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Abstract

Recently, elongase of very long chain fatty acids-3 (ELOVL3) was demonstrated to play a pivotal 

role in physiology and biochemistry of the ocular surface by maintaining a proper balance in the 

lipid composition of meibum. The goal of this study was to further investigate the effects of 

ELOVL3 ablation in homozygous Elovl3-knockout mice (E3hom) in comparison with age and sex 

matched wild type controls (E3wt). Slit lamp examination of the ocular surface of mice, and 

histological examination of their ocular tissues, highlighted a severe negative impact of Elovl3 
inactivating mutation on the Meibomian glands (MG) and conjunctiva of mice. MG transcriptomes 

of the E3hom and E3wt mice were assessed and revealed a range of up- and down-regulated genes 

related to lipid biosynthesis, inflammation and stress response, compared with E3wt mice. Heat 

stage polarized light microscopy was used to assess melting characteristics of normal and 

abnormal meibum: The loss of Elovl3 led to a 8°C drop in the melting temperature of meibum in 

E3hom mice, and increased its fluidity. Also noted were the excessive accumulation of lipid 

material and tears around the eye and severe ocular inflammation, among other abnormalities.
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INTRODUCTION

The holocrine Meibomian glands (MG) reside within the tarsal plates (TP) of the eyelids of 

humans and most of other mammals and secrete an oily substance called meibum (1). The 

chemical analyses of meibum revealed that it is composed predominantly of lipids with up to 

20% of non-lipid inclusions (2). Meibum lipids are believed to form the outermost layer of 

the tear film (TF), called TF lipid layer (TFLL) that covers the entire ocular surface (3, 4). 

Meibum is an extremely complex secretion that is comprised of both polar and nonpolar 

lipids including families of wax esters (WE), cholesteryl esters (CE), free fatty acids (FFA), 

triacylglycerols (TAG), (O)-acylated ω-hydroxy fatty acids (OAHFA), cholesteryl esters of 

OAHFA (Chl-OAHFA), and diacylated α,ω-diols (DiAD), as well as free cholesterol (Chl), 

squalene, and a range of phospholipids, sphingomyelins, and, possibly, other minor lipid 

components. The non-lipid components of meibum include proteins (5–7), most likely in 

various degrees of unfolding and/or hydrolysis, fragments of DNA/RNA, and, with all 

likelihood, water and minerals.

It has been demonstrated that TF in general, and TFLL specifically, play vital roles in 

physiology of the ocular surface: They protect the eye from desiccation (8), lubricate cornea 

and conjunctiva (9), may prevent ocular surface infections (10), and help to maintain visual 

acuity (11, 12). It is plausible that alterations in TP/MG homeostasis can be detrimental for 

ocular health, and, in severe cases, may lead to various multifactorial ocular pathologies 

such as blepharitis, dry eye disease and chalazia. Note that blepharitis is often associated 

with bacterial infections (13, 14). Thus, adverse changes in meibum composition may affect 

the ability of TF/TFLL to maintain their structural integrity and interact with other elements 

that promote a healthy ocular surface.

In order to understand how MG function, animal models with targeted inactivating 

mutations in genes involved in meibogenesis have been proposed and studied (15–18). It 

was demonstrated that selective inactivation of those genes led to dramatic changes in MG 

morphology and ocular surface physiology, and severely abnormal meibomian lipid profiles. 

Of those genes, the elongase of very long chain fatty acids 3 (ELOVL3) is important because 

the enzyme functions as a rate-limiting step and a pivotal point in the fatty acid elongation 

cycle elimination of which leads to termination of the biosynthesis of saturated FA longer 

than C20, and completely transforms lipid profile of meibum (16). The purpose of this study 

was to further investigate the physiological consequences of the loss of Elovl3/ELOVL3, 

analyze the thermotropic characteristics of mutant meibum, and conduct comparative 

transcriptomic studies of TP of wild-type and Elovl3/ELOVL3-ablated mice.

MATERIALS AND METHODS

Reagents

Authentic lipid standards were obtained from Nu-Check Prep (Elysian, MN, USA) and 

MilliporeSigma (St. Louis, MO, USA). Analytical grade salts, acids, and bases were from 

MilliporeSigma and ThermoFisher Scientific (Waltham, MA, USA). Ultra-high performance 

chromatography (UPLC) and mass spectrometry (MS) grade solvents were from Honeywell 
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Burdick & Jackson and Fisher Chemical (both purchased from ThermoFisher Scientific), 

and MilliporeSigma.

Animals

All procedure that involved live animal were conducted in accordance with the Association 

for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in 

Ophthalmic and Vision Research. All animal procedures were approved by the Institutional 

Animal Care and Use Committee of the University of Texas Southwestern Medical Center.

The Elovl3burf/GrsrJ founder mutant mice (stock no. 024182) were obtained from The 

Jackson Laboratory (Bar Harbor, ME, USA). Animals were characterized and genotyped as 

previously described (16) using the same primers. Age and sex matched mice with expunged 

Scad mutation were used for these studies. The ages of mice depended on the type of the 

experiments and are indicated further in the text or in the figure legends. All mice were 

housed in ventilated microisolator cages on a 12-h light/dark cycle with free access to food 

(a Teklad 2016 16% Protein rodent diet; from Envigo, Indianapolis, IN) and water.

Ocular evaluation

Mice were lightly anesthetized with xylazine/ketamine cocktail and their ocular surfaces 

were examined by a slit lamp (model BQ 900 from Haag-Streit USA, Inc. Mason, OH, 

USA). Images were taken using an interfaced Canon EOS Rebel T6i digital camera (Canon, 

Melville, NY, USA).

Histology and Immunohistochemistry

Animals were euthanized, tissues were collected under a Zeiss Stemi 508 Stereo microscope 

(Carl Zeiss, Oberkochen, Germany), and treated as described before (16). Briefly, the 

specimens were placed in buffered Carson’s formalin for more than 24 hours. Then, the 

tissues were dehydrated in serial dilutions of ethanol, cleared in xylene for 1 hr and 

embedded into paraffin blocks. Tissue sections were cut at 4μm using a Leica CM3050S 

cryostat (from Leica Biosystems Inc., Buffalo Grove, IL, USA) and consequently stained 

with hematoxylin and eosin (Statlab, McKinney, TX, USA). The tissue slides were studied 

using bright field microscopy using a Zeiss Observer D1 microscope and the Axiovision 

software (also from Carl Zeiss).

Transcriptomic Analysis of Mouse Tarsal Plates

Mouse TP collected from six E3wt and six E3hom age-matched animals (equally males and 

females) were used for transcriptomic analysis. TP were excised from freshly euthanized 

mice as described before (16, 19), placed in RNAlater reagent (Quiagen, Germantown, MD, 

USA) and stored at −20°C until the mRNA was forwarded to the UTSW Genomic and 

Microarray Core Facility for RNA extraction and analysis. The integrity of extracted mRNA 

was checked prior to transcriptomic analysis. Only samples with RNA integrity numbers 

above 9 were used in the study. Specimens were analyzed using Clariom D microarrays 

(Affymetrix, Santa Clara, CA, USA). The RNA expression data were processed in the 

Expression Console software package (v.1.4.1.36 from Affymetrix) and Transcriptome 

Analysis Console (v.4.0.1, TAC; from the same manufacturer). The data were statistically 
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analyzed using the TAC build-in statistical routines and SigmaStat package v.3.5 (from 

Systat Software Inc., Point Richmond, CA). A non-parametric empirical Bayes Anova 

(eBayes) method (a part of the TAC software package) was used to rank differentially 

expressed genes. Based on industry-standard settings, the linear fold changes (LFC) in gene 

expression patterns (GEP) that satisfied the following criteria – (−2) ≥ LFC ≥ (+2) and 

p≤0.05 – were considered statistically significant. The gene enrichment and pathways 

analyses were performed in TAC and IMPaLA (available through http://

impala.molgen.mpg.de).

Liquid Chromatography/Mass Spectrometry of Lipids

A Waters Synapt G2-Si high resolution quadrupole Time-of-Flight (qToF) mass 

spectrometer equipped with IonSabre-II atmospheric pressure chemical ionization (APCI) 

ion source and a LockSpray unit were used (all from Waters Corp., Milford, MA, USA). 

Chromatographic separation of the analytes was achieved on a Waters M-Class UPLC 

system using an Acquity UPLC C18 BEH column (1 mm×100 mm, 1.7 μm; also from 

Waters). Raw UPLC/MS and MSE files were analyzed in Waters MassLynx (v.4.1) and MSE 

DataViewer (v.1.4) software packages and the elemental CHNO compositions of lipids were 

computed using the MassLynx EleComp (v.4.0) as described earlier (19–21).

A reversed phase (RP) UPLC/MS protocol that had been used in a preceding publication 

(16) was precisely followed. Pooling of samples from different mice was unnecessary as the 

sensitivity of the instrumentation was adequate to work with individual TP. WE, CE, and 

TAG standards were analyzed alongside meibomian lipid samples for comparison purposes 

in targeted supervised experiments. The meibum lipid samples were also compared using 

untargeted, unsupervised approach which was based on the Principal Component Analysis 

(PCA) of the raw UPLC/MS data using Progenesis QI software package (from Waters).

