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Abstract: The primary role of meibomian glands (MGs) is to actively synthesize and secret lipids
and proteins spread onto the tear film, and the glandular lipids promote tear stability, prevent
evaporation, and reduce friction. Meibomian gland dysfunction (MGD) is the leading cause of
dry eye disease and one of the most common ophthalmic problems worldwide. MGs are densely
innervated and regulated by hormones and growth factors. However, since the polar and nonpolar
lipids are produced through processes in MGs that are not completely understood, a relevant question
has been raised: Would the altered systemic lipids metabolism affect the physiology and structure of
MGs? This review introduces the recent update regarding the relationships between serum lipid and
MGD in clinical and basic research while providing answers to this question. A causal relationship
remains to be established; however, serum lipid level or dyslipidemia may be related to MGD directly
or indirectly, or both. Further studies are warranted to establish the role of serum lipid level and
meibocyte differentiation/maturation and lipid synthesis.

Keywords: serum lipid level; dyslipidemia; hypercholesterolemia; meibum biosynthesis; meibomian
gland dysfunction; blepharitis

1. Introduction

Meibomian glands (MGs) are large sebaceous glands located in the tarsal plates of
the eyelids. These are the primary source of the tear film lipid meibum in the tear film,
which consists of an aqueous layer and a superficial lipid layer [1]. The tear film lipid
layer (TFLL) is ~40 nm thin and preserves a clear and smooth anterior surface, slows tear
evaporation, and forms a barrier against microbial agents and organic matter [2,3]. MGs
are densely innervated and their modulation of the development, maturation, lipogenesis,
and secretion of meibum is orchestrated by hormones and growth factors [1]. Nerve fibers
located in the interstitium of MGs and isolated nerve endings surrounding the duct system
suggest the influence of the nervous system as well [4]. While blinking, these glands
actively synthesize and secrete lipids and proteins onto the lid margin during muscular
contractures [5].

The secretory acini of the MGs contain meibocytes [1,6]. As these cells mature, they
undergo a progressive accumulation of lipids in the cytoplasm, shrinkage, and pyknosis [1].
The disintegration of the cell membrane occurs, and the cell contents form a lipid and
protein mixture, meibum, which is excreted into the ducts through holocrine activity [1,6].
The International Dry Eye Workshop II reported the meibum is approximately 95% nonpo-
lar and 5% polar lipid [3]. Nonpolar lipids comprising human meibum consist primarily
of 30-50 mol% of wax ester [7-9], 35-40 mol% of cholesteryl ester [10-12], and less than

J. Clin. Med. 2022, 11, 4010. https://doi.org/10.3390/jcm11144010

https:/ /www.mdpi.com/journal /jem


https://doi.org/10.3390/jcm11144010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0003-4486-0742
https://doi.org/10.3390/jcm11144010
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm11144010?type=check_update&version=2

J. Clin. Med. 2022, 11, 4010

20f13

Wax esters
(30-50 mol%)

2% triglycerides (Figure 1) [9]. Its involvement in lipid biosynthesis or uptake in the MGs
remains vague. Theoretically, lipid biosynthesis in MGs can be de novo in acinar cells or
through lipid uptake from the bloodstream [1]. Recent studies supporting de novo syn-
thesis reported that synthetic enzymes and hormones regulate the final products [10-12].
However, there are few studies regarding the bloodstream uptake of lipid into MGs, which
warrants further investigation. This uptake would lead to the alteration of the meibum
composition according to variation in serum lipid levels with diet, medication, and sys-
temic condition.

Human meibum

Non-polar lipid
R Polar lipids (5 mol%)

(95 mol%)
0-acyl)-w-hydrox
Cholesteryl ester Triglycerides Free cholesterol ¢ f:t)t acigs Y Phospholipids
(30-45 mol%) (<2 mol%) (<0.5 mol%) y (<0.01 mol%)
. (OAHFAs)

Figure 1. Lipid composition of human meibum.

