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ABSTRACT

Purpose: Blepharitis and meibomian gland dysfunction (MGD) are common sources of complaints from patients. To evaluate the
effect on ocular symptoms, ocular findings, and serum and meibomian gland contents, patients with blepharitis and MGD were
prospectively evaluated to determine the effects of dietary supplementation with omega-3 fatty acids.

Methods: In a prospective randomized placebo-controlled masked trial, patients with simple obstructive MGD and blepharitis, who
had discontinued all topical medications and tetracyclines, received oral omega-3 dietary supplementation consisting of two 1000-mg
capsules 3 times a day. Patients were examined every 3 months for 1 year with the Ocular Surface Disease Index (OSDI) objective
clinical measures, including tear production and stability, ocular surface and meibomian gland health, and biochemical plasma, red
blood cell (RBC), and meibum evaluation. Primary outcome measures were change in tear breakup time (TBUT), meibum score, and
overall OSDI score at 1 year.

Results: At 1 year, the omega-3 group had a 36% and 31% reduction in their omega-6 to omega-3 fatty acid ratios in RBCs and
plasma, respectively (P = .3), whereas the placebo group demonstrated no change. At 12 months, the omega-3 group had an
improvement in TBUT, OSDI score, and meibum score. Changes in meibum content were observed in the omega-3 group (P = .21);
the level of meibum saturated fatty acids decreased.

Conclusions: This trial demonstrated a decrease in the RBC and plasma ratios of omega-6 to omega-3 in patients taking omega-3
dietary supplementation, as compared to controls, and improvements in their overall OSDI score, TBUT, and meibum score. This is
the first demonstration of an induced change in the fatty acid saturation content in meibum as a result of dietary supplementation with
omega-3 fatty acids.
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INTRODUCTION

Up to 20% of adults over the age of 45 report some discomfort from blepharitis and meibomian gland dysfunction (MGD),! making
these conditions the most common sources of patient complaints in a comprehensive ophthalmology practice. It is often difficult to
distinguish the cause of patient complaints,” as there is considerable overlap between blepharitis, MGD, and dry eye. Recently, the
International Dry Eye Workshop Research Subcommittee (DEWS) reviewed research on the basic mechanisms underlying dry eye
disease. The DEWS classification separates the dry eye into aqueous-deficient and evaporative states.® The evaporative dry eye may
be due to evaporative loss from the tear film, which is directly affected by MGD, or posterior blepharitis. There is mounting evidence
that dry eye discomfort results from ocular surface inflammation, which in turn stimulates immune-mediated inflammatory processes,
further exacerbating the condition.* It is thought that the initial inflammatory episode may stem from dysfunction of the meibomian
glands, which results in changes in the tear film.>” Because the roles of the tear film and the meibomian glands are so intertwined in
maintaining the health of the ocular surface, it is extremely difficult to separate blepharitis, MGD,® and evaporative dry eye disease in
terms of pathophysiology and clinical management. An ideal therapeutic approach would treat both the underlying etiology and signs
and symptoms of blepharitis, dry eye disease, and MGD.

MEIBOMIAN GLANDS AND MEIBUM

The meibomian glands are tubuloacinar, holocrine glands that produce and secrete meibum,®? an oily substance that aids in tear-film
stability. Embedded in the tarsal plates, there are normally 30 to 40 meibomian glands in the upper lid and 20 to 30 glands in the lower
lid.”® Each meibomian gland consists of a main duct surrounded by grapelike acinar clusters. These ducts open into the lid margin just
anterior to the mucocutaneous junction, delivering meibum to the tear film. As the eyelid closes, contraction of the orbicularis oculi
muscles results in expression and spreading of the meibomian gland contents, over the preocular film, the latter of which occurs in the
up-phase of each blink.**** The orifices of each meibomian gland are normally visible on the lid margin at the mucocutaneous
junction. With mild lid pressure immediately below the lash line, the contents of the meibomian gland can easily be expressed.

Normal meibum is clear, fluid oil that easily spreads to become the outermost surface of the tear film. This outermost lipid layer,
which is a combination of polar and nonpolar lipids, heavily influences the evaporation rate of the tear film. The polar lipids act as a
surfactant to help the nonpolar lipids spread over the aqueous component of the tear film and provide a structure that supports the
nonpolar phase.>**** Meibum is approximately 77% wax and sterol esters,* 8% phospholipids, and 9% digylcerides and triglycerides
and hydrocarbons in normal patients, but slight variations in this distribution do occur, accounting for observed variability in the
meibum melting point.”® The relatively low melting point of the lipids (19°C to 32°C) facilitates delivery to the tear film by allowing
meibum to remain fluid at body temperature (37°C).>* It is not clear how specific differences in lipid composition affect the stability
or thickness of the lipid layer, despite the fact that a thicker tear film lipid layer correlates positively with better tear stability.>’

Healthy meibum is essential for a healthy ocular surface, as the functions of the lipid layer include slowing evaporation of the
aqueous tear components, enhancing tear film spreading and stability, preventing spillover of tears from the lid margin, preventing
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contamination of the tear film by sebum, and sealing the apposed lid margins during sleep.'®** Additionally, meibum contributes to
providing a smooth optical surface at the air-tear interface, allowing for optimal vision.'*?*#