Hot Stage Cross-Polarized Light Microscopy

Hot stage cross-polarized light microscopy (HSPLM) evaluation of samples was performed 

using a Nikon Eclipse 50i POL microscope (from Nikon Instruments, Melville, NY) and an 

LTS420 heating-cooling stage (from Linkam Scientific Instruments, Waterfield, UK). A 

Nikon DS-Fi1 color digital camera integrated with the microscope was used for recording 

the data. The results were analyzed in NIS-Elements BR software package (from Nikon).

Freshly excised TP specimens were placed in 4% paraformaldehyde in phosphate buffered 

saline overnight, then run through a serial dilution of sucrose in phosphate-buffered saline 

from 10% to 30% and placed in 30% sucrose overnight. The following day TP were placed 

in the optimal cutting temperature compound (OCT) blocks and stored at −80 °C. Tissue 

sections were cut 10μm thick and placed on chilled glass slides. Prepared tissue slides were 

stored at −80 °C until further use. Microscopic evaluation of the TP tissue was performed 

using the Nikon HSPLM system and the heating/cooling cryostage as described before (5).
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RESULTS

Evaluation of the Ocular Phenotype

Under slit lamp examination, the TF of E3hom mice appeared to be thicker than the TF of 

E3wt mice, which had normal appearance (Figure 1, Panels A, B). The TF of mutant mice 

was populated with oil-like droplets clearly visible on the lower part of the cornea (Figure 1, 

Panel C). The E3hom mice had varying degrees of crusty deposits around the eye opening 

and puffy eyelids with hair and lash loss. The mice had difficulty to keep their eyes open: 

The thick crust kept the eyes tightly shut for varying periods of time before they could re-

open (Figure 1, Panel D). Generally, E3hom mice had a slit-eye phenotype which persisted 

with aging. The eyelid margin of E3hom mice had enlarged MG orifices surrounded by 

dilated blood vessels (Figure 3, Panel E). The tears excessively accumulated on the cornea 

and at the eyelid margins of E3hom mice and easily overflew onto the proximal eyelid skin. 

By 12 month old, the E3hom mice had excessive conjunctival folds resembling those of 

human conjunctivochalasis, which were not observed for wild-type mice (Figure 1, Panels F 

and G). Also, the previously reported neovascularization of the cornea of E3hom mice (16) 

was observed in this study as well (Figure 1, Panel G).

E3wt and E3hom TP specimens underwent gross evaluation at removal. When excising the 

TP in E3hom mice, special care had to be taken to avoid loss of meibum: The slightest 

pressure exerted on the eyelid resulted in expression of clear liquefied MG secretions from 

the MG orifices that quickly spread onto the surrounding tissues. The TPs were excised from 

upper and lower eyelids and placed on chilled glass dissection plate where superfluous 

tissues (conjunctiva and muscle) were removed, prior to being placed into the RNAlater 

solution or fixative. Note that while trimming tissue from the TP of E3hom mice, some 

meibum could be lost due to its high fluidity and accumulated on the dissecting plate. 

Therefore, chilling the samples during all procedures was necessary.

E3hom mice were prone to development of eyelid ulcerations (Figure 2, Panel A). Despite 

the heavily ulcerated and disfigured eyelids, the MGs retained their normal shape with 

clearly visible central ducts with accumulated meibum (Figure 2, Panel B). However, upper 

and lower TPs of E3wt had equally spaced acini with barely discernible vessels (Figure 2, 

Panels C, D), while the E3hom MGs acini were converging and becoming progressively 

narrower towards the orifice with a large MG of the lateral canthus that seemed to protrude 

beyond the normal region and encased the blood vessel that fed into the eyelid (Figure 2, 

Panels E, F). The central ducts of several E3hom mice had a noticeably greenish hue with 

highly visible dilated blood vessels (not shown). In 1-yr old E3hom mice, the MGs in the 

lower eyelid were narrow at the eyelid margin and widened towards the beginning of the 

central duct (Figure 2, Panel G). Neither E3wt nor E3hom mice manifested MG dropout at 

any age, unless it was a E3hom mouse with a severely ulcerated eyelid.

Histological evaluation of the TPs revealed noticeable abnormalities in MGs caused by 

Elovl3 inactivation. E3wt mice displayed typical meibocyte maturation and rupture patterns 

with sporadically observed mitotic cells. The surrounding tissue, hair follicles, and 

conjunctiva lacked any signs of inflammation in 2 to 18 months old E3wt mice (Figure 3, 

Panel A1–A3). Conversely, the E3hom acini had visible signs of inflammation with 
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numerous mitotic cells within the acini and ductal epithelium even in 3.5 months old 

animals (Figure 3, Panels B1-B3) with a tendency to worsen with aging.

At the same time, E3wt mice demonstrated no noticeable age-related pathologies in their 

MG and adnexa (Figure 4, Panels A–C). When moving from ascini to central ducts, E3wt 
meibocytes underwent typical maturation, rupture, and complete disintegration, resulting the 

release of meibum at the acinus to ductile transition. No ductile or central duct plugging was 

observed. On the other hand, the MG, conjunctiva and hair follicles of the eyelids of aging 

E3hom mice were abnormal (Figure 4, Panels D–H). The E3hom ductal epithelium was 

thick and populated with abnormal nuclei, nuclear remnants, inflammatory cells, and 

accumulation of cellular debris within the central duct, which were not observed in E3wt 
mice. The E3hom acini were numerous and basophilic. By the age of 15 months, the E3hom 
mice developed severe chalazion-like lipogranulomatous inflammation, and acinar loss 

(Figure 4, Panel F–G). The orifices were dilated with large accumulations of the 

incompletely disintegrated meibocytes (Figure 4, Panel H).

Thermotropic characteristics of E3wt and E3hom meibum.

We previously reported that inactivation of Elovl3 gene led to an increase in short chain and 

unsaturated fatty acids in meibum (16). Thus, we hypothesized that melting temperature of 

E3hom meibum would be considerably lower than that of E3wt mice. To test this hypothesis, 

melting characteristics of E3wt and E3hom mouse meibum that was still embedded in the 

surgically excised TP were studied using HSPLM exactly as described in our earlier 

publication for wild type mice (5). The method utilizes the well known birefringent 

properties of lipids and lipid mixtures, such as meibum, which originate from their ability to 

form liquid crystals and self-organize into ordered supramolecular structures (membranes, 

lamellas, micelles, etc.). This ability of lipids is essential for differentiating lipids from 

amorphous non-melting materials like proteins. Representative microphotographs of the 

changes in birefringence of a TP tissue sample upon heating are shown in Figure 5, Panels 

A, B, and C. At low temperatures, initially solid crystal- or liquid crystal-like meibum is 

visible as bright (birefringent) structures on a dark (non-birefringent) background. However, 

upon heating, meibum melts and (liquid) crystals disintegrate to form disorganized pools of 

lipid with no birefringent properties which blend with the background. Note that repetitive 

heating/cooling cycles were possible with E3wt mouse meibum but not with E3hom one 

because of a much higher fluidity of the latter: After the first heating cycle, a large portion of 

meibum escaped its natural reservoir in MG and spread to form a very thin layer which lost 

all birefringence features due to its thinness.

When the intensity (or brightness) of birefringence of meibum was plotted against the 

sample’s temperature and the experimental data were approximated using a cubic spline 

curve fitting technique (Figure 5, Panel D), a clear evidence of a dramatic effect of the 

Elovl3 inactivating mutation on the melting characteristics of meibum was obtained: The 

E3hom meibum started to melt at well below 0 °C and was almost completely liquefied at 

about 39 °C, which is slightly over the physiological mouse ocular surface temperature of 

~37 °C (22). The E3wt meibum, on the other hand, did not start to melt until well above 10 

°C, and became completely liquefied only at 49–50 °C. In a physiologically important range 
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of temperatures between 30 °C and 40 °C, E3wt meibum remained in a highly to partially 

organized liquid-crystal state, while E3hom meibum was almost completely melted.

To quantitate these changes, the spline curves were numerically differentiated to find 

inflection points on the melting curves (Figure 5, Panel E). Indeed, there were two inflection 

points found for each curve, T1 = (272±2) K and T2 = (298±1) K for E3hom meibum, and 

T1 = (289±2) K and T2 = (307±1) K for E3wt meibum (n=3 for each group). These 

inflection points denote the temperatures at which the fastest changes in the melting of 

samples occur. Note that the spline curve fitting technique does not depend on any specific 

biological, chemical, or physical model or mechanism. Thus, the results of calculations were 

unbiased and could be used as starting points for further theoretical analysis of the data.

The first consideration was a clearly non-linear, cooperative character of meibum melting. 