Disorders of meibomian gland function, which are referred to as meibomian gland
dysfunction (MGD), are defined as a chronic, diffuse abnormality of the MGs, characterized
by terminal duct obstruction and/or qualitative or quantitative changes in the glandular
secretion, which may result in the alteration of ocular surface health and homeostasis [13].
A dysfunctional TFLL is believed to be a major underlying reason for the development of
dry eye disease, and recent studies have suggested that the specific TFLL lipids—namely,
O-acyl-w-hydroxy fatty acids (OAHFAs) and diesters (DiEs)—may play a role in the
pathogenesis [12,14]. MGD has been described for several decades and is now accepted
as a discrete disease; however, its etiology as a systemic and ocular disease is yet to be
fully investigated. Dyslipidemia is defined as abnormal amounts of lipids and lipoprotein
in the blood [15]. Dyslipidemia is characterized by an increased level of total cholesterol
(TC), low-density lipoprotein (LDL), and triglyceride (TG), as well as a decreased level
of high-density lipoprotein (HDL) in the blood [15]. It is one of the major modifiable risk
factors in cardiovascular diseases [16]. Given that lipid biosynthesis occurs in MGs, the
question arises whether the systemic lipid metabolism abnormality, dyslipidemia, may be
associated with MGD. However, little is understood about the role of systemic serum lipid
level or dyslipidemia in meibum production and MG function. This review provides an
update on the association between systemic serum lipid and MGD.

2. Sources and Methods of Literature Search

An initial scientific literature search was conducted on 1 October 2021 using the
PubMed database. Search filters included a publication date between 1 January 2011 and
30 August 2021.

The following keywords were used in PubMed research as MeSH terms: “meibomian
gland dysfunction” and “dyslipidemias”. Since the term “dyslipidemia” covers various
lipid profiles, including increased blood levels of cholesterol, triglycerides, or lipoproteins,

o

we used multiple terms during the literature search, such as “elevated cholesterols”, “hyper-
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cholesteremia”, “triglyceride”, “high-density lipoproteins”, and “low-density lipoproteins”.
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In addition, use various versions of the term “meibomian gland dysfunction” to prevent
the loss of relevant articles, such as “MG dysfunction”, “MGD patients”, “MGD subtype”,
or “Tarsal glands”.

After the initial research, we retrieved 626 articles. We screened the papers sequentially
in the following order: titles, abstracts, and full-text. The reference list of each article was
also reviewed to identify other relevant papers. Three reviewers (Y.-5.Y., S5.-K.P,, and
K.-5.N.) independently determined the eligibility of each article. The articles satisfying the
specified criteria were included.

We used the Newcastle-Ottawa Scale (NOS), a tool widely used for assessing the
risk of bias in nonrandomized observational studies, to assess the quality of included
articles. The NOS consists of eight questions categorized into three groups: selection,
comparability, and ascertainment of either the exposure or outcome of interest for case—
control or cohort studies, respectively. Each study can be awarded a maximum of one
star for each numbered item within the selection and exposure/outcome categories. For
the comparability category, a maximum of two stars was given. As a result, the highest
quality studies can be awarded up to nine stars. For interpretation, three or four stars in
the selection category, one or two stars in the comparability domain, and two or three
stars in the exposure/outcome category were regarded as “good quality” [17,18]. After
performing a NOS-based qualitative assessment, we included articles with a low-risk bias
in our manuscript.

After screening, 573 papers were excluded as they were not relevant to the scope of the
review or were not written in English. Based on established inclusion criteria, we excluded
38 papers. Most excluded articles focused on associations between serum lipid and systemic
disease other than MGD (cardiovascular disease, diabetes, metabolic syndrome, etc.). After
performing a NOS-based quality assessment, we included a final pool of 15 articles on
serum lipid levels and MGD. Among the 15 remaining articles, 11 were clinical, and 4 were
basic research studies. In addition, we rated each clinical article using the grading systems
for assessing the quality of evidence. Citations and full-text papers were exported to
Endnote 20 citation manager. The search strategy and results from the listed databases are
summarized in a flowchart (Figure 2).