MEIBOMIAN GLAND DYSFUNCTION

In most types of blepharitis, there is some involvement of the meibomian glands. The inherent lid margin inflammation, which is
defined as part of blepharitis, affects the meibomian glands over time. MGD may be defined as progressive meibomian gland
obstruction due to ductal hyperkeratinization or inspissation of secretions.” MGD is synonymous with posterior blepharitis,
particularly when chronic inflammation occurs,? and may be obstructive, simple, or cicatricial in nature. Although MGD rarely
threatens sight, it is a troublesome and symptomatic condition. Many patients move from doctor to doctor, seeking relief from their
symptoms.” There is general agreement that MGD is age-related, increasing in prevalence from nearly 0% in patients in the first
decade of life to nearly 68% in patients over 60 years of age.>*?® MGD is one of the major causes of ocular discomfort, tear
deficiency, and increased tear evaporation rates,'®*” perhaps because of the reduced lipid layer thickness.?® Increased evaporation of
the tear film most commonly stems from meibomian gland disease, which leads to thickened secretions and reduced secretion
volumes, both of which are detrimental to the formation and integrity of the protective lipid layer. In both aqueous tear—deficient and
evaporative dry eye, hyperosmolarity has been shown to play a role in the pathological changes associated with dry eye.

Exactly what triggers the development of blepharitis is unknown; however, recent studies have linked changes in the tear film to
the development of blepharitis. Numerous different etiologies have been considered for blepharitis, including staphylococcal infection,
Demodex folliculorum infestation, and primary sebaceous gland disease, as in acne rosacea. Yet, the underlying pathophysiologic
reaction is an inflammatory response in the lid area, including the eyelash follicles and meibomian glands. These include changes in
the makeup of the tears and changes in tear film stability.® It has also been suggested that defects in the ocular surface that occur
independently from tear film changes are the underlying cause of blepharitis.?°

In MGD, meibum is often abnormal, progressively changing in color from clear to yellow and in consistency from liquid to
toothpaste-like. Additionally, ductal hyperkeratinization may result in blockage of the duct orifice, deterioration of acini clusters,? and
stagnation of the meibum within the gland. Obstructive MGD is hyposecretory in nature and results in an unstable tear film, increased
evaporation, meibomian gland dropout, thickened lipid secretions, and low lipid volume.? Simple obstructive MGD is typified by
plugged meibomian gland orifices and cloudy or thickened secretions.® Cicatricial MGD is characterized by scarred marginal and
tarsal mucosa, which cause exposure and retraction of the meibomian ductules. The patients often present with posterior displacement
and/or elongation of the orifices into the marginal or tarsal conjunctiva.® In patients with MGD, we know that warm compresses will
improve the tear stability.® Evidence of alteration in the meibum melting point demonstrates that changes in the meibum content
occur with MGD, and results in the production of toxic tear film destabilizing components such as fatty acids (FAs).*>*

Various studies have demonstrated the correlation between MGD and the evaporative dry eye. Patients with meibomian gland
dropout generally have elevated tear osmolarity and low tear production.?? Even when tear production is moderately decreased in
MGD, dry eye signs and symptoms can be severe because the evaporative rate of these patients is much higher than normal.?
Additionally, Korb and colleagues® have shown that patients with severe symptoms have thinner lipid layers than patients with more
moderate complaints. Long-term treatment is aimed at controlling symptoms through eyelid hygiene.'**"%? Systemic antibiotics, such
as minocycline,® tetracycline,* and doxycycline,® and topical antibiotic/steroid combinations may be used for short-term therapy in
patients with a significant amount of inflammation.*

ROLE OF INFLAMMATION IN MEIBOMIAN GLAND DYSFUNCTION AND DRY EYE DISEASE

Inflammation is an integral component of blepharitis, MGD, and the aqueous-deficient dry eye.**® In evaporative dry eye, increased
expression of inflammatory mediators on the ocular surface and in tears of patients with ocular rosacea has been demonstrated.”
Increased expression of conjunctival markers of inflammation and proinflammatory mediators has also been demonstrated in the tear
film of MGD patients.”® Topical anti-inflammatory therapies such as cyclosporin A and corticosteroids have been successful in the
short-term management of MGD,**"*® with the ultimate goal to return the patient to exclusive lid hygiene therapy. These findings
suggest that inflammation is not only a consequence of meibomian gland disease but also a potential target for treatment of MGD.

Alternative treatments, including dietary supplements, have become an explosive area of investigation. Numerous dietary
supplements touted as revolutionary in their treatment of the dry eye and blepharitis have been marketed as over-the-counter
treatments. Dietary supplementation with FAs has been recommended for MGD patients,***** but there is a lack of objective clinical
studies published in the literature to demonstrate effectiveness. Miljanovic and associates® reviewed the dietary diaries of patients
enrolled in the Wonmen’s Health Study, and results suggest that a higher dietary intake of omega-3 FAs is associated with a decreased
incidence of dry eye syndrome in women. Oxholm and colleagues* treated 28 Sjogren syndrome patients with omega-6 FAs and
found no documentable improvement when compared to placebo.*® Most recently,** Creuzot reported that poluyunsaturated FA
dietary supplementation improved subjective symptoms in dry eye patients.