Secondly, in accordance with our previous results (5), meibum melting produced two 

inflection (or transition) points, T1 and T2. A simplest mechanism that describes such 

behavior is as follows:

Crystal solid, birefringent

Partiallymelted liquidcrystal, birefringent T1

Partiallymelted liquidcrystal, birefringent T2

Melted liquid,non‐birefringent

Thus, a three-phase, two transition temperatures cooperative Hill-type Equation 1 was used:

Ibr = A − B × T k / T1
k + T k − C × T m / T2

m + T m (1)

where Ibr is current birefringence, A is initial (i.e. highest) birefringence of fully solidified 

meibum (which equals 1, if normalization is used), B and C are relative contributions of the 

two other birefringent forms of meibum to the resulting melting curve (both are greater than 

zero, but less than 1), T is the current temperature of the sample (in K), T1 and T2 are two 

phase transition temperatures, while k and m are the Hill cooperativity coefficients 

(unitless). The parameters of Eq.1 were found using Equation 1 and a nonlinear curve fitting 

routine (Table 1). The resulting curves are presented in Figure 5, Panel F showing an 

excellent fit. Note a considerable drop in the Hill cooperativity coefficients k and m and 

transition temperatures T1 and T2 for E3hom mice that reflected dramatic changes in the 

thermotropic characteristics of meibum caused by the mutation.

Calculations were repeated for three samples of each kind and showed only moderate 

variability in the data: transition temperatures T1 and T2 were found to be virtually identical 

to those calculated using the spline approximation approach (see above) with SD of ±2.3°C, 
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while parameters B, C, k and m varied within ±16%, making differences between E3wt and 

E3hom statistically significant (p < 0.05) for both cooperativity coefficients k and m, but not 

for B and C (p<0.2). The strict interpretation of physicochemical meaning of these 

parameters goes beyond the scope of this manuscript and is to be addresses in future studies. 

However, the generalized trend of lowering transition temperatures T1 and T2 and reduction 

in cooperativity of melting as results of Elovl3 inactivation have far reaching physiological 

consequences that are discussed later in the paper.

Untargeted transcriptomic evaluation of E3wt and E3hom tarsal plates

Inactivation of Elovl3 caused a landslide shift in the lipid profiles of meibum which were 

evaluated in details in our recent paper (16). Also, the mutation dramatically impacted ocular 

physiology of mice in general. Though the causes and molecular mechanisms of those 

effects are complex and remain largely unknown, it is reasonable to hypothesize that 

inactivation of a critically important gene (such as Elovl3) may trigger changes up- and 

downstream of its place in meibogenesis, and may also affect other biosynthetic and 

regulatory pathways in MG. To test these hypotheses, we conducted comparative 

transcriptomic analysis of E3hom and E3wt mouse TP specimens using mRNA microarrays 

as described earlier for wild-type mice (7, 20).

The following observations were made. Of 65,956 transcripts detected in microarray 

experiments, 3,251 (or 4.93%) genes passed the criteria of (−2) ≥ LFC ≥ (+2) and p ≤ 0.05 

(Figure 6). Thus, they were considered to be differentially expressed. Of those, 387 protein-

coding genes were increased, while 392 – decreased as a result of the mutation. The pool of 

pseudo-genes was also affected, and so where other transcripts (Table 2):

Then, a list of differentially expressed protein-coding genes with known functions was 

compiled using the TAC software and mRNA microarray gene expression datasets for 

E3hom and E3wt mice. The genes for which LFC were either ≤ −2, or ≥ 2, and p-values 

were ≤ 0.05 (about 1,200 in total), were selected and their compilation was analyzed using 

IMPaLA (Integrated Molecular Pathway Level Analysis) online tool using its “Pathway 

Over-Representation Analysis” and “Wilcoxon Pathway Enrichment Analysis” routines. A 

list of 200 most over-represented pathways can be found in Suppl. Table 1. 

Characteristically, the pathways related to biosynthesis, functions, and degradation of lipids, 

cholesterol, and fatty acids were on top of the list representing at least 87 out of 200 

identified pathways. Also significant were pathways related to muscle contraction and 

biosynthesis and metabolism of keratin, among other processes. Finally, genes related to 

inflammation were analyzed as well). For evaluation of the inflammation-related genes, 

online databases, such as IMPaLA, GeneCards, Brenda, and UniProt were searched and a 

list of genes was assembled (see below). Surprisingly, they were not among top ranked 

differentially expressed genes in mutant mice as their pathways ranked low with Pgenes and 

Qgenes values of ≥0.125 and ≥1, respectively. Such a low significance indicated that 

inflammatory processes in E3hom MG themselves were much more subdued then those in 

adnexa.

The Wilcoxon Pathway Enrichment Analysis (Suppl. Table 2) produced just three pathways 

that had both Pgenes and Qgenes values better than 0.05 (“Muscle Contraction”, “Lipid 

Wilkerson et al. Page 8

FASEB J. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metabolism”, and “Striated Muscle Contraction” pathways), with others largely duplicating 

pathways listed in Suppl. Table 1.

Targeted transcriptomic and lipidomic analyses of E3wt and E3hom tarsal plates.

For further, more targeted, analyses, pathways that had the lowest Pgenes and Qgenes values 

and were related to lipid metabolism were selected. Because genes that were included in the 

“Metabolism of Lipids” pathway (Suppl. Tables 1 and 2) only partially overlapped with our 

list of 50 top genes of meibogenesis (16, 23), both sources were used for more focused 

analyses of the samples (see next section). The changes in the GEP revealed that the Elovl3 
inactivating mutation affected the mRNA levels of a range of genes related specifically to 

meibogenesis. As meibogenesis results in production of several distinctively different classes 

of lipids (19, 24), its major biosynthetic cores were investigated as follows.

As a first step, meibomian lipidomes were subjected to reverse phase UPLC and APCI MS 

analyses, followed by unsupervised PCA of the raw UPLC/MS data files. A summary bi-plot 

graph of the results of unsupervised PCA analyses of E3hom and wild type lipidomes is 

shown in Figure 7. Each genotype produced one group of samples each of which co-

localized with specific groups of lipids: E3hom specimens were strongly associated with 

shorter-chain CE, while their wild-type counterparts – with longer-chain WE and CE. Thus, 

these groups of lipids, and their related genes, were evaluated in more depth.

Biosynthesis of cholesterol and cholesteryl esters.—The most up-regulated gene 

of all was Idi2 (isopentenyl-diphosphate delta isomerase 2), whose mRNA level rose 271 

times ((p = 2.48×10−8). An Idi2’s ortholog is a pseudogene Gm9745, whose level was also 

considerably up-regulated and exceeded the norm by a factor of 230 (p = 2.08×10−8). IDI2 is 

one of the key upstream enzymes of cholesterol, squalene, and isoprenoid biosynthetic 

pathways that catalyzes isomerization of isopentenyl diphosphate (IPP) into its isomer 

dimethylallyl diphosphate (DMAPP). The latter is a precursor for prenyl diphosphates (such 

as geranyl, farnesyl and geranylgeranyl diphosphates) which are further metabolized into a 

large number of other compounds. Biosynthetically related to these functions of Idi2 are 

genes shown in Table 3. Importantly, the vast majority of these genes were upregulated in 

MG of E3hom mice. However, a pair of genes Soat1 and Soat2 that are controlling 

biosynthesis of CE from free Chl and acyl-CoA, were not significantly impacted and showed 

barely detectable increase in LFC of, correspondingly, 1.6 (p = 0.005) and 1.2 (p = 0.29). On 

the contrary, gene Lipa that encodes a lipase with cholesteryl ester hydrolase activity was 

somewhat down-regulated (LFC = −2.2; p = 3.39×10−5).

Fatty acid elongation.—A representative MS spectrum of E3wt and E3hom TP lipids is 

shown in Figure 8, Panels A and B. A characteristic feature of meibum is its high 

enrichment with lipids based on very, extremely, and ultra long chain (VLC, ELC, and ULC, 

correspondingly) fatty acids and alcohols of the C20 to C34 range (1, 25). This requires a 

concerted work of a large number of enzymes that elongate trivial products of lipogenesis – 

fatty acids of the ≤C20 chain length, – and those of dietary nature. The main enzymes that 

are involved in elongation of regular FA into VL, ELC, and ULC ones in mice and humans 

include a family of FA elongases (ELOVL1 through 7), trans-2,3-enoyl-CoA reductase 
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(TECR), a group of 2-hydroxyacyl-CoA dehydratases (HACD1 through 4), and a 

multifunctional enzyme ketoacyl-CoA reductase (KAR), also known as hydroxysteroid (17-

beta) dehydrogenase 10 (HSD17B10) (26, 27), as well as a number of other genes and 

enzymes, some of which are listed in Table 4. While analyzing GEP of E3hom mice, noted 

was significant up-regulation of many genes of FA elongation, such as Acat2, Acsbg1, 

Acat3, Tecr, Hacl1, and Hacd3, but not Elovls: The only Elovl that almost reached the 

threshold level of LFC of 2 was Elovl1 (LFC = +1.8) which encodes an enzyme ELOVL1 of 

FA elongation cycle acting immediately down-stream of ELOVL3 (15, 16). Another member 

of the Elovl family – Elovl7 – was significantly down-regulated (LFC = −2.4), and so were 

two genes of the FA elongation core Hacd1 (−2.0) and Hacd4 (LFC = −1.9).

The effect of Elovl3 inactivation was most visible when analyzing meibomian CE (Figures 7 

and 8, Panels C and D): A shift toward short chain and unsaturated compounds, and down-

regulation of long chain saturated CE were in line with lower melting point of E3hom 
meibum (Figure 5). Importantly, several saturated CE of meibum were found to be branched 

(28). The effect of desaturation and branching on thermotropic characteristics of meibum 

will be briefly discussed later in the text, while a more detailed report will be published 

separately.