Reference list of each article was retrieved
and 4 more papers were selected

Records identified through
Pubmed database (i = 626)

l

Screening / 4 [

Records removed (i = 573)
- non relevant to the scope
of review
- non written in English

Analysis of manuscript

Ly L bt Records removed (17 = 38)
concerning serum lipid and MGD atisfied with inclusi Lo
(n-53) - non satisfied with inclusion criteria

h 4
-
For clinical ¢ ;, NOS basi
orciinica study, NC 'fa ed Records removed (n=0)
quality assessment (11 = 15)

3

Studies included in our
review (n=15)
- Clinical research (n=11)
- Basic research (n=4)

Figure 2. Flow diagram of the literature search and selection for plasma lipid and MGD.
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As this review focused on previous clinical studies regarding the association between
serum lipid levels and meibomian gland dysfunction (MGD), the NOS tool was not used in
the description of previous studies (Section 3.2).

3. Research Results from Previous Studies
3.1. Clinical Research of Serum Lipid and MGD

Among the clinical research articles that were included in the final selection, nine
focused on the association between serum lipid level and MGD, and two focused on the
medical treatment of MGD. Among these, seven were case—control studies (Level 3), two
were cross-sectional studies (Level 3), one was a prospective cohort study (Level 2), and
another one was a randomized controlled trial (Level 1).

Nine of the selected clinical research articles investigated the association between
serum lipid levels and MGD [19-27]. All nine articles showed evidence of Level 3 as a
cross-sectional case—control study.

Six of the nine articles [20-25] compared the mean serum lipid level and the prevalence
of patients with dyslipidemia between patients with MGD and controls. Most studies
showed a higher prevalence of abnormal serum lipid profiles among patients with MGD
than controls; however, there were also controversial results as well.

Compared with the rest of the studies [20-24] with a relatively small number of
subjects (58 to 136 subjects), Ha et al. [25] conducted a much larger cohort study in which
authors employed age and sex-matched propensity score matching using normal control
patients from the National Health and Nutrition Examination Survey (NHANES).

Except for two recently published articles [24,25], the study by Pinna et al. [20],
Braich et al. [21], Chen et al. [22], and Irfan et al. [23] performed multivariate regression
analysis to analyze risk factors for MGD, and the results were varied.

The remaining three articles [19,26,27] investigated the correlation between the severity
of MGD and serum lipid level. The prevalence of dyslipidemia tended to increase as the
severity of MGD increased. However, all of them did not perform a multivariate regression
analysis to analyze risk factors for moderate to severe MGD.

Table 1 shows a summary of the nine above-mentioned clinical research articles
concerning the association between serum lipid levels and MGD and compares each article
in terms of design, number of participants, date of publication, and results.

We found two clinical research articles that focused on the effect of serum lipid regu-
lating medical treatments on MGD authored in the last 10 years. One was a randomized,
double-masked study (Level 1), while the other was a prospective, nonrandomized study
(Level 2). Table 2 shows a summary of the two clinical research articles concerning the
effect of serum lipid regulating medical treatments on MGD in terms of design, number of
par-ticipants, date of publication, and results.