OMEGA-3 FATTY ACIDS

Omega-3 FAs and omega-6 FAs are essential for normal growth and development. Omega-3 FAs and omega-6 FAs compete for the
same enzyme to eventually be converted into anti-inflammatory prostaglandins (PGE3) and less inflammatory leukotrienes and into
proinflammatory prostaglandins (PGE2) and more inflammatory leukotrienes, respectively (Figure 1). It is the ratio of omega-6 to
omega-3 FAs that is important in influencing the overall inflammatory state of the body. Calder*” demonstrated that overproduction of
proinflammatory PGE2 and underproduction of anti-inflammatory PGE1 and PGE3 occur when the omega-6 to omega-3 FA ratio is
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high. The ideal dietary intake of essential FAs is approximately 4:1, as is seen in the Mediterranean diet, rich in cold-water fish and
natural oils.*® The typical American and Northern European diet is high in omega-6 FAs, with the average person having an omega-6
to omega-3 FA intake ratio between 15:1 and 18:1.* These populations tend to overconsume red meat and underconsume unprocessed

oils and cold-water fish.
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Omega-3 FAs modulate prostaglandin metabolism toward anti-inflammatory prostaglandin (PGE3) synthesis due to competitive
inhibition of the arachidonic acid pathway (Figure 1). In the early phase of inflammation, large amounts of interleukins and lipid
mediators are released. Proinflammatory eicosanoids of arachidonic acid metabolism are released from membrane phospholipids in the
course of inflammatory activation. Eicosapentaenoic acid (EPA), an omega-3 FA, competes with arachidonic acid, an omega-6 FA, for
anti-inflammatory and proinflammatory prostaglandin and leukotriene synthesis at the cyclooxygenase and lipoxygenase level.
Increasing systemic levels of EPA and docosahexaenoic acid (DHA) result in:

Decreased production of prostaglandin E, (PGE,) metabolites;

Decreased thromboxane A,, a potent platelet aggregator and vasoconstrictor;

Decreased leukotriene B, formation, a potent inducer of inflammation, leukocyte chemotaxis, and adherence;

Increased thromboxane Az, a weak platelet aggregator and a weak vasoconstrictor;

Increased prostacyclin PGls, leading to an overall increase in total prostacyclin by increasing PGl; without a decrease in PGl,

(both PGI, and PGl; are active vasodilators and inhibitors of platelet aggregation); and
e Increased leukotriene Bs, a weak inducer of inflammation and a weak chemotactic agen

The anti-inflammatory properties of omega-3 FAs, especially EPA, are due to competition with arachidonic acid as a substrate for
cyclooxygenases and 5-lipoxygenase. The eicosanoids from the omega-6 and omega-3 FAs have opposing properties (Figure 1). In
addition to their effects on prostaglandins, thromboxanes, and leukotrienes, omega-3 FAs suppress the production of interleukin 1 (IL-
1R) by suppressing the IL-1% messenger RNA (mRNA) as well as the expression of COX2 (cytooxygenase) mRNA that is induced by
IL-18. a-Linolenic acid (ALA), EPA, and DHA are involved in immune function. The precise effect of ALA depends on the level of
linoleic acid and total polyunsaturated FA content of the diet. A high dose of ALA (about 15 g/day) will suppress human IL-1 and
tum0|;7rl§crosis factor (TNF). It is unclear whether ALA itself exerts these effects or whether they are the result of its conversion to
EPA.""
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DIETARY ROLE OF OMEGA-3 FATTY ACIDS

On the cellular level, omega-3 FA supplementation in healthy volunteers suppresses the capacity of monocytes to synthesize IL-1,
through suppression of 1L-1 mRNA**" and TNF.>* Studies in normal volunteers indicate that omega-3 FA supplementation reduced
the ability of monocytes to produce IL-18 upon stimulation with endotoxin. The effect was most pronounced 10 weeks after stopping
the supplementation and suggests prolonged incorporation of omega-3 FAs into a pool of circulating monocytes.*’” The capacity of the
monocytes from these donors to synthesize IL-1i returned to the presupplement level 20 weeks after ending dietary supplementation.
This effect can explain the beneficial effects of omega-3 FAs in models of chronic inflammatory disease, as IL-1 and TNF influence a
wide array of biologic functions.’*®* IL-1 potentiates procoagulent activity and increases production of endothelin and plasminogen
activator inhibitor and the formation of eicosanoids. It also increases leukocyte adhesion by inducing the expression of adhesion
molecules and promoting endothelial protein permeability. Omega-3 FAs suppress platelet activating factor, a potent platelet
aggregator and leukocyte activator that strongly promotes arachidonic acid metabolism.*®

The first evidence of the role of dietary intake of omega-3 polyunsaturated FAs in inflammation was derived from epidemiologic
observations in 1979 identifying a lower incidence of autoimmune and inflammatory disorders, such as psoriasis, asthma, and type 1
diabetes, as well as the complete absence of multiple sclerosis, in a population of Greenland Eskimos compared with gender- and age-
matched groups living in Denmark.”® Native Greenland Eskimos®’ and the Japanese®® have a high dietary intake of long-chain omega-3
polyunsaturated FAs from the high amounts of seafood in the diet. These populations also had a low incidence of myocardial
infarction and chronic inflammatory or autoimmune disorders compared to their Westernized counterparts of the same ethnic
background. Diets high in omega-3 FAs have also been found to reduce the severity of experimental cerebral®® and myocardial
infarction® and autoimmune nephritis and to reduce the incidence of breast tumors in several animal models.***> Omega-3 FAs may
play an important role in the prevention and treatment of asthma,®® ® cardiac arrhythmias,®® cardiovascular diseases,**, adult-onset
diabetes,® rheumatoid arthritis,” ™ rejection of transplanted organs, and various kidney diseases.”*"

Mounting evidence, accumulated over the past decade, shows a potential benefit of omega-3 FAs on the eye, particularly in
macular disease’"’ and cataracts.”®® These studies have been part of the evidence used to design and validate the need for
multicenter longitudinal studies on the effect of omega-3 dietary supplementation in macular degeneration. Many of these studies have
examined the dietary diaries of patient and correlated these with patient symptoms and findings.*“** However, in none of these
retrospective reviews was analysis of the effect of dietary supplements on the blood levels of FAs performed. Alteration of the omega-
6 to omega-3 ratio in plasma and red blood cell (RBC) membranes is necessary to document that the changes in symptoms are
attributable to dietary supplementation with oral omega-3 FASs.