Fatty acid desaturation.—Meibum is a complex, and highly conservative in the norm 

(20, 23) mixture of saturated and unsaturated lipids (Figure 8, Panels A and B), maintaining 

the balance of which is critically important for ocular physiology as changes in the degree of 

unsaturation adversely affect melting characteristics of lipids. Main enzymes that control the 

degree of unsaturation of VLC, ELC, and ULC lipids are fatty acid desaturases (FAD) and 

stearoyl CA desaturases (SCD). Each enzyme family has several members that differ in 

substrate and product specificities, as well as their levels of expression in TP. In E3hom 
mice, only two desaturases – Fads6 and Scd2 – were upregulated, while just one – Scd4 – 

was marginally down-regulated (Table 5). Transcription levels of other genes remained 

virtually unchanged. Note that log2 expression values of all genes of the Scd family were 

above 18 (20), while all Fads were much lower at ≤ 8.2 (current paper).

Biosynthesis of fatty alcohols.—As WE is a major class of lipids in meibum, MG 

needs to reduce fatty acyls to produce fatty alcohols (FAl) and achieves that by using fatty 

acyl CoA reductases (FAR). Two main FAR are currently known: FAR1 and FAR2. The 

former enzyme reportedly reduces saturated and monounsaturated C16 and C18 FA to FAl, 

while FAR2 – saturated ones (29). Both genes were somewhat upregulated in E3hom mice, 

but only Far1 reached a statistically significant level of p=0.0001 and LFC=2.45, while Far2 
lagged at LFC=1.23 and p=0.131.

Fatty acid and fatty alcohol branching.—A large proportion of meibomian lipids is 

branched (1, 30). Branched are many WE (30) and CE (28), and, possibly, other compounds. 

Generally, FA and FAl branching, especially of anteiso-type, affects thermotropic 

characteristics of the isomeric compounds by lowering their melting temperatures compared 

with their straight-chain isomers (31–33).
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Several genes and enzymes are involved in FA branching (Table 6). Interestingly, some of 

those genes were upregulated in TP of E3hom mice, including Bckdhb, Pcca, Acox2, and 

Dbt. This correlated well with apparent upregulation of the biosynthesis of short chain CE, 

such as C14-CE through C20:0-CE (Figure 8, Panels C and D), which are predominantly 

branched (28). Expression of other genes was affected to a much lesser extent, if at all, never 

reaching a statistically significant level.

Omega-oxidation of fatty acids.—Based on lipidomic data, ω-oxidation of ELC and 

ULC FA is essential for the normal course of meibogenesis as it leads to biosynthesis of 

complex esters and diesters of the OAHFA, Chl-OAHFA and DiAD families. We proposed 

that genes that are responsible for this transformation belong to the Cyp/Cyp4 family (19, 

24), specifically CYP4F22 (23). Recently, Miyamoto et al. (17) demonstrated that 

inactivation of a mouse ortholog of this human gene – Cyp4F39 – inhibited ω-hydroxylation 

of ELC/ULC FA in TP of mutant mice, confirming our predictions of its role in 

meibogenesis. Inactivation of Elovl3 led to a statistically significant increase in the level of 

expression of Cyp4F39 in E3hom mice (LFC=2.83; p=2.53E-05), implying a possible link 

between the two genes/enzymes.

Ocular abnormalities in E3hom mice.—As eyes and adnexa of E3hom mice routinely 

showed signs of inflammation, genes that are involved in inflammatory processes in TP were 

evaluated. First, a list of candidate genes, selected from (34, 35) and various online database, 

such as GeneCards, Brenda, IMPaLA, and UniProt, was assembled. Then, the expression 

levels of these genes in TP of E3hom and E3wt mice were determined using the TAC 

software and mRNA microarray gene expression datasets for E3hom and E3wt mice (Table 

7). The most overexpressed genes in E3hom mice were vanin-1 (Vnn1), interferon gamma 

inducible protein 30 (Ifi30, LFC = 3.1)), and Cd68 antigen, while the most suppressed gene 

were Ifi204 (LFC = −33.0) and Skint3 (LFC = −266.6).

DISCUSSION

Elovl3 inactivation and ocular surface homeostasis.

Our experiments demonstrated that the loss of Elovl3 had a detrimental effect on the ocular 

surface causing excessive tearing, swollen eyelids, lash loss, inflammation, and corneal 

vascularization. We speculate that the biochemical changes in the E3hom meibum may have 

resulted in its easier expressibility due to the increased fluidity of meibum, its visibly larger 

quantities in MGs, and their overall larger sizes. The demand for meibogenesis may be 

increased as meibum is excessively secreted from the orifices quickly emptying central 

ducts, pools on the ocular surface and eventually overflows the eyelid margin to accumulate 

around the eyes. This hypothesis is supported by the observation of the increased turnover of 

meibocytes, the increased mitotic activity in both the duct and the acini, and the premature 

maturation of the meibocytes in the ductiles, which led to incomplete degradation of the 

meibocytes in the central duct. The increase in abnormal non-lipid inclusions (most likely, 

remnants of ruptured meibocytes) in the connecting ducts and the central duct could be one 

of many causes of their inflammation and plugging often seen in the E3hom mice. This 

hypothesis is supported by a recent study by Reneker et al. (36) who found that irregular 
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differentiation and epithelial hyper-proliferation can lead to MG obstruction in humans, and 

by our earlier observations on non-lipid proteinaceous inclusions in meibum of human MGD 

patients (5). On the other hand, apparent narrowing of central ducts at the MG orifices might 

be a result of higher fluidity of abnormal E3hom meibum as the less viscous secretion would 

not stagnate in the ductiles and ducts of MGs, and would excrete easier than meibum of wild 

type mice which is quasi-solid at physiological temperatures (Figure 5). Also, liquefied 

meibum in MG central ducts of E3hom mice might be less contrasty than E3wt meibum 

visually changing its appearance in the conditions of bright field microscopy.

Frequent and severe ulceration of the conjunctiva and adnexa (such as eyelid skin) of E3hom 
mice (Figure 2, Panel A) may have the same origin as skin lesions in human subjects with 

atopic dermatitis (37). In that study, Berdyshev et al. reported that lowering the expression 

levels of Elovl3 and Elovl6 led to an increase in short chain ceramides, sphingolipids and 

lysophospholipids, and a decrease in their longer-chain variants, in lesional stratum 

corneum. The in vivo effect was reproduced using differentiated human keratinocytes and 

down-regulation of ELOVL3/ELOVL6 expression by siRNA. These defects undoubtedly 

affected the skin barrier as it relies on very- and extremely long chain ceramides to function 

(38). The skin and conjunctiva ulcerations in E3hom mice may also be related to a severely 

down-regulated Skint3: In our hands, its levels dropped considerably in response to the 

mutation (LFC = − 266.6). Recently, Keyes et al. discovered that skin of the mice with 

conditionally knocked down Skint3 and Skint9 genes lacked wound-repairing ability, 

possibly through STAT3 pathway (39).

Interestingly, inflammatory processes in MG seemed to be relatively subdued, compared to 

the adnexa. One of the proteins that are overexpressed in E3hom TP – vanin-1, encoded by 

Vnn1 – has been shown to have pro-inflammatory activity in mouse psoriatic epidermis 

mice (40). Vanin-1 was also characterized as an epithelial sensor of stress which controls 

mouse innate immune response (41). Thus, it’s overexpression in E3hom TP might be 

reflecting the inflammatory processes in the affected tissues. Another gene, Ifi204 (an 

ortholog of a human gene IFI16) was also implicated in activation of innate immune 

response, cellular response to interferons, apoptosis, cell differentiation, and other functions, 

but unlike Vnn1 it is strongly down-regulated in E3hom mice (LFC = −33.0). Importantly, 

IFI16/IFI204 is considered to be a part of the inflammasome system (42). The NCBI 

database lists many functions for Ifi204/IFI16, yet their exact roles in MG are not clear.

While discussing abnormal E3hom meibum, it is important to mention recent observations 

on the microbiome of the ocular surface and MG which emphasize the need to control its 

diversity (43) and earlier reports that suggested that 1) certain bacteria are susceptible to the 

anti-microbial properties of meibum (10), and 2) changes in meibum composition can lead 

to variations in bacterial colonization (44). The abnormal E3hom meibum could have 

diminished antimicrobial properties which might lead to ulceration of the eyelid that is seen 

even in young 3-months old mice. It remains to be determined if adverse changes in the lipid 

composition of E3hom meibum do contribute to abnormal bacterial flora and/or bacterial 

load resulting in the ulceration and inflammation of the MGs, conjunctiva and eyelids.
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Impact of Elovl3 inactivation on composition and thermotropic characteristics of meibum.