Essential fatty acid supplementation has been shown to significantly improve the
serum lipid profile of patients with dyslipidemia [28-31]. In addition, a significant increase
in the saturated fatty acid content of meibum was observed in patients with MGD supple-
mented with diets rich in omega-3 fatty acids [32]. Moreover, some studies have shown
that omega-3 fatty acid supplements improve the clinical symptoms and signs of dry eye or
reduce eyelid margin inflammation [33-37]. Eicosapentaenoic acid (EPA), an omega-3 fatty
acid, has been shown to induce meibocyte differentiation through PPARYy activation—a
process characterized by cell cycle exit, de novo, and transported lipid accumulation in the
endoplasmic reticulum, and autophagy [38]. Statins, which are used in the treatment of
dyslipidemia, are composed of HMG—CoA reductase inhibitors, which block the biosynthe-
sis of cholesterol. Considering the pharmacologic mechanisms of omega-3 fatty acids and
statins, evaluating MGD in patients taking these medications may be useful in investigating
the association between MGD and serum lipid alteration [39].
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Table 1. Summary of clinical research articles concerning association between plasma lipid levels and MGD.

Pinna Braich Chen Mussi Guliani Bukhari Tulsyan
etal. [20]  etal.[21]  etal [22] Irfan et al. [23] etal. [24] Haetal. [25] etal. [19]  etal [26] etal. [27]
Level of evidence Level 3 Level 3 Level 3 Level 3 Level 3 Level 3 Level 3 Level 3 Level 3
Desien Case-control ~ Case-control ~ Case-control Case-control stud Case-control Case-control stud Case-control ~ Case-control  Case-control
8 study study study y study y study study study
Number of
participants 60/63 109/115 199/89 58/58 163/136 95/475 90/90 132/104 237/163
(case/control)
Year 2013 2016 2017 2020 2021 2021 2018 2013 2021
Results
Mean serum lipid Level 1n patients with
Mean serum lipid Level 1n patients with MGD (compared to those without MGD) moderate to severe MGD (compared to
mild MGD)
Total cholesterol Higher * Higher Higher N/A Lower (NS) Lower (NS) N/A N/A N/A
LDL Higher Higher * Higher N/A Higher (NS) Lower N/A N/A N/A
TG Higher Higher Higher N/A Higher (NS) Lower (NS) N/A N/A N/A
HDL Higher Higher Lower N/A Lower (NS) Higher N/A N/A N/A
Prevalence of dyslipidemia * in patients
Prevalence of dyslipidemia * among patients with MGD (compared to those without MGD) with moderate to severe MGD (compared
to mild MGD)
Gender Female Male
Age <45 45-64 >65
Total cholesterol N/A Higher N/A Higher L(cI)\IV\g;r I_(III\QI;S}:)er - - - Higher N/A Higher (NS)
LDL N/A Higher N/A Higher L(?\Ivgr I—(I;\glg)er - Higher Higher  Higher Higher (NS) Higher
TG N/A Higher N/A Higher N/A N/A - - - Higher Higher (NS)  Higher (NS)
HDL N/A Lower (NS) N/A Higher (NS) Lower  Higher — — ppop . Higher N/A Higher (NS)