As discussed above, it has been shown that shifting the dietary omega-6 to omega-3 FA ratio toward omega-3 FAs can lower the
overall inflammatory state of the body.?* Anecdotal data suggest that omega-3 FA dietary supplementation can have a beneficial effect
on blepharitis.?** In patients taking omega-3 FA supplements, reduced production of IL-1 and TNF plays a role in the reduction of
inflammatory symptoms. Studies in normal volunteers indicate that omega-3 FA supplementation reduced the ability of monocytes to
produce IL-18 upon stimulation with endotoxin.*” Similar results were observed for IL-1 and TNF. Pharmacologic agents known to
reduce the synthesis of IL-1 and TNF are corticosteroids and cyclosporine, both of which have been shown to be effective in managing
posterior blepharitis flare-ups but have well-known adverse side effects, particularly during long-term administration. Because these
omega-3 FAs act on these same biochemical pathways, speculation arose as to the effect of omega-3 FAs on blepharitis and MGD.

POTENTIAL MECHANISMS OF ACTION OF OMEGA-3 ON BLEPHARITIS AND MEIBOMIAN GLAND
DYSFUNCTION

There are 2 hypotheses as to why dietary supplementation of omega-3 FAs may alleviate blepharitis and the resulting MGD and dry
eye symptoms. The first hypothesis relies on the fact that the breakdown of omega-3 FASs results in the production of molecules that
suppress inflammation, whereas the breakdown of omega-6 FAs results in the production of molecules that can lead to inflammation.
Omega-3 and omega-6 FAs compete for the same enzymes for metabolism into usable components. These enzymes are part of the
inflammatory pathway involving arachidonic acid, the pathway that is mediated by the anti-inflammatory agents aspirin and COX-2
inhibitors. The first hypothesis is that overwhelming the FA metabolic pathway with omega-3 FA molecules results in competitive
inhibition of omega-6 FA metabolism, reducing the overall inflammatory state of the eyelid margin and the meibomian gland region.
As blepharitis, MGD, and dry eye are thought to be inflammatory diseases, a reduction in the systemic inflammatory state may
alleviate blepharitis, MGD, and dry eye—associated discomforts.

The second hypothesis regards the composition of the tear film. It has been suggested that an unstable tear film results from
abnormal meibomian gland secretions and can result in the evaporative dry eye. Supplementing the diet with high amounts of omega-3
FAs is likely to change the FA composition and therefore the properties of meibomian gland secretions. This change may be beneficial
in tear stabilization and may prevent the inflammation from blocking the meibomian gland ducts and meibum stagnation.

To further understand the effects of omega-3 FAs on blepharitis and MGD, we examined the effect of omega-3 FA dietary
supplementation in a prospective randomized double-masked, placebo-controlled study in a group of 22 blepharitis patients with
simple obstructive meibomian gland disease over a 12-month period. Dry eye symptoms and clinical presentation, meibomian gland
health, meibum appearance and biochemical content, and blood FA levels were examined to elucidate the effects of omega-3 FA
supplementation, in the form of flaxseed oil, on MGD.
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METHODS

PATIENT ENROLLMENT

The Institutional Review Board of Evanston Northwestern Healthcare approved this study (including study design, data collection,
analysis, and informed consent process and all forms), and all study conduct was performed within the guidelines of Good Clinical
Practice. Health Insurance Portability and Accountability Act regulations were followed. All participants signed an IRB-approved
informed consent form prior to enroliment.

PATIENT POPULATION

Thirty-eight patients with blepharitis and simple obstructive meibomian gland disease over the age of 18, not pregnant or nursing, and
willing to comply with all study procedures were enrolled in this research study.

INCLUSION CRITERIA

Clinical inclusion criteria required a diagnosis of moderate to severe chronic blepharitis and simple obstructive MGD (Figure 2), with
onset and greater than 3 months duration of ocular symptoms consistent with blepharitis, dry eye, and meibomian gland disease. No
entrance criteria were defined for vital dye staining, Schirmer testing, or Ocular Surface Disease Index (OSDI) score. All patients had
not taken oral tetracycline drugs (including doxycycline and minocycline) or oral corticosteroids for at least 3 months and had
discontinued all topical medications for at least 1 month prior to study enrollment. The use of artificial tears did not exclude
participation and was allowed during study participation. All patients were performing daily eyelash cleansing with a nonirritating
dilute baby shampoo prior to initiation of the study. Patients were instructed to continue their daily eyelash hygiene in the same
manner for the duration of the study period, to attempt to avoid any change in routine that may represent a confounding factor.

FIGURE 2

Left, Simple obstructive meibomian gland dysfunction typified by plugged meibomian gland orifices and lid margin
telangiectasias. Right, Pressure is applied with a cotton-tipped applicator below the lashes to force the meibum out of the
meibomian glands.

Because this study targets the arachidonic acid inflammatory pathway, patients on a regular course of aspirin or COX-2 inhibitors
were not allowed to participate. Also, omega-3 FAs can inhibit platelet aggregation,®*® and patients who were on anticoagulant
therapies or who had blood disorders were also excluded from the study. Other exclusion criteria included preexisting ocular disease
or pathology, systemic disease requiring anticoagulation, long-term use of nonsteroidal anti inflammatory agents or COX-2 inhibitors,
and use of dietary FA supplementation, including omega-3 or omega-6 FAs, for 1 month prior to day 0 (baseline).