Central to this discussion is a hypothesis that the chemical composition of meibum, and, 

hence, activity of the enzymes that are involved in meibogenesis, must be tightly controlled 

by various physiological regulatory mechanisms, possibly via negative or positive feedback 

regulation, to maintain the MG lipid homeostasis and physicochemical properties of meibum 

within acceptable limits. Therefore, changes in meibogenesis induced by Elovl3 inactivation 

were evaluated from this standpoint. Also of importance is the acknowledgement of the fact 

that many of the enzymes listed below are insufficiently characterized and may be 

multifunctional being involved in two or more types of reactions with other types of 

substrates (e.g., KAR/HSD17B2). Thus, our discussion is based only on established 

information and currently prevailing views with regard to the substrate/product specificity of 

those enzymes.

Inactivation of Elovl3 caused a dramatic shift in the chemical composition of meibum of 

E3hom mice compared with their heterozygous and wild-type littermates (16). As ELOVL3 

is the main enzyme in the FA elongation cycle that acts on C16-C20 FA (which are of either 

dietary origin, or products of ELOVL6) to form homologs longer than C20, its inactivation 

interrupted the normal course of meibogenesis and led to a decline in C20 to C28 FA and 

FAl-based WE, CE, and OAHFA, and accumulation of their shorter chain variants. This 

effect is most pronounced for saturated and mono-unsaturated FA and FAl, but is minimal or 

reversed for di- and polyunsaturated ones. Indeed, inactivation of Elovl3 led to preferential 

accumulation of di- and polyunsaturated WE with more than 45 carbons at the expense of 

saturated and mono-unsaturated compounds (16) showing that there might be a bypass from 

ELOVL6 and/or ELOVL5 and ELOVL7 directly to ELOVL1 that allows to compensate, to a 

degree, the lack of ELOVL3 (Figure 9).

An important observation was made for meibomian CE: Saturated CE with FA moieties 

longer than C20 were not detected in meibum of E3hom mice, while the profile of very and 

extremely long chain mono-unsaturated CE remained virtually unchanged (16). At the same 

time, saturated, but branched, CE shorter than C20:0 were prominent constituents of the CE 

pool [Figures 7 and 8 and (28)]. Furthermore, branching of FA considerably lowers melting 

points of isobaric CE – e.g., cholesteryl ester of methyl branched isostearic acid [or 

cholesteryl (9-methyl)-heptadecanoate] has a melting point of 25–30°C, while its linear 

isobaric isomer melts at >80°C (45). Also, the shorter or more unsaturated the lipid in a 

series of homolog compounds, the lower its melting temperature (31, 46). These three 

factors – shortening the average lipid chain length of saturated and monounsaturated lipids, 

the increase in di- and polyunsaturated compounds, and the increase in the molar fraction of 

branched lipids, – apparently led to the decrease in the meibum melting temperature that was 

observed in our experiments (Figure 5). The drop in the main transition temperature T2 

(Table 1) approached 10 °C which almost completely liquefied meibum of E3hom mice at 

the corneal physiological temperature of ~37 °C. Note that meibum of wild-type mice is in a 

liquid-crystal, birefringent state at that temperature, and so is human meibum at 32°C (5), 

which is a normal physiological corneal temperature of humans (47, 48).
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Another important observation was a change in the cooperativity of melting. In our earlier 

experiments we demonstrated that human and mouse meibum behaved in a cooperative 

manner in several conditions, including melting in expressed state (5, 49, 50), melting inside 

the MG ducts (5) and in Langmuir trough experiments as a thin film deposited onto the 

aqueous subphase (50). Later, the cooperative behavior of Meibomian lipids was observed in 

an independent study (51). In our current experiments, wild-type meibum underwent 

transition from crystal to liquid-crystal and then to liquid state in a considerably narrower 

range of temperatures than the E3hom meibum, which resulted in a shift in the Hill 

coefficients k and m caused by the mutation toward lower numbers. Cooperativity of lipid 

melting routinely depends on the degree of crystallization of the sample. The latter, in turn, 

depends on the ability of its molecules to form regularly organized and tightly packed 

aggregates held together mainly by Van der Waals forces (or dipole-dipole interactions) and, 

for ionizable lipids, electrostatic interactions between anions and cations. Saturated straight 

chain lipids form crystals more easily than their unsaturated and branched analogs which 

tend to be more disorganized and packed less densely. Thus, the increase in the degree of 

unsaturation of Elovl3-null meibum (16) can be one of the factors that broadened its melting 

range. These factors cause meibum of E3hom mice to melt at much lower temperature than 

E3wt meibum and contribute to its extraordinary fluidity in physiological conditions.

Note that model (Eq. 1) used to analyze thermotropic properties of meibum does not 

discriminate between two different scenarios: The existence of 1) two partially melted pools 

of meibum with the same compositions, but different aggregation states, and 2) two pools of 

meibomian lipids with different compositions and melting characteristics. Both of these 

explanations are possible, but could not be answered in current experiments and should be 

evaluated in future experiments.

Impact of Elovl3 inactivation on MG transcriptome.

Equally significant were alterations in the GEP of meibogenesis-related genes in TPs of 

E3hom mice. As ELOVL3 acts in the middle of the FA elongation cycle (Figure 9), it was 

reasonable to expect that inactivation of Elovl3 would influence not only the immediate lipid 

profiles of ELOVL3, but also the expression patterns of related genes of meibogenesis. 

Indeed, the changes in the lipid elongation and desaturation patterns were accompanied by 

noticeable changes in GEP of related genes in E3hom TPs (Table 4): Up-regulated with 

statistical significance were essential genes of the FA biosynthesis and elongation such as 

Acat1, Acsbg1, Acat3, Tecr, Hacl1, Hacd2, Hacd3, and Elovl1, while Hsd17b10, Hacd4, 

Hacd1, and Elovl7 were down-regulated. Interestingly, other members of the Elovl family – 

Elovl2, Elovl4, Elovl5, and Elovl6, – were affected to a much lesser degree, or remained 

unchanged.

An increase in Elovl1 and a decrease in Elovl7 could be interpreted as a response to, or a 

mechanism to compensate for, the lack of ELOVL3 activity. Indeed, ELOVL1 has a 

substrate/product specificity that partially overlaps with that of ELOVL3 (16, 52), and could 

be up-regulated if insufficient production of ELOVL3 products is detected. At the same 

time, ELOVL7 is involved in biosynthesis of unsaturated VLC FA (53), which are present in 

excess in E3hom meibum (Figure 8 and (16)]. This change in the Elovl7 expression level 
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could be an indication of the existence of a negative feedback regulatory/signaling 

mechanism that regulates the level of unsaturated FA and FAl in TP of mice. Indicatively, 

the level of expression of another major Elovl in the TP – Elovl6 (19) – was barely 

influenced by the Elovl3 mutation. As ELOVL6 catalyzes elongation of short chain FA to 

form their C16 and C18 homologs, which were abundantly present in the TEKLAD 2016 

mouse diet as essential nutrients, there might have been no need for the regulation of its 

levels in the TP of E3hom mice.

This hypothesis is supported by our earlier observations on the unaffected levels of 

unsaturated ELOVL4 products (such as ELC CE, OAHFA and Chl-OAHFA) in meibum of 

E3hom mice (16), which are downstream of ELOVL6, ELOVL3 and ELOVL1 enzymes. It 

seems that the biosynthesis of ultra-long chain FA that is catalyzed by ELOVL4 does not 

rely exclusively on ELOVL3 products and utilizes those of ELOVL6 and ELOVL1 that can 

be obtained via a bypass pathway instead (Figure 9).

A related process in meibogenesis is FA desaturation. Inactivation of Elovl3 caused a 

minimal, but statistically significant increase in Fads6, which encodes a fatty acid desaturase 

type 6, and Scd2 – a gene encoding stearoyl CoA desaturase type 2, – but not in other 

desaturases, which were largely unaffected (Table 5). Note that all four Scd genes that are 

present in mice, Scd1 through Scd4, are normally detected at equally high levels: In E3wt 
mice, microarray expression levels on a log2 scale for all four variants were 18.5–19.9 (20). 

Their LFC in response to the mutation were all within ±1.4, which is rather minimal. It 

seems that there was no an effective feedback regulatory mechanism that would control the 

excessive accumulation of unsaturated lipids in meibum of E3hom mice, or the magnitude of 

the changes induced by the mutation was overwhelmingly high.

One of the affected groups of genes were those related to FA branching, such as Bckdha, 

Dbt, and, especially, Bckdhb which was upregulated with a LFC of 21 (Table 6). These 

enzymes play a key role in metabolism of branched chain amino acids, such as leucine, 

isoleucine, and valine. Importantly, these amino acids (in the form of their iso-valeryl-CoA, 

2-methyl-butyryl-CoA, and iso-butyryl-CoA metabolites) are precursors of iso- and anteiso- 

branched FA, which are abundantly present in human and mouse meibomian lipids (1, 19, 

28, 30). Bckdhb gene encodes a branched-chain alpha-keto acid decarboxylase E1 

component of a branched chain alpha-keto dehydrogenase multienzyme complex. The 

complex catalyzes transformation of alpha-keto acids to branched acyl-CoA and CO2 which 

was reported, among other functions, to be required for the biosynthesis of methyl-branched 

FA (54). Another gene/enzyme pair from that group – Pcca/PCCA, or propionyl CoA 

carboxylase, alpha polypeptide, - was shown to stimulate the synthesis of odd-chain FA (55) 

which are largely branched in human (30) and bovine (1) meibum. Earlier BCKDHA/

BCKDHB family of enzymes was proposed to be an integral part of meibogenesis (19). 