(NS) (NS)
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Table 1. Cont.
Pinna Braich Chen Mussi Guliani Bukhari Tulsyan
Irf 1. [23 H 1. [25
etal.[20]  etal[21]  etal [22] rfan et al. [23] etal. [24] aetal. [25] etal.[19]  etal.[26]  etal [27]
Factors impacting development of MGD
MGD grade 1 2 3 4
Total cholesterol \% \% - - \% v - N/A N/A N/A N/A N/A
LDL \Y% A% \Y% - - - - N/A N/A N/A N/A N/A
TG - \% A% - - v, \% N/A N/A N/A N/A N/A
HDL \Y% - - - - - - N/A N/A N/A N/A N/A
Abbreviations: LDL, low-density lipoproteins; TG, triglyceride; HDL, high-density lipoproteins; MGD, meibomian gland dysfunction; NS, not significant; N/A, not available. * Dyslipi-
demia was defined as a fasting total cholesterol level of >200 mg/dL, LDL > 130 mg/dL, triglycerides > 150 mg/dL, and HDL < 40 mg/dL in Guliani et al., Dao et al., Pinna et al.,
Braich et al., and the studies by Irfan and Mussi. In the study by Bukhari et al., dyslipidemia was defined as a fasting total cholesterol level of >200 mg/dL, triglyceride > 200 mg/dL,
LDL > 130 mg/dL, and HDL < 40 mg/dL. In the study by Chen et al., dyslipidemia was defined as fasting total cholesterol level of >240 mg/dL, LDL = 160 mg/dL, and
HDL <40 mg/dL. In the study by Ha et al., dyslipidemia was defined as fasting total cholesterol level of >200 mg/dL, triglyceride > 143 mg/dL, LDL = 140 mg/dL, and
HDL < 40 mg/dL. In the study by Tulsyan, the criteria for dyslipidemia were not mentioned. * Abnormal serum lipid level.
Table 2. Summary of clinical research articles concerning the effect of serum lipid regulating medical treatments on MGD.
Number of Patients Results
Author Year Level of Study Design Lid Marei M M
Evidence Case Control 16 Vargn G - MG Quality G
Abnormality Expressibility Morphology
- Randomized, Omega-3 treatment Placebo group
Oleriik et al. [37] 2013 Level 1 double-masked study eroup (1 = 33) (n =31) Improved Improved
Prospective, Statin treatment Life style
Wu et al. [39] 2020 Level 2 nonrandomized intervention group Deteriorated Deteriorated Deteriorated
study group (11 = 85) (n=13)

Abbreviations: MG, meibomian gland.
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Olenik et al. [37] studied the effectiveness of omega-3 fatty acids in improving the
symptoms and signs of MGD, compared with the placebo group. This study conducted
randomized and double-blind trials for a duration of 3 months, and 61 participants with
symptomatic MGD were enrolled and randomly assigned to the omega-3 treatment (n = 33)
and placebo groups (n = 31). All participants were required to apply a warm compress for
5 min and scrub their eyes with diluted baby shampoo. The changes in MG expression and
lid margin inflammation were assessed at the follow-up visits 1, 2, and 3 months after the
initiation of treatment. The mean lid margin inflammation and MG expressibility presented
improvement from baseline only in the omega-3 treatment group.

These results were consistent with the prospective randomized placebo-controlled
masked trial study by Macsai [32] in 2008. In this study, omega-3 essential fatty acid
supplements were shown to improve clinical symptoms and signs of MGD, as well as the
changes in the meibum content. This study suggested two hypotheses that may explain
how supplementation with omega-3 essential fatty acids can alleviate MGD. The first
hypothesis stated that the metabolism of omega-3 could inhibit the metabolism of omega-6
and, subsequently, fatty acid may decrease the inflammation of the eyelid. The second
proposed hypothesis stated that it may change the fatty acid composition, thus leading to
changes in lipid properties of meibum.

The prospective and nonrandomized study by Wu et al. [40] investigated the possible
association of dyslipidemia and its treatment with MG morphologic changes using mei-
bography. In total, 98 participants were divided into two groups: 85 participants in the
statin group and 13 participants in the nonstatin group. The results showed statistically
significant increases in the total and upper eyelid meiboscores, lid margin abnormality
scores, and deterioration in meibum quality in the statin group during the follow-up visits.
Moreover, similar changes in the upper eyelid meiboscores and meibum quality were
also observed in the nonstatin group. This study revealed that MG atrophy continued to
progress in both groups. As a result of these investigations, the authors suggested that
regulating the serum lipid level might be beneficial only during the early stage of MGD
without any obstruction.

In contrast, the Australian Blue Mountains Eye Study III (BMES III) cohort study [41],
a large population-based retrospective analysis consisting predominantly of Caucasian
Australians aged over 59 years, showed that hypercholesterolemia—as well as serum LDL
and HDL levels—had no significant association with DED symptoms, such as dryness,
grittiness, itchiness, discomfort, or watering. However, oral statin therapy was associated
with an increased risk of one or more moderate to severe symptoms of DED. In this study,
unlike other previous studies, the outcome measure was the presence of DED symptoms
rather than the clinical diagnosis of DED or MGD. Moreover, since DED symptoms due
to MGD, aqueous deficiency, or mixed etiology were not differentiated in the study, it is
difficult to conclude that these findings postulate a significant correlation between oral
statin therapy and MGD.