DIETARY INTAKE EVALUATION

Patients were asked to maintain their normal dietary habits during the course of the study; however, they were informed that 6 g of
flaxseed oil would increase their daily caloric intake by 60 calories unless a slight caloric reduction of food was initiated. All patients
were asked to keep a dietary intake journal to evaluate nutritional intake of foods rich in omega-3 FAs during the course of the study.
The total amount (in grams) of omega-3 FAs per portion recorded in the patient diary was used to calculate the total dietary intake of
omega-3 FAs. The total amount per serving for fish was derived from the amounts in salmon (1.4 g/serving), canned salmon (2.2
g/serving), and canned tuna (0.3 g/serving). These values were obtained from the Minnesota Nutrient Data Base 4.04, Tufts University
School of Medicine, Boston, Massachusetts (Table 1).%
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TABLE 1. AMOUNTS OF OMEGA-3
FATTY ACIDS PER SERVING

FOOD OMEGA-3/SERVING (g)
Fish 14
Buffalo n/a
Canola Qil 1.3
Walnuts 2.6
Greens 0.05
Eggs 0.3

n/a, not available.

OMEGA-3 DIETARY SUPPLEMENTATION

Patients were given a 3-month supply (540 capsules) of either flaxseed oil capsules or placebo (olive oil) capsules. At the
initiation of this study, there was no US Food and Drug Administration (FDA) recommended daily dose for omega-3 FAs or any of
the essential FAs. The published proceedings of the National Heart, Lung and Blood Institute of the National Institutes of Health
(1993) recommend that total doses of polyunsaturated FAs (including omega-3, omega-6, and omega-9 FAs) not exceed 10% of the
total caloric intake. Further review of the safety considerations of dietary supplementation of polyunsaturated FAs™ resulted in the
same conclusion. Based on a 2200-calorie diet, this would translate into a dose not exceeding 220 calories/day. Each 1-g flaxseed oil
capsule contains 10 calories, so a dose of 22 capsules/day is theoretically acceptable, if this is the only source of dietary fat intake.

Manufacturers of flaxseed oil recommend taking between 1 and 6 1000-mg capsules daily. Based on literature from a variety of
manufacturers, flaxseed oil is approximately 55% omega-3 FA (ALA), 15% omega-6 FA (linoleic acid), and 19% omega-9 FA (oleic
acid). To observe the maximum effect, a dose of 6 1-g capsules of flaxseed each day was chosen. The total dose of omega-3 FAs
given to subjects was 3.3g/day, well within the “moderate” dose range (2 to 5 g/day) of omega-3 FAs.®” Patients taking omega-3 FAs
within this dose range have demonstrated no clinical evidence of an increased bleeding tendency™: however, for potential avoidance
of increased risk of bleeding, patients requiring anticoagulation were excluded.

Both flaxseed and placebo (olive oil) capsules were donated by and specifically made for this study by Natrol (Chatsworth,
California). Capsules were made to look alike as much as possible and were coded by content.

RANDOMIZATION AND ENSURING DOUBLE-MASK

Subject numbers were preassigned to the control or study group with the aid of the random number generator in Microsoft Excel,
which randomly generated a number between 0 and 1. If the number generated for a subject number (eg, BLE-01, BLE-02) was less
than 0.5, the study number was assigned to the “0” or placebo group; if the number generated for a subject number was greater than
0.5, the study number was assigned to the “1” or flaxseed group. The number “0.500000000” was never generated, and an even
distribution between the groups occurred. This list was not incorporated into any documentation, and only research staff members not
involved in patient care had access to these assignments.

Subjects were masked to the contents of the oil capsule. Both flaxseed and olive oil have similar properties in appearance and
texture. As long as subjects did not bite open the capsules before swallowing the oil, the 2 capsules were indistinguishable from each
other. Bottles were distributed to the subjects at the time of enroliment and at each visit. Subjects were instructed to begin taking study
supplements the next morning so that the bottles were not opened while the subject was in the Eye Center. Subjects were instructed to
return the bottles of study capsules at each 3-month visit, and any unused capsules were counted to determine patient compliance with
the study protocol. Patients were also counseled to continue their daily eyelash hygiene, which involved daily eyelash shampoo with a
dilute nonirritating baby shampoo on a washcloth in the shower followed by a thorough rinse with the eyes closed.

OUTCOME MEASURES

Primary outcome measures were change in tear breakup time (TBUT), meibum score, and patient symptoms (overall OSDI score) at 1
year. Remaining parameters studied are considered secondary measures.

CLINICAL EXAMINATION AND MEASURES

Patients were examined every 3 months for a total period of 1 year (Table 2). At each visit, subjects were asked to complete the OSDI,
an established measure of patient dry eye symptoms,'**% before any clinical measures were made. The OSDI was developed by
Allergan Pharmaceuticals (Irvine, California) to reliably assess overall and categorized patient dry eye symptoms. Scores range from O
to 100 for the overall score and in each category. A score of 0 to 12 indicates a normal eye, 13 to 22 mild dry eye, 23 t032 moderate
dry eye, and over 33 indicates severe dry eye. It should be noted that a decrease in OSDI score indicates an improvement.

At the initial and final visit patients had a complete eye examination, including a dilated retinal and optic nerve examination.
Obijective clinical measures included tear production (Schirmer | with anesthesia); tear film stability (fluorescein TBUT), ocular
surface health (fluorescein and rose bengal surface staining), and meibomian gland health (appearance and number of gland orifices,

98-100
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quality of meibum). The Schirmer | test was performed with anesthesia. At least 3 drops of topical anesthetic (Proparacaine
Hydrochloride Ophthalmic Solution 0.5%; Akorn, Inc, Buffalo Grove, lllinois) were administered to the conjunctiva and both lid
margins, to obtain the anesthesia of all the ocular structures. Schirmer strips were placed on the lower lid 2 mm lateral to the lateral
canthus.’®!% Patients sat in the dark with both eyes closed for 5 minutes. The strips were removed and a measurement (in
millimeters) of the wet area of the strip was made.