Their downstream products – branched FA of the C14-C20 variety – are mostly saturated and 

are incorporated into WE (30) and CE (19, 28). Both Bckdha and Bckdhb are upregulated in 

E3hom mice (Table 6), but the most considerable increase was observed for Bckdhb (LFC = 

21.1). Indicatively, one of their putative products – branched C17:0-FA – was found as a 

major component of E3hom CE (not shown). Applying the same reasoning as for Elovl7/
Elovl1, one may speculate that upregulation of genes related to FA branching was a 
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physiological response for the absence of ELOVL3 in an attempt to compensate for the lack 

of ELOVL3 products (mostly, saturated FA) that were to be incorporated in WE and CE. 

Controversially, Acox2 (a branched chain acyl-CoA oxidase 2) was also somewhat 

upregulated (LFC = 2.8). The peroxisomal enzyme it encodes is involved in degradation of 

branched long chain FA (56) and bile acids (57). Its deficiency results in accumulation of 

branched lipids and bile acids in tissues associated with Zellweger syndrome and Refsum’s 

disease (58). The effects of Elovl3 inactivation on lipid branching and bile acid metabolism 

have not been fully characterized yet, but the experiments are underway and will be reported 

separately.

For the biosynthesis of WE and DiAD, essential are enzymes that catalyze reduction of fatty 

acids into fatty alcohols – FAR1 and FAR2 (29). The statistically significant increase in Far1 
expression level in TP of E3hom mice could be interpreted as a response to lower levels of 

ELOVL3 products in an attempt to maximize production WE and related compounds from 

available precursors. However, the substrate/product specificity of FAR1 and FAR2 with 

regard to ELC and ULC FA is yet to be established.

The most upregulated gene of all in TP of E3hom mice were Idi2 (LFC = 271) and its 

associated pseudogene Gm9745 (LFC = 231). The Idi2 gene encodes a peroxisomal enzyme 

isopentyl-diphosphate delta isomerase 2 that is central to the biosynthesis of Chl and other 

isoprenoids (59). Indicatively, the transcription levels of a number of other Chl biosynthesis-

related genes were also increased (Table 3). This is in line with an increased presence of Chl 

and CE in E3hom meibum compared with the norm, though other factors may have 

contributed to this effect as well.

Our in vivo observations of inflammatory processes in the TP of E3hom mice were 

accompanied with an increase in TP levels of several pro-inflammatory genes, such as Ifi30, 

Cd68, Acp5, and zc3h12a (Table 7). In line with this observation, a Gpnmb gene, which acts 

as a negative regulator of macrophage inflammatory responses (60), was highly down-

regulated (LFC = −8.2). A lysosomal protease cathepsin S – a modulator of inflammatory 

responses in several tissues, – was also significantly suppressed (LFC = −6.9). Recently, 

inhibition of Cathepsin S with a peptide-based inhibitor was shown to reduce inflammation 

in lacrimal glands and mitigate ocular manifestations of Sjogren’s syndrome, reducing the 

abundance of CD68-positive lymphocytes (61). The expression of cathepsin S is also 

induced in response to injury and inflammation in muscles where it participates in 

remodeling the extracellular matrix, while its deletion minimized the pathological changes 

in the tissues (62). Thus, down-regulation of its gene Ctss could be interpreted as an 

evidence of a functional link between Elovl3 and Ctss and a physiological response in an 

attempt to reduce inflammation in the tissues of E3hom mice. A similar reasoning can be 

applied to Spp1 which also was down-regulated (LFC = −6.7). The functions of other 

differentially expressed genes that are involved in inflammation are too numerous to be 

discussed in this paper and are to be addressed in future publications. Generally, these 

changes in GEP were not as large as those in lipid-metabolism related genes, but were 

statistically significant, which justifies additional experiments to deconvolute their roles in 

MG inflammation.

Wilkerson et al. Page 16

FASEB J. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Concluding remarks.

Finally, it is important to recapitulate that inactivation of Elovl3 caused massive changes not 

only in the lipid profiles of meibum and its physicochemical properties, but it also disturbed 

the normal GEP in mouse tarsal plates. The latter revealed functional and/or causative links 

between Elovl3/ELOVL3 and other genes/proteins of meibogenesis and inflammation. Also, 

it seems that a relatively broad substrate and product specificities of other members of the 

ELOVL family can partially circumvent, but not fully compensate for, the ablation of 

Elovl3/ELOVL3.
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Abbreviations

a.m.u. atomic mass unit (unitless)

AcN acetonitrile

APCI atmospheric pressure chemical ionization

CE cholesteryl ester(s)

Chl free cholesterol

Chl-OAHFA cholesteryl ester(s) of (O)-acylated omega-hydroxy fatty acid(s)

DiAD diacylated alpha,omega-diol(s)

E3hom homozygous Elovl3 inactivated mice

E3wt wild type littermates of E3hom mice

ELC extremely long chain

FA fatty acid(s)

FAl fatty alcohol(s)

FFA free fatty acid(s)

FWHM full width at half maximum

GEP gene expression pattern(s)

H&E hematoxyline/eosin staine

HSPLM hot stage cross-polarized light microscopy
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IPA iso-propanol

LFC linear fold change

m/z mass-to-charge ratio (unitless)

MG Meibomian gland(s)

ML meibomian lipid(s)

NIM negative ion mode

OAHFA (O)-acylated omega-hydroxy fatty acid(s)

PCA Principal Component Analysis

PIM positive ion mode

RP reversed phase

TAG triacyl glycerol(s)

TF tear film

TFLL tear film lipid layer

TP tarsal plate(s)

ULC ultra long chain

UPLC ultra high performance chromatography

VLC very long chain

WE wax ester(s)
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Figure 1. Ocular phenotypes of E3wt and E3hom mice.
Panel A: Tear film (white arrow) and corneal epithelium of a 13-month old E3wt mouse. 

Panel B: E3hom corneal section illustrating thickened tear film (white arrow) in a 13-month 

old mutant mouse; PanelC: Clear oil-like droplets (black arrowheads) within the tear film 

and irritated conjunctiva (red tissues, out of focus) of a 3-month old E3hom mouse; Panel D: 
Crusty lipid-like deposits (red arrowheads) and swollen eyelids of a 18-month old E3hom 
mouse; Panel E: Enlarged Meibomian gland orifices (blue triangles) and dilated blood 

vessels of the eyelid margin (black arrowheads) of a 3 month-old E3hom mouse; Panel F: 
Normal eye of a 18 month-old E3wt mouse with a thin eyelid margin lack excessive 

conjunctiva (red arrow), hair loss, and corneal neovascularization; Panel G: Pooling of the 

tear film with a conjunctival fold on the lower eyelid margin, corneal vascularization (red 

arrow) and partial hair loss in a 18 month-old E3hom mouse.
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Figure 2. Tarsal plate characteristics of E3hom and E3wt mice.
Panel A: Milky tear film of a 3-month old mouse with excessive accumulation of liquid 

around the eyelid margins (red triangle) and eyelid ulceration (black arrowhead). Panel B: 

Tarsal plate of a mouse shown in Panel A with distinct central ducts (black arrows) and no 

Meibomian gland dropout. Panels C and D: E3wt upper (C) and lower (D) tarsal plates with 

even distribution of acini throughout the tarsal plate. Panels E and F: E3hom upper (E) and 

lower (F) tarsal plates with regularly spaced orifices (green arrows) and abnormally long 

ascini (yellow arrow). Panel G: Lower tarsal plate of a E3hom mouse with irregularly spaces 

(gapping) Meibpmian gland orifices (green arrowheads).
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Figure 3. Histological evaluation of tarsal plates of 3 month old E3wt and E3hom mice.
Panels A1-A3: Histological features of E3wt tarsal plates. Panels B1-B3: Tarsal plates of a 

E3hom mouse displaying accumulation of pro-inflammatory cells (red circle; B1) with 

numerous mitotic figures within the acini (red arrowheads; B3). Pro-inflammatory cells 

within the blood vessel and acinar tissue (red arrows; B3) and amassed neutrophils (black 

arrow; B3). H&E staining. Scale bars: 100μm (Panels A1-A2; B1-B2) and 50μm (Panels A3 
and B3).
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Figure 4. Histological comparison of ocular tissues of aging E3wt and E3hom mice.
Panel A: E3wt mice demonstrated normal MG features without noticeable age related 

changes and no obstruction of the orifice (red triangle). Panels B, C: E3wt with no retention 

of cellular membrane in the disintegration zone (red square) with distinct epithelial cells of 

the thin ductal epithelium. Panel D: E3hom tarsal plate with inflammation of the hair follicle 

(black arrowhead) and retention of debris within the orifice (red triangle) at 8 months old. 