3.2. Basic Research on Serum Lipids and MGD

To evaluate the pathophysiology of MGD, several methods for collecting and culturing
cells have been introduced using MGs from rabbits [42], mice [43,44], and humans [45].
Since harvesting human meibomian gland epithelial cells (HMGECs) were first introduced
as a cell type for evaluating MG epithelial cell activity, including lipid profiles, several fac-
tors including serum, azithromycin, omega-3, and -6 fatty acids, brimonidine, peroxisome
proliferator activator receptor-y (PPARy) agonist, and rosiglitazone have been revealed as
molecules that promoted lipid production and differentiation from HMGECs [44,46-53].
Immortalized HMGECs are a valuable resource for certain types of basic regulatory research;
however, they are not suited to system-Level Investigations, such as meibum composition,
which requires input from multiple stages of MG development, ductal enzymes, and other
factors unavailable in vitro [54,55].
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Various animal models for MGD have also been proposed by researchers. Key genes
for lipid biosynthesis have been demonstrated to make changes in the meibum lipid
profiles and cause pathologic abnormality in the ocular surface and MG physiology and
morphology [39]. Elovl1 [56] and Elovi3 [57] genes, or inhibition of FA w-oxidation by
inactivation of Cyp4F39 [58], or inactivation of Awat2 [59,60], led to equally massive changes
in meibum lipid profiles and MG and ocular surface physiology and morphology in mutant
mice. These gene mutations described the relation between FA elongation, oxidation, and
esterification into WE, MG lipid homeostasis, and various ocular pathologies. Recently,
Soatl/SOAT1 [11] was reported as the gene causing the elimination of CE and Chl-OAHFA
derived from MGs.

The association of serum lipid changes, daily diet affecting serum lipid composition,
and MGD have been evaluated through in vivo animal studies [61]. Apolipoprotein E
knockout (ApoE~/~) mice [62] with high increased total serum cholesterol levels demon-
strated that obstructive MGD and hyperlipidemia were closely related by confirming MG
dropout and disordered acini and ducts in the upper and lower eyelids [63]. HR-1 hair-
less mice fed a limited lipid diet (HR-AD, a special diet with limited lipid content) were
effective in inducing posterior blepharitis around the eyelid margin, plugging orifices,
and toothpaste-like meibum [64]. In addition, the C57BL /6 mouse model fed a high-fat
diet showed ocular surface damages that can be caused by MGD, such as decreased tear
production, notable Oregon green dextran staining, distinct conjunctival goblet cell loss,
and squamous metaplasia [65].

Over the years, Burns et al. investigated the relation between dyslipidemia and MGD
with a diet-induced obesity mouse model [66]. They obtained obese mice with a high-fat
diet and found corneal dysfunction such as both an increase in corneal inflammatory
mediators and a decrease in corneal nerve density before the development of sustained
hyperglycemia [67]. Additionally, dyslipidemia in their diet-induced obesity mouse model
was found to be accompanied by the alteration in both meibum composition and MG
structure [68]. The level of the lipid species with saturated fatty acids was increased in
meibum, and MG hypertrophy was confirmed with meibography in their animal study [68].
Table 3 shows a summary of basic research articles concerning the pathophysiology of
MGD in relation to dyslipidemia using an animal model.

Table 3. Summary of basic research articles concerning pathophysiology of MGD in relation to
dyslipidemia using animal models.