TABLE 2. SCHEDULE OF EXAMINATION FREQUENCY AND SPECIMEN COLLECTION

PROCEDURE BASELINE 3 6 9 12
(DAY 0) MONTHS MONTHS MONTHS MONTHS

Clinical exam X X X X X

Meibum collection X X X

Blood collection X X X X

Fluorescein TBUT was determined following the procedure suggested by Lemp.’® A fluorescein strip (Haag-Streit AG, Koniz,

Switzerland) was dampened with a drop of nonpreserved saline solution, and the strip was touched to the inferior palpebral
conjunctiva. Patients were asked to blink several times to mix the fluorescein with the tear film. They were asked to open their eyes
and not blink, and the time between the opening of the eyes and the appearance of the first dry spot was measured 3 times in seconds.
The average of the 3 measurements was recorded as the final TBUT.

Fluorescein ocular surface staining was scored using the standardized methods recommended by the National Institutes of Health
Symposium on Dry Eye (Figure 3) following the measurement of the TBUT.'® Briefly, the corneal fluorescein stain was evaluated 3
minutes after fluorescein instillation, by observing the cornea through a cobalt blue light. Corneal staining was graded using a scale of
0 to 3 (absent to diffuse) and recorded for the 5 corneal regions (Figure 3A). The final score was determined by totaling all individual
scores for each eye.

Rose bengal vital staining was used to evaluate the health of the conjunctival epithelium. After all tests utilizing fluorescein, rose
bengal staining was performed by using a Rosets Rose Bengal Ophthalmic Strip (Chauvin Pharmaceuticals Ltd, Essex, United
Kingdom) wetted with sterile Proparacaine Hydrochloride Ophthalmic Solution 0.5% (Akorn, Inc, Buffalo Grove, Illinois) and
allowed to sit for 3 minutes. The wetted strip was touched to the inferior bulbar conjunctiva while the patient looked up, and the lower
lid was pulled away from the globe.’®®*" Care was taken by the examiner to instill adequate dye (both fluorescein and rose bengal)
while attempting to minimize reflex tearing.’® The conjunctival epithelium was assessed after patients were instructed to blink
repeatedly to mix the rose bengal with the tear film.*®® Six different areas were assessed in each eye for rose bengal staining (Figure
3B) and graded using a scale of 0 to 3 (absent to confluent areas of staining).

A FIGURE 3
A, The 5 regions of the cornea evaluated for

oD 05
Q o fluorescein staining. B, The 6 regions of
conjunctiva evaluated for rose bengal
o o staining.

EXAMINATION AND CHARACTERIZATION OF MEIBUM AND MEIBOMIAN GLANDS

Meibomian gland health and meibum character were determined by assessing the percentage of gland blockage (orifice visible but no
meibum expressible) and stenosis (orifice not visible, no meibum expressible) and of grading gross meibum character (Table 3). The
lid margin, lashes, and meibomian glands were examined with a Haag Streit BQ Slit Lamp Biomicroscope BQ 900 (Koeniz,
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Switzerland). The presence or absence of collarettes, madarosis, and dystichiasis was noted. Lid margin telangiectasias were graded
on a scale of 1 to 4. The number of meibomian glands were counted on both the upper and lower lid margin using transillumination
(meiboscopy).”*!! The percentage of meibomian glands that were open, stenosed, or blocked was assessed at each visit. Following
all lid assessments, meibum was expressed*'? and grossly characterized as already described in Table 3. The meibum quality score was
calculated by adding the meibum color (clear, yellow, or white) score and the meibum character (fluid, thickened, granular, or
toothpaste like)™ score. A total score of 1.5 was considered healthy for analysis purposes. Normal values for all tests are summarized

in Table 4.
TABLE 3. DESCRIPTION OF MEIBUM CHARACTER AND COLOR SCORES*
CHARACTER SCORE DESCRIPTION
0 Fluid
1 Thickened
2 Granular (particulates visible)
3 Toothpaste-like (consistency of old toothpaste)
COLOR SCORE
0 Clear
0.5 Yellow
1 White
*Total meibum score was obtained by adding the two component scores. A score of 1.5 was
considered healthy for analysis purposes.
TABLE 4. DESCRIPTION OF OBJECTIVE CLINICAL MEASURES OF
MEIBUM AND MEIBOMIAN GLANDS
MEASURE DESCRIPTION NORMAL
VALUE
Schirmer test Volume of aqueous tears produced (mm) >10 mm
Tear breakup time Time that tear film stays intact between blinks(s) 10 seconds
Fluorescein Staining on corneal surface indicates sick/dying cells (score 0-15) 0
Rose bengal Staining on conjunctiva indicates sick/dying cells (score 0-18) 0
Meibum character 0 =fluid, 1 =thickened, 2 = granular, 3 = toothpaste-like 0
Meibum color 0 =clear, 0.5 = yellow, 1.0 = white 0
Meibum quality Meibum character + meibum color (score 0-4) 0
Blocked meibomian glands Glands visible on eyelid, but no meibum can be expressed (%) 0
Stenosed meibomian glands Gland opening narrowed (%) 0
Visible ducts Total number of visible ducts on the upper and lower eyelids 50-70 ducts

BLOOD AND MEIBUM SAMPLE COLLECTION AND ANALYSIS

Meibomian gland secretions were expressed and collected at baseline (day 0) and every 6 months (month 6, month 12) with a Kimura
spatula (Bausch & Lomb, Rochester, New York) after digital pressure was applied to the eyelid margin. The Kimura spatula was
gently applied to the lid margin to lift the meibum off the tear meniscus. Samples were immediately dissolved in 2:1 chloroform-to-
methanol solution contained in clean borosilicate glass ampules to avoid sample contamination. Dissolved samples were immediately
placed in a deep freezer (—80°F) and stored there until the time of shipping for sample analysis.

