more cells became larger in volume, flatter, and
more elongated, and the cell membrane began to break
down.

ABCA1 Expression in Human Primary Meibomian
Gland Epithelial Cells and Immortalized Cells

Peroxisome proliferator-activated receptor gamma (PPAR-γ )
is a crucial regulator of adipogenesis and adipocyte differ-
entiation,27 and studies have shown that changes in PPAR-γ
receptor signaling in aged mice may lead to corresponding
changes in lipid synthesis and glandular atrophy.28 If PPAR-γ
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FIGURE 3. Human meibomian gland structure and lipid metabolism performance. (A) H&E staining of meibomian gland ducts and acini
(n = 3). Abbreviations: a, acini; du, central duct; de, connecting ductule. Scale bar: 100 μm. (B) Oil Red O staining of meibomian glands
(n = 3). Scale bar: 100 μm.

expression is lost, lipid production may decrease, leading to
age-related MGD.29 As meibomian gland cells lack specific
protein markers, we used PPAR-γ and Nile Red to identify
the cells (Fig. 6). Subsequently, ABCA1-specific antibodies
were used to immunostain P2 cultures and iHMGECs. The
results showed that ABCA1 was mainly expressed on the cell
membrane of primary human meibomian gland epithelial
cells (pHMGECs), but this localization was not detected in
iHMGECs using the same antibody. Proteins extracted from
the cultured cells showed that the expression in pHMGECs
was significantly higher than that in iHMGECs. Addition-
ally, when ABCA1 transcript levels were measured in the
two cell lines, the expression in pHMGECs was 1.2 times
higher than that in iHMGECs, which is inconsistent with the
report by Liu et al.,24 who have shown essentially no differ-
ence in mRNA expression between these cell preparations.
This discrepancy might have its origin in the differences in
cell culture procedure and environment, such as co-culture
with 3T3 layer at first (theirs) versus no co-culture (ours);

culture medium composition with different EGF concentra-
tions (theirs, 2.5 μg/mL; ours, 10 ng/mL); with the cholera
toxin A subunit (theirs) or without (ours); and different FBS
concentrations (theirs, 10%; ours, 5%). Our results indicate
that both pHMGECs and iHMGECs express ABCA1 and that
ABCA1 mRNA and protein levels in pHMGECs are higher
than those in iHMGECs.

DISCUSSION

Our study yielded two key findings. First, human meibomian
gland tissues express ABCA1, with higher expression in
ductal epithelial cells than in acinar cells, and acinar expres-
sion decreases as the acini differentiate. Second, the expres-
sion level of ABCA1 in abnormal meibomian glands is lower
than that in the control group (normal meibomian glands).
However, this phenomenon was not verified by western blot-
ting and requires further investigation.
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FIGURE 4. Localization and expression of ABCA1 in the meibomian gland. (A) Immunofluorescence staining showed reduced expression of
ABCA1 in abnormal meibomian glands. Compared to other eyelid tissues, ABCA1 staining was strong in meibomian gland duct epithelium,
acinar basal cells, and progenitor cells. In acinar cells, nuclear colocalization (DAPI) showed that the intensity of ABCA1 expression decreased
as the degree of cell differentiation increased (direction of red arrow). (B) qPCR results showed that ABCA1 mRNA levels were higher in
the normal meibomian gland function group compared to the abnormal meibomian gland function group (P < 0.05, n = 3).

Meibomian gland atrophy and dropout are the most
important pathological features of MGD.30 Although the
mechanism of atrophy is unclear, age and blockage of the
eyelid gland opening are the main risk factors. It is also
unclear how the atrophy caused by these two factors differs.
Meibomian gland atrophy progresses with increasing age,
and human meibomian gland atrophy may be detected as
early as at 25 years of age and continues to develop after
60 years of age, manifesting as morphological and func-
tional changes that include progressive gland dropout and
reduced meibum secretion.31–33 Arita et al.34 reported that
gland dropout in men begins at 20 years of age in men
and 30 years of age in women. Analysis of these changes
shows that individuals over 50 have significantly more gland
dropout than younger people. However, no difference was
found among individuals 51 to 60 years of age and those
over 60.35,36 Various morphological characteristics of abnor-
mal eyelid glands exist in healthy individuals. With aging,
only moderate-to-severe short glands show an increase in
abnormal morphological characteristics. Our results confirm
and extend these early findings. With aging, the acini of
the elderly differed from normal round acini, exhibiting
atrophy, smaller volume, and irregular shape. Additionally,
acinar lipid production was reduced: from many small lipid
droplets in young individuals to fewer and larger lipid
droplets in older individuals. A phenomenon of lipid concen-
tration and accumulation in the eyelid glands of older indi-
viduals indicates abnormal lipid metabolism in the eyelid
glands.