Author Year Animal Model MG Features Other Defects
Apolipoprotein E knockout Plugging of the meibomian gland Present punctate corneal
Bu et al. [63] 2019 mice (ApoE(~ /,)) orifice, duct dilation, and staining and signs of
P heteromorphic acinar morphology. corneal damage
. HR-1 hanjless mice f ed an Plugging of the meibomian gland
Miyake et al. [64] 2016 HR-AD diet (a special diet Iy . . -
with limited lipid content) orifice and toothpaste-like meibum.
. Hypertrophic change in meibomian
Osae et al. [68] 2020 C57BL/6 mice fed a gland and increased lipid saturation -

high-fat diet in meibum.

4. Discussion

The association between serum lipids and MGD can be analyzed in direct and indirect
ways. Altering the lipid composition in the blood Level 1n dyslipidemia and MGD has
shown conflicting results that cholesterol and LDL, and HDL may or may not be related
to MGD [19-27]. There is no Level 1 evidence of the association between MGD and
serum lipid levels. Some previous case—control studies reported that elevated TC, TG,
or LDL was associated with MGD [20-23], whereas some others reported no significant
association [19,24-27]. HDL is known as a favorable lipoprotein in cardiovascular function;
however, some studies have shown that high HDL may be associated with MGD [20,21,25].
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In addition, medication or dietary supplements that alter the lipid composition may act
as a useful clue for the association between serum lipid and MGD. Such an uptake would
lead to changes in the meibum composition according to diet status; medication use,
such as statin or omega-3, 6 fatty acid; or lipid profile in serum. One Level 1 study
showed that dietary supplementation with omega-3 fatty acids resulted in a decrease in
the serum ratios of omega-6 to omega-3 and showed improvements in overall Ocular
Surface Disease Index score, tear breakup time, and meibum score [32]. Moreover, the
study demonstrated an induced change in the fatty acid saturation content in meibum
as a result of dietary supplementation with omega-3 fatty acids. This study suggested
that altered serum lipid levels would affect the lipid biosynthesis in acinar cells and
the final product either directly or indirectly. In contrast, the results of a prospective
nonrandomized study to evaluate the possible association between treating dyslipidemia
with statins and MGs morphologic changes revealed that MGD progression occurred
despite lipid control [40]. Most studies on MGD and dyslipidemia excluded subjects taking
lipid-lowering medication, and therefore, the association between statins and MGD has
not been shown, although they were eliminated as a potential confounder. Well-designed
randomized controlled studies with longer follow-ups and potentially providing Level 1
evidence are recommended to confirm the association between dyslipidemia, statin use,
and MGD.

There are several clinical studies evaluating the relationship between serum lipid levels
and MGD, but few classify as Level 1 studies; most reports available for this review included
retrospective cohort studies with limited numbers and inclusion criteria. Some studies have
been conducted on animal models and cultured meibocytes [45-53,56,57,59,60,63-66,68],
but their findings were not conclusive. Lipidomic studies may aid in identifying a link
between MGD and serum/plasma lipid species, since prostaglandins and leukotrienes
are eicosanoids derived from arachidonic acid and related polyunsaturated fatty acids,
participating in both normal homeostasis and inflammatory conditions [69]. However,
to our knowledge, no relevant studies have reported specific lipid profiles for free FA,
glycerophospholipids, sphingolipids, or glycerolipids in the human serum or plasma.
Genetic manipulation animal models, such as ApoE~/~ mice, show a marked increase in TC
in serum mimic the obstructive MGD, including MGs orifice plugging duct dilatation and
acinar deformation [63]. Diet-induced obesity models where mice develop dyslipidemia
were expected to be useful tools for investigating the effects of dyslipidemia and MGD in
future studies [64,66,68].