Blood samples (5 mL) were collected from the antecubital vein in an EDTA (lavender) topped tube at day 0 and months 3, 6, and
12, and immediately following collection, blood was centrifuged for 10 minutes at a speed of 2500 rpm to separate the plasma from
the RBCs. Plasma was completely drawn off and pipetted into clean plastic 1-mL centrifuge tubes. Red blood cells were triple-washed
with sterile isotonic saline solution (sodium chloride 0.9%; Hospira, Inc, Lake Forest, lllinois) and pipetted into clean plastic 1-mL
centrifuge tubes. Immediately following preparation, samples were frozen and stored in a —80°F freezer until the time of shipping.

All meibum, plasma, and washed RBC samples were shipped on dry ice to the laboratory of Bruce A. Watkins, PhD, Purdue
University, Department of Food Science, Lipid Chemistry and Molecular Biology Laboratory, where samples were analyzed by gas
chromatography for lipid content. Chromatographs were interpreted for percent content by laboratory personnel at Purdue University
and compiled into a summary table. Gas chromatography results were sent back to the Evanston Northwestern Healthcare
Ophthalmology Research Center, where they were statistically analyzed for differences between groups and time points and examined
for trends.
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STATISTICAL ANALYSIS

Thirty-eight patients were enrolled in this study, with 30 reaching the primary end point of 1 year (12 months). Data were entered into
a Microsoft Access database created specifically for this study and exported to Excel for analysis. Data are presented as mean +
standard deviation. Means within groups (eg, changes from baseline) were compared using paired Student t tests; means between
groups (eg, flaxseed vs olive oil groups) were compared using unpaired Student t tests. Trends in data were tested for significance
using single-variable regression analyses, and changes in frequency were examined using the Fisher exact test for small cell sizes.
Owing to the limited amount of available data, statistical significance was defined as P<.10.

RESULTS

Total study enrollment was 38 patients with 30 subjects reaching the primary end point of 12 months. Because blepharitis, MGD, and
dry eye symptoms are often seasonal, it was important to have our primary end points at 1 year to reduce the influence of seasonal
variation on results. Seven patients were lost to followup, and one patient was removed from the study because of a new diagnosis of
Sjogren syndrome. All subjects reaching 1 year were extremely compliant with study medication, averaging a consumption of 5.1 +
0.9 capsules/day (n = 14 patients, 85% daily compliance) and 4.4 + 1.2 (n = 16 patients, 73% daily compliance), as determined
through returned capsules and patient diaries. This difference was not statistically significant (P = .23).

PATIENT CHARACTERISTICS AT BASELINE

Patient characteristics were similar in both groups at baseline. Table 5 summarizes both the characteristics of study groups at baseline
and the statistical comparison of both groups. Groups were statistically equal in all respects, with the exception that the flaxseed oil
group had more visible meibomian gland orifices and patients in the flaxseed group were slightly younger at baseline compared to the
olive oil group. Also, OSDI scores for the flaxseed group were in the severe range (>23), whereas the olive oil group were in the
moderate range, although the differences in the mean scores between the groups were not significantly different. The average patient
enrolled in this study was a white woman approximately 50 years of age, with low Schirmer scores, low TBUT, moderate surface
staining, and significant blockage/stenosis of the meibomian glands. Meibum was thickened, generally rated as thickened or granular
in consistency and yellow. OSDI symptoms were rated severe in the flaxseed oil group at baseline and moderate in the olive oil group;
the other OSDI parameters were equal at baseline. All groups were statistically the same in terms of the clinical presentation of their
blepharitis at baseline (Table 5). The distribution of healthy and unhealthy parameters (Table 6) was also examined at baseline in the
group of patients reaching the 1-year end point.

TABLE 5. PATIENT CHARACTERISTICS AND CLINICAL
PRESENTATION AT BASELINE

VARIABLE FLAXSEED OLIVE OIL
GROUP GROUP
n (patients/eyes) 18/36 20/40
Patient age (yr) 46.9+8.6 545+9.5
Sex (M/F) 4/14 2/18
Intraocular pressure (mm Hg) 13.7+2.8 13.6+3.8
Schirmer score (mm) 5.06 £ 3.76 7.14 £ 4.66
Tear breakup time (s) 56 £2.6 56 +34
Fluorescein staining (0 to 15) 22 £29 15 £15
Rose bengal staining (0 to 18) 23 +£29 48 +6.3
Meibum quality (score 0 to 4) 25 +£0.9 21 10
Meibomian gland blockage (%) 483 +314 43.8 £32.8
Meibomian gland stenosis (%) 31.9 £32.9 25,5 £28.7
Number visible ducts 56.2 + 6.1 479 +174
OSDI overall score (0 to 100) 26.2 £16.7 20.0 £12.5
OSDI environmental trigger(0 to 100) 333 £354 35.8 £26.7
OSDI ocular symptoms (0 to 100) 33.3 £23.2 21.7 £10.5
OSDI visual symptoms (0 to 100) 19.0 +17.9 11.3 +10.4

OSDI, Ocular Surface Disease Index.