The meibomian gland is a tubuloacinar sebaceous gland
that synthesizes and secretes meibum. The force is gener-

ated by the contraction of the orbicularis oculi and Riolan’s
muscles, and closure of the eyelid during blinking evenly
distributes the meibum ester to the surface of the tear
film, forming its lipid layer.37,38 Meibum is composed of
a complex mixture of lipids. The majority are nonpo-
lar, including wax esters (WEs), cholesteryl esters (CEs),
free cholesterol, fatty acids, and triglycerides, whereas a
minority of them are polar, including phospholipids, sphin-
golipids, and glycolipids.39 MGD can cause changes in the
lipid composition of meibomian gland secretions. Abnor-
mal lipids may lead to irregularities in the composition
and function of the tear film and are the main cause
of evaporative dry eye disease.31,40 The process of lipid
metabolism contributes to the development of many chronic
and inflammatory diseases; therefore, understanding lipid
metabolism complexity is crucial for medical interven-
tions in the MGD population. Systematic changes in lipid
metabolism have been extensively studied.41–43 Recently,
Nagar et al.44 showed that, as MGD severity increases, the
molar ratios of CE to WE (RCE/WE) in peripheral blood
gradually decrease. This indicates a connection between
RCE/WE in the meibum and MGD severity. An increase in
the ratio of aldehyde to wax ester (Rald/WE) in meibum is
considered a potential marker of MGD severity. Addition-
ally, from the comparative lipidomic analysis on the tarsal
plate, a significant similarity has been noted between mouse
and human samples.45 Several age-related lipid molecules
and protein biomarkers from the cholesterol biosynthe-
sis pathway may be involved in MGD onset.13 Common
and age-related MGD are closely related to abnormal lipid
metabolism.
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FIGURE 5. Representative images of human P0 primary eyelid gland epithelial cells under an inverted microscope. (A) Human eyelid gland
cultured ex vivo at day 3 and day 5. Fibroblast growth was seen around the glands (white arrows). (B) On days 10 to 12, cells fused to form
many cell clusters (red arrows and yellow circles), with a confluence rate of 80%–90%. (C) After achieving a confluence of more than 90%,
the cells became flat and enlarged, showing signs of cellular aging (black arrows).

ABCA1 regulates various key cellular functions, such
as phagocytosis, inflammation, intracellular signaling, cell
proliferation, and apoptosis.17 The function of ABCA1
was determined from research on Tangier disease, in
which patients exhibit hypercholesterolemia due to the
lack of ABCA1, with clinical symptoms including orange–
yellow tonsil hypertrophy, hepatosplenomegaly, neuropathy,
corneal opacity, thrombocytopenia, anemia, and stomatocy-
tosis.46–48 There are no reports on the meibomian gland
phenotype in Tangier disease.

ABCA1 is widely distributed in various tissues and organs
of the human body and may transport cholesterol and phos-
pholipids to apolipoprotein A-I (apoA-I), apolipoprotein E
(apoE), or other apolipoproteins, thus regulating the synthe-
sis of HDL and the reverse transport of cholesterol, as well
as playing an important role in maintaining the stability
of lipid metabolism in the body.49,50 The expression level
and functional abnormalities of ABCA1 are related to the
occurrence and development of some metabolic, cardiovas-

cular, and nervous system diseases.16 Importantly, Chen et
al.51 utilized qRT-PCR to confirm that ABCA1 is extensively
expressed in ocular tissues such as the human trabecular
meshwork, Schlemm’s canal endothelial cells, optic nerve,
and retina. Several studies have measured the expression
of ABCA1 in ocular surface tissues.24,37,52,53 Differences in
ABCA1 expression were noted in the meibomian glands
of mice following testosterone therapy.54 In addition, treat-
ment of iHMGECs with EGF and/or BPE to induce prolifer-
ation significantly altered the transcription level of ABCA1
and other lipid metabolism–related genes.55 Despite some
reports on ABCA1 expression in ocular surface tissues,
no reports have been noted on the specific localization
of ABCA1 or function studies in human eyelid tissues.
To our knowledge, this is the first study to report strong
ABCA1 expression in human meibomian gland acinar cells
and HMGECs. Moreover, as meibocytes differentiate, ABCA1
expression tends to diminish, and the expression of ABCA1
is downregulated in abnormal meibomian gland tissues.
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FIGURE 6. Expression and cytolocation of ABCA1 in meibomian gland epithelial cells in culture. (A) PPAR-γ (green), ABCA1 (green), Nile
Red (red), and cell nucleus DAPI (blue) staining in P2 pHMGCs. (B) Immunofluorescence staining showed that ABCA1 was mainly expressed
on the cell membrane in pHMGCs rather than in the cytoplasm in iHMGCs. (C) qRT-PCR showed that the expression of ABCA1 mRNA in
pHMGECs was higher than that in iHMGECs. (D) Western blot analysis of ABCA1 in pHMGECs and iHMGECs.