Panel D1: Inflammation of the conjunctiva (black arrowheads) and surrounding the MG (red 

arrowheads) and mitotic cells (yellow circle). Panel E: E3hom thickened central duct with 

inflammatory cells within the ductal epithelium (yellow arrowhead), nuclear remnants (open 

red arrowhead) and amorphous cellular debris (solid red arrowhead). Panel F: Substantial 

inflammation surrounding the MG with large clear spaces (red arrow) that resembles a 

lipogranulomatous inflammation (e.g. chalazion) in E3hom TP. Panel G: E3hom orifice with 

bright eosinophilic material that resembles intact duct material and cellular membranes of 

meibocytes (black arrowheads) with inflammation of the acini (red arrowheads). Panel H: 

Numerous acini with inflammation of acini (red circle) and periacinal space (yellow circle) 

with incomplete disintegration at the connecting duct and central duct junction (black 

arrowheads) in E3hom MGs. Scale bars: 100μm (all panels) and 50μm (Panel E).
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Figure 5. Evaluation of thermotropic characteristics of E3wt and E3hom meibum using hot stage 
cross-polarized lighr microscopy.
Panels A-C: A tissue section of a tarsal plate of a E3wt mouse at, respectively, −4.8°C, 

29.9°C, and 40.1°C. Disappearing bright birefringent structures inside acini and ducts is 

meibum that undergoes gradual transition from (liquid)-crystal to liquid state. Panel D: 
Intensity of birefringence of E3hom (blue; 1) and E3wt (red; 2) meibum as function of 

sample temperature. Dots - experimental values; lines – spline approximation of 

experimental data). Data extracted from the data files as described in (5). Panel E: 
Numerically differentiated melting curves of E3hom (blue; 1) and E3wt (red; 2) from Panel 

D. Panel F: Experimental data (dots) from Panels D approximated using Equation 1 

assuming a three-phase, two-transitions model of meibum melting (solid lines). Mouse 

corneal physiological temperature limits are marked with black triangles. Note that E3hom 
meibum is almost completely melted at above 30°C, while E3wt meibum remains in 

predominantly liquid-crystal state.
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Figure 6. Comparative transcriptomic characterization of tarsal plates of E3wt (n=4) and E3hom 
(n=6) mice.
Panel A: A E3hom-vs.-E3wt scatter plot with differentially expressed genes colored in blue 

(upregulated) and red (down-regulated) in E3hom mice. The grey area represents a pool of 

genes that did not match standard statistical criteria: Fold Change: < (−2) or > (+2); p ≤ 

0.05. The following genes are labeled: 1) Idi2; 2) Gm9745; 3) Eno1b; 4) Pla2g4e; 5) 

Rpl10a-ps2; 6) Bc048546; 7) Psg29; 8) H2-Ea-ps; 9) Bckdhb; 10) Plppr2; 11) Skint3; 12–

16) non-coding; 17) Trim12a; 18) Gm10462; 19) Ifi204; 20) Pbp2; 21) Pla2g2f; 22) Pvalb; 

23) Actn3: 24) Lyz2.

Panel B: A P-val. Vs. Fold Change Volcano plot for E3hom and E3wt mice. 1) Skint; 2) 

Eno1b; 3) Psg29; 4) Pla2g2f; 5) Minos1; 6) Hist1h4c; 7) Ifi204; 8) H2-Ea-ps; 9) Pla2g4e; 

10) Idi2; 11) Gm9745; 12) Alad; 13) Cyp2b10; 14) Bckdhb; 15) Snord93; sR – small RNA; 

n/c – non-coding RNA.
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Figure 7. Loadings bi-plot of the results of Unsupervised Principal Component analysis of 
E3hom (n=6; blue) and E3wt (n=7; green) tarsal plate samples.
Reverse phase UPLC/APCI MS analyses of 6 E3hom and 7 wild type mice were conducted. 

Note tight grouping of the specimens of the same type and clear inter-group separation of 

E3hom and E3wt specimens. A close look at the graph revealed that E3wt samples co-

localized with wax esters and long-chain cholesteryl esters, while E3hom samples – with 

shorter-chain cholesteryl esters and triacylglycerols. Additional information on the lipid 

profiles of these mice can be found in (16, 63).
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Figure 8. Evaluation of mouse meibum wax esters and cholesteryl esters using liquid 
chromatography/high resolution mass spectrometry in positive ion mode.
Wax ester fractions of E3wt (Panel A) and E3homPanel B meibum. Partial mass spectra with 

the signals of mono-unsaturated (n−1) and di-unsaturated (n−2) wax esters are shown. Note 

a substantial increase in di-unsaturated/mono-unsaturated wax ratio in E3hom mice. 

Meibomian cholesteryl esters of E3wt (Panel C) and E3hom (Panel D) mice. The samples 

from mutant mice had abnormally high levels of shorter chain CE compared with their wild-

type littermates, whose cholesteryl esters were based on considerably longer fatty acids.
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Figure 9. The elongation and desaturation core of saturated (blue) and unsaturated (red) fatty 
acids in Meibomian glands.
Blue question marks indicate hypothetical links. For more detailed discussion on 

meibogenesis see our earlier papers (16, 19, 20, 23, 24).
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Table 1.

Melting characteristics of representative samples of meibum in tarsal plates of E3wt and E3hom mice 

illustrated in Figure 5.

Type of meibum A B C k m T1 (K) T1 (°C) T2 (K) T2 (°C) r2 Fstat

E3wt 1 0.11 0.89 116 129 290.4 17.3 307.7 34.6 0.999 4.2 × 103

E3hom 1 0.16 0.84 85 59 272.6 −0.6 297.1 24.0 1 4.6 × 104

FASEB J. Author manuscript; available in PMC 2022 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wilkerson et al. Page 32

Table 2.

Overall effects of Elovl3 inactivation on gene expression profiles in tarsal plates of mice.

Transcripts Detected, total Passed filter Up-regulated Down-regulated

Protein-coding 11,264 779 387 392

Multiple-Complex 15,332 866 485 381

Pseudo-genes 2,758 159 65 94

Non-coding 31,717 1,251 1,043 208
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Table 3.

Linear fold changes in the expression levels of core genes of cholesterol biosynthesis and functions in tarsal 

plates of E3wt and E3hom mice.

Gene* Enzyme EC
Number

E3hom/E3wt, Linear Fold 
Change** p-value***

Idi2 isopentenyl-diphosphate delta isomerase 2 5.3.3.2 270.9 (↑↑) 2.48E-08

Gm9745 Idi2-related pseudogene pseudogene 231.0 (↑↑) 2.08E-08

Hmgcs2 3-hydroxy-3-methylglutaryl-CoA synthase 2 2.3.3.10 5.4 (↑) 8.85E-07

Vnn1 vanin 1 3.5.1.92 4.29 (↑) 2.66E-06

Pmvk phosphomevalonate kinase 2.7.4.2 4.2 (↑) 5.23E-06

Acat3 acetyl-CoA acetyltransferase 3 2.3.1.9 3.6 (↑) 1.09E-07

Hmgcr 3-hydroxy-3-methylglutaryl-CoA reductase 1.1.1.34 3.4 (↑) 3.82E-06

Mvd mevalonate (diphospho) decarboxylase 4.1.1.33 2.7 (↑) 6.50E-05

Lss lanosterol synthase 5.4.99.7 2.5 (↑) 0.0001

Fdft1 farnesyl diphosphate farnesyl transferase 1 / squalene 
synthase 2.5.1.21 2.4 (↑) 0.0015

Idi1 isopentenyl-diphosphate delta isomerase 5.3.3.2 2.3 (↑) 0.0017

Mvk mevalonate kinase 2.7.1.36 2.1 (↑) 0.0119

Msmo1/Sc4mol methylsterol monoxygenase 1 1.14.18.9 2.1 (↑) 0.0016

Lipa lysosomal acid lipase A / cholesteryl ester hydrolase 3.1.1.13 −2.2 (↓) 3.39E-05

*
The list assembled from IMPaLA, GeneCards, Brenda and UniProt databases.

**
Considerably up- and down-regulated genes are labeled with arrows (↑) and (↓), respectively (if −2≥LFC ≥2 and p < 0.05). Highly up-regulated 

genes (LFC > 10) are labeled with double arrows (↑↑). LFC value of ~1 means no change (NC) regardless of p-value.

***
p-values of < 0.05 were considered to be statistically significant (in bold).
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Table 4.

Changes in expression values of fatty acid elongation-related genes in tarsal plates of E3wt and E3hom mice.