There were several hypotheses on why serum lipid levels may alleviate or aggravate
MG function and result in DED symptoms. The first hypothesis was based on systemic
inflammation leading to changes in lipid metabolism aimed at decreasing the toxicity of a
variety of harmful agents and tissue repair by redistributing nutrients to cells [70]. As MGD
and DED are believed to be closely related to inflammation, alleviation or aggravation of
systemic inflammatory status may affect both lipid metabolism systemically, in addition to
the eyelids and MGs [71-73]. Thus, dyslipidemia and MGD may share common pathogen-
esis regarding inflammation. In this context, we can assume that DED may be a result of
both dyslipidemia and MGD. There are studies supporting that dyslipidemia and MGD
are closely linked, although the causal relationship is yet to be investigated. Previously, in
an animal study, desiccating stress was shown to affect the meibum maturation process
and thus alter the lipid /protein composition of meibum [74]. Changes in meibum quality
may lead to MGD by further affecting tear instability and ocular surface inflammation.
In addition, PPARs may be a connecting link between dyslipidemia and MGD. PPARs
are involved in the metabolic regulation of lipid and lipoprotein levels, such as triglyc-
erides, blood glucose, and abdominal obesity, and are now widely accepted as a valuable
therapeutic target in the regulation of metabolic homeostasis [75]. Among the subtypes
of PPARs, PPARY has been suggested as a master regulator of meibocyte differentiation
and function [75]. Jester et al. reported that aging MGs showed altered PPARYy expression
and decreased meibocyte differentiation and lipid biosynthesis in human tissue samples
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and mouse models [76]. Systemically, PPARY is mainly expressed in adipocytes and plays
a major role in cell differentiation and energy metabolism [75]. Pioglitazone, which is
an agonist of PPARy, has demonstrated beneficial effects in reducing TG and increasing
HDL levels [77]. These findings support the premise that altering PPARy expression may
result in changes in lipid composition in serum levels and also MG differentiation and
meibum synthesis.

The influence of the systemic lipid level on the meibum synthesis in the MGs is still
underinvestigated. Epidemiological studies revealed that there are racial differences in the
prevalence of MGD [78]. This implies that dietary habits, energy supply, food complex-
ity, and genetic vulnerability play a role in the prevalence of MGD. These complex and
co-causative factors of the MGD pathogenesis would affect lipid uptake systemically, as
well as the biosynthesis of meibum in MGs. Additional information should be considered
regarding the association between serum lipid and MGD. Generally, MGD is classified into
three forms: hypersecretory, hyposecretory, and obstructive, with the latter form being
considered the most common [2,13]. Each subtype may or may not have similar pathogene-
sis, which might be linked to serum lipid composition. In MGD, the hyperkeratinization
of ductal epithelium, the increased viscosity of meibum, and terminal duct obstruction
may affect each other or occur separately. The obstruction is affected by multiple causes
including age, sex, and hormones. Based on the association between dyslipidemia and
DED suggested by previous studies, the underlying DED may result in ocular surface
inflammation and hyperkeratinization. In contrast, there is also evidence that the glands
may undergo acinar atrophy with aging, inflammation, and infection [1]. Dyslipidemia
may regulate the differentiation and renewal of meibocytes that directly impact meibum
composition, possibly by altering PPARy expression and localization, as suggested by
Jester et al. [44,46,79]. A direct comparison between the clinical studies included in this
review is difficult because of the different subjects enrolled. Therefore, a more detailed
classification of MGD patients is needed in further studies.

5. Conclusions

As shown in this review, serum lipid level or dyslipidemia may be related to MGD
directly or indirectly, or both. Dyslipidemia, inflammation, co-existing or underlying
DED, decreased proliferative properties of meibocyte and acinar atrophy, and alteration of
biosynthesis and the changing composition of meibum are interrelated in the pathogenesis
of MGD. Notably, there are some studies that show that high HDL, although beneficial
for atherosclerosis and metabolic syndrome, may affect MG function and DED negatively,
which warrants further research. Continued efforts to conduct research studies, particularly
randomized controlled trials, are necessary to establish the role of serum lipid level and
meibocyte differentiation/maturation, and lipid synthesis.
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