Interestingly, we have also noted that the ABCA1 expres-
sion level in pHMGECs was higher than that in iHMGECs in
our model. Based on these findings, we believe that ABCA1
may play a significant role in regulating lipid metabolism in
meibomian glands, mediating meibocyte physiological func-
tions such as differentiation. Furthermore, the liver X recep-
tor (LXR) agonist TO901317 ameliorates β-amyloid protein-
induced retinal inflammation by suppressing nuclear factor
kappa B (NF-κB) signal transduction and NLRP3 inflam-
masome activation, thereby activating the LXRα–ABCA1
axis. LXRα and LXRβ upregulate the expression of ABCA1,
which enhances lipid metabolism and clearance in retinal
pigment epithelial cells and reduces apoptosis.20 Further-
more, impaired lipid efflux mediated by ABCA1/ABCG1 in
mouse RPE may lead to retinal degeneration.56 ABCA1 is
capable of regulating intraocular pressure by adjusting the
Cav1/eNOS/NO signaling pathway.57

To understand the regulation of meibum metabolism and
synthesis, Liu et al.24 established an immortalized human
meibomian gland epithelial cell line in 2010, and iHMGECs
have been used as a model to study MGD physiology and
pathophysiology in vitro. Acyl-CoA wax-alcohol acyltrans-
ferase 2 (AWAT2), a key gene required for normal meibo-
mian gland synthesis, is absent in iHMGECs.58 In addition,
WE and CE are considered to be the main components of
meibum. Furthermore, lipidomic analysis has shown that
the CE content in serum-treated iHMGECs is approximately
5%, whereas that of WE is less than 1%. In iHMGECs,
the levels of these two types of lipids have been found
to be significantly lower than the normal level, suggest-
ing that these cells were abnormal in their culture condi-
tions.59 Sullivan et al.60 reported that the iHMGEC lipid
composition does not mirror the levels of neutral and polar
lipids usually present in human meibum. The authors spec-
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ulated that this might be because the ductal cells—like
those in other exocrine glands, could alter the composi-
tion of their luminal secretions. Interestingly, Thiboutot61

hypothesized that phospholipids are recycled within seba-
ceous gland ducts following overall secretion, leading to the
primary transport of neutral lipids to the skin. This recy-
cling process may also occur in meibomian glands, which
could explain, for example, why meibum lacks phospho-
lipids. Finally, there are only three records of pHMGECs.
The most recent one was reported by Duong et al.,62 who
used cells cultured from biopsy-sized human eyelid tissues
obtained during ocular plastic surgery; transcriptomic anal-
ysis confirmed high-level expression of genes related to cell
origin and lipogenesis. We have outlined a different, detailed
method for pHMGEC culture, with single-cell suspensions
first adhering in SHEM before being switched to DKSFM to
promote cell proliferation. This method successfully estab-
lished primary cultures of human meibomian gland cells
from cadaveric eyelid tissue. We showed that ABCA1 is
primarily expressed on the cell membrane of pHMGECs,
whereas it does not exhibit the same pattern in iHMGECs,
in which it is primarily located in the cytoplasm. Moreover,
qRT-PCR and western blot results showed that the tran-
script and protein levels of ABCA1 were higher in pHMGECs
compared to iHMGECs, perhaps because the cells exhibit
different phenotypes under different culture conditions. In
future studies, a comparative investigation will be conducted
using pHMGEC and iHMGEC lines under different culture
conditions to determine the best model to study MGD
pathophysiology.

It is necessary to acknowledge the limitations of this
study. First, due to uncontrollable factors related to human
tissue donation, the availability of human eyelid tissues was
limited, and there were no clear selection criteria or age
ranges for tissue collection, which might have affected the
accuracy of our results. In addition, ABCA1 expression may
be altered by tissue freshness. Eyelid tissues were collected
from our eye bank within 12 hours of death. In the future,
we will use a larger sample size to confirm our results, and
we are planning to validate our research on animal and in
vitro models.

In summary, the age-related regressive changes observed
in human meibomian glands are consistent with those
reported in previous studies. ABCA1 is expressed in both
meibomian gland tissues and in vitro cultured acinar cells.
Thus, our results provide a new direction for research
into the pathophysiology of MGD; that is, ABCA1 may be
involved in acinar cell differentiation and lipid synthesis.
Moving forward, we aim to further investigate the role
of ABCA1 in meibomian glands using HMGECs and MGD
animal models.
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