Gene* Enzyme* EC
Number*

E3hom/E3wt, Linear Fold 
Change** p-value***

Acat2 acetyl-Coenzyme A acetyltransferase 2 2.3.1.9 4.7 (↑) 3.67E-06

Acsbg1 acyl-CoA synthetase bubblegum family member 1 6.2.1.3 4.3 (↑) 6.92E-06

Acat3 acetyl-CoA acetyltransferase 3 2.3.1.9 3.6 (↑) 1.09E-07

Tecr trans-2,3-enoyl-CoA reductase 1.3.1.93 3.6 (↑) 0.0002

Hacl1 2-hydroxyacyl-CoA lyase 1 4.1.2.n2 2.4 (↑) 0.0001

Hacd3 3-hydroxyacyl-CoA dehydratase 3 4.2.1.134 2.0 (↑) 4.01E-06

Elovl1 ELOVL family member 1 2.3.1.199 1.8 (NC/↑) 2.89E-05

Elovl5 ELOVL family member 5 2.3.1.199 1.5 (NC) 0.1186

Elovl6 ELOVL family member 6 2.3.1.199 1.4 (NC) 0.1447

Hacd2 3-hydroxyacyl-CoA dehydratase 2 4.2.1.134 1.3 (NC/↑) 0.0283

Kar (Hsd17b12) very long chain ketoacyl-CoA reductase 1.1.1.330 1.3 (NC) 0.1226

Elovl4 ELOVL family member 4 2.3.1.199 1.0 (NC) 0.9615

Elovl2 ELOVL family member 2 2.3.1.199 −1.1 (NC) 0.2938

Hsd17b10 3-hydroxyacyl-CoA dehydrogenase 2 / hydroxysteroid (17-
beta) dehydrogenase 10 1.1.1.178 −1.5 (NC/↓) 0.0039

Hacd4 3-hydroxyacyl-CoA dehydratase 4 4.2.1.134 −1.9 (NC/↓) 0.0048

Hacd1 3-hydroxyacyl-CoA dehydratase 1 4.2.1.134 −2.0 (↓) 2.56E-05

Elovl7 ELOVL family member 3 (does not act on FA >C20) 2.3.1.199 −2.4 (↓) 1.06E-05

*
The list assembled from IMPaLA, GeneCards, Brenda and UniProt databases.

**
Considerably up- and down-regulated genes are labeled with arrows (↑) and (↓), respectively (if −2≥LFC ≥2 and p < 0.05). LFC value of ~1 

means no change (NC) in the expression values regardless of p-value. If 2 ≥LFC ≥ −2 and p < 0.05, ambiguous designations (NC/↑) and (NC/↓) 
were used.

***
p-values of < 0.05 were considered to be statistically significant (in bold).
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Table 5.

Changes in expression values of core genes of fatty acid desaturation in tarsal plates of E3wt and E3hom mice.

Gene* Enzyme* EC
Number* E3hom/E3wt, Linear Fold Change** p-value***

Fads6 (diunsat) fatty acid desaturase domain family, member 6 1.14.19.3 2.4 (↑) 0.0001

Scd2(monounsat) Stearoyl-CoA desaturase 2 1.14.19.1 1.4 (NC/↑) 0.0005

Fads2 fatty acid desaturase domain family, member 2 1.14.19.3 1.2 (NC) 0.2456

Scd1 Stearoyl-CoA desaturase 1 1.14.19.1 1.1 (NC) 0.5507

Fads3 fatty acid desaturase domain family, member 3 1.14.19.3 1.0(NC) 0.8495

Scd3 Stearoyl-CoA desaturase 3 1.14.19.1 −1.1 (NC) 0.2555

Fads1 fatty acid desaturase domain family, member 1 1.14.19.3 −1.2 (NC) 0.9456

Scd4 Stearoyl-CoA desaturase 4 1.14.19.1 −1.3 (NC/↓) 0.002

*
The list assembled from IMPaLA, GeneCards, Brenda and UniProt databases.

**
Considerably up- and down-regulated genes are labeled with arrows (↑) and (↓), respectively (if −2≥LFC ≥2 and p < 0.05). LFC value of ~1 

means no change (NC) in the expression values regardless of p-value. If 2 ≥LFC ≥ −2 and p < 0.05, ambiguous designations (NC/↑) and (NC/↓) 
were used.

***
p-values of < 0.05 were considered to be statistically significant (in bold).
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Table 6.

Changes in expression values of core genes related to the synthesis of odd-chain and branched fatty acids in 

tarsal plates of E3wt and E3hom mice.

Gene* Enzyme* EC
Number*

E3hom/E3wt, Linear Fold 
Change** p-value***

Bckdhb branched chain ketoacid dehydrogenase E1, beta polypeptide 1.2.4.4 21.1 (↑↑) 4.21E-10

Pcca propionyl-Coenzyme A carboxylase, alpha polypeptide 6.4.1.3 3.6 (↑) 2.46E-05

Acox2 acyl-Coenzyme A oxidase 2, branched chain 1.17.99.3 2.8 (↑) 3.66E-06

Dbt dihydrolipoamide branched chain transacylase E2 2.3.1.168 2.2 (↑) 1.63E-05

Bckdha branched chain ketoacid dehydrogenase E1, alpha polypeptide 1.2.4.4 1.6 (NC) 0.0055

Bcat2 branched chain aminotransferase 2, mitochondrial 2.6.1.42 1.2 (NC) 0.1267

Bcat1 branched chain aminotransferase 1, cytosolic 2.6.1.42 1.1 (NC) 0.4486

Acads acyl-Coenzyme A dehydrogenase, short/branched chain 1.3.8.1 1.1 (NC) 0.4417

Bckdk branched chain ketoacid dehydrogenase kinase 2.7.11.4 −1.0 (NC) 0.879

Acadsb branched chain ketoacid dehydrogenase E1, beta polypeptide 1.3.8.5 −1.4 (NC) 0.0777

*
The list assembled from IMPaLA, GeneCards, Brenda and UniProt databases.

**
Considerably up- and down-regulated genes are labeled with arrows (↑) and (↓), respectively (if −2≥LFC ≥2 and p < 0.05). Highly up-regulated 

genes (LFC > 10) are labeled with double arrows (↑↑). LFC value of ~1 means no change (NC) in the expression values regardless of p-value. If 2 
≥LFC ≥ −2 and p < 0.05, ambiguous designations (NC/↑) and (NC/↓) were used.

***
p-values of < 0.05 were considered to be statistically significant (in bold).
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Table 7.

Changes in expression values of genes related to inflammation, stress, injury, and wound healing in tarsal 

plates of E3wt and E3hom mice.

Gene* Enzyme/Protein* EC
Number*

E3hom/E3wt, Linear Fold 
Change** p-value***

Vnn1 vanin 1 3.5.1.92 4.29 (↑) 2.66E–06

Ifi30 interferon gamma inducible protein 30 1.8.-.- 3.1 (↑) 0.007

Cd68 CD68 antigen 2.7 (↑) 0.0021

Acp5 acid phosphatase 5, tartrate resistant 3.1.3.2 2.4 (↑) 0.0028

zc3h12a zinc finger CCCH type containing 12A 2.11 (↑) 0.0053

Pla2g7 phospholipase A2, group VII (platelet-activating factor 
acetylhydrolase, plasma) 3.1.1.4(47) −2.1 (↓) 0.0006

Itgb2 integrin beta 2 −2.2 (↓) 0.0006

Lipa lysosomal acid lipase A 3.1.1.13 −2.2 (↓) 3.39E-05

Igsf6 immunoglobulin superfamily, member 6 −2.2 (↓) 0.0053

col6a3 collagen, type VI, alpha 3 −2.4 (↓) 7.33E-06

Msr1 macrophage scavenger receptor 1 −2.5 (↓) 3.58E-07

lum lumican −2.5 (↓) 0.0008

Epas1 endothelial PAS domain protein 1 −2.9 (↓) 0.0001

Timp1 tissue inhibitor of metalloproteinase 1 −3.0 (↓) 1.04E-07

fcer1g Fc receptor, IgE, high affinity I, gamma polypeptide −3 (↓) 4.31E-06

tyrobp TYRO protein tyrosine kinase binding protein −3.1 (↓) 1.20E-06

Cd53 CD53 antigen −3.2 (↓) 7.98E-06

Col3a1 collagen type III alpha 1 chain −3.2 (↓) 0.0001

Col1a2 Collagen type 1 alpha 2 chain −3.3 (↓) 2.35E-05

mmp2 matrix metallopeptidase 2 3.4.24.24 −3.6 (↓) 9.72E-05

C3ar1 complement component 3a receptor 1 −3.9 (↓) 1.28E-06

Atp6v0d2 ATPase, H+ transporting, lysosomal V0 subunit D2 −5.2 (↓) 2.19E-08

Cybb cytochrome b-245, beta polypeptide −5.2 (↓) 1.84E–05

slamf7 SLAM family member 7 −5.3 (↓) 1.58E-08

Spp1 Osteopontin, secreted phosphoprotein 1 3.1.3.- −6.7 (↓) 3.68E-07

Ctss cathepsin S; cathepsin S (Ctss), transcript variant 1 3.4.22.27 −6.9 (↓) 3.66E-06

Defb1 defensin beta 1 −6.97 (↓) 3.49E-09

gpnmb glycoprotein (transmembrane) nmb −8.2 (↓) 1.29E-05

Iqgap2 IQ motif containing GTPase activating protein 2 −8.86 (↓) 5.54E-08

Ifi204 interferon gamma inducible protein 30 (Ifi16 in humans) −33.0 (↓↓) 3.44E-10

Skint3 selection and upkeep of intraepithelial T cells 3 −266.6 (↓↓) 3.38E-16

*
The list assembled from IMPaLA, GeneCards, Brenda and UniProt databases.

**
Considerably up- and down-regulated genes are labeled with arrows (↑) and (↓), respectively (if −2≥LFC ≥2 and p < 0.05). Highly down-

regulated genes (LFC < −10) are labeled with double arrows (↓↓).
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***
p-values of < 0.05 were considered to be statistically significant (in bold).
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