DIETARY INTAKE EVALUATION

Dietary intake did not significantly change between baseline and 1 year in either the flaxseed or the olive oil group. Additionally,
dietary intake was not significantly different between the groups at any time point measured (Table 7). One patient, who was lost to
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followup, refused to answer questions regarding dietary intake (n = 17 patients in flaxseed group in intent-to-treat analysis instead of
18). Our analysis included measurements of omega-3 dietary intake exclusively.

TABLE 6. DISTRIBUTION OF CLINICAL MEASURES CHARACTERIZED AS HEALTHY
AND NONHEALTHY IN EACH STUDY GROUP AT BASELINE

MEASURE NUMBER OF NUMBER OF P VALUE*
HEALTHY EYES NONHEALTHY
EYES
Tear breakup time .32
Flaxseed oil 6 22
Olive ail 2 30
Schirmer test (mm) 14
Flaxseed oil 6 22
Olive oil 16 16
Fluorescein staining 1.0
Flaxseed oil 22 6
Olive oil 24 8
Rose bengal staining 44
Flaxseed oil 22 6
Olive oil 20 12

*Fisher exact test.

TABLE 7. AVERAGE DIETARY INTAKE OF OMEGA-3 FATTY ACIDS
ONLY PATIENTS REACHING 12

INTENT-TO-TREAT ANALYSIS

MONTHS
FLAXSEED FLAXSEED

VS VS

FLAXSEED OLIVE OLIVE FLAXSEED OLIVE OLIVE
OIL OIL OlIL OIL OIL OlIL

MEASURE GROUP GROUP GROUP MEASURE GROUP GROUP GROUP

P value P value
n (pts) 17 20 — n (pts) 14 16 —
Baseline 5.61 9.34 530 Baseline 4.84 8.57 .581
SD 7.12 15.02 — SD 7.32 15.94 —
1 year 5.42 12.43 .366 1 year 4.62 12.43 .392
SD 7.33 20.15 — SD 7.53 22.13 —
P value 0.534 0.202 — P value 0.540 0.206 —
Change at 1 year -0.19 1.04 .894 Change at 1 year -0.22 12.43 .156
SD 0.84 25.75 — SD 0.90 22.13 —
Significance from 0 0.534 0.901 — Significance from 0 0.540 0.134 —

SD, Standard deviation.

CHANGES IN SYSTEMIC FATTY ACIDS AT 1 YEAR

Patients in the flaxseed oil group had a significant increase in omega-3 FA levels at 1 year compared to baseline in both plasma (from
3.21 + 0.96% to 4.88 + 1.34%, n = 14 patients, P = .01) and RBCs (from 4.34 + 1.43% to 6.08 + 2.17%, n = 14 patients, P =.05). In
the flaxseed oil group there was a 52% increase in the omega-3 FA level in the plasma and a 40% increase in the RBCs. Subjects in
the olive oil group showed no significant changes in the omega-3 FA content in their plasma or RBCs at any time point studied. These
results confirm that we were able to induce a systemic change in the omega-3 FA levels with dietary supplementation. Still, it is the
omega-6 to omega-3 FA ratio that is biochemically important, because omega-6 FAs lead to higher levels of inflammation while
omega-3 FAs lead to lower levels of inflammation due to competitive inhibition. At 1 year, the flaxseed group had significantly lower
omega-6 to omega-3 FA ratios in both plasma (14.34 + 4.96 vs 8.83 £ 2.79, P = .01) and RBCs (6.20 £ 2.52 vs 4.28 + 1.82, P = .10)
compared to baseline, whereas the olive oil group demonstrated no change (10.50 + 4.51 vs 11.35 £ 3.27, P = .34). The omega-6 to

Trans Am Ophthalmol Soc / Vol 106 / 2008 345



Omega-3 Dietary Supplementation in Dry Eye and Blepharitis

omega-3 ratio decreased 36% in the plasma and 31% in the RBCs of the flaxseed oil group. No significant changes were observed in
either group for saturated FA, total monounsaturated FA, or polyunsaturated FA content.

CHANGES IN OBJECTIVE CLINICAL MEASURES AT 1 YEAR

Following 1 year of supplementation with study capsules, the flaxseed group showed a marked improvement in fluorescein TBUT by
4.7 £ 3.7 seconds (n = 28 eyes, P = .01) to 7.0 £ 3.6 seconds, indicating an improvement in tear film stability. Schirmer test scores also
improved by 1.82 + 4.27 mm; however, this increase was not statistically significant (P = .14). Ocular surface fluorescein and rose
bengal staining scores did not change. The olive oil group demonstrated similar results to the flaxseed group with an improvement in
TBUT of 3.9 + 4.6 seconds (n = 32 eyes, P =.1) to 9.2 + 4.7 seconds, also indicating an improvement in tear film stability. Schirmer
test scores improved by approximately 2 mm in each group; however, this increase was not statistically significant (P = .19).
Interestingly, fluorescein scores did improve (P = .09) in the olive oil group. Rose bengal staining scores showed no significant
change. Measures of lid hygiene moderately improved in the flaxseed group over the course of the study. The number of
telangiectasias at the lid margin and collarettes decreased significantly in the flaxseed oil group (P = .01 and P = .03, respectively) and
not in the olive oil group, as summarized in Table 8.

TABLE 8. CHANGE FROM BASELINE IN OBJECTIVE CLINICAL MEASURES
AT 1 YEAR FOR EACH STUDY GROUP

MEASURE FLAXSEED OIL P OLIVE OIL P
GROUP VALUE* GROUP VALUE*

n (eyes) 28 — 32 —
Schirmer score (mm) 1.82 £4.27 14 2.16 +6.28 .19
Tear breakup time 47 £3.71 .01 3.9 $4.6% .01
Fluorescein staining (0 to 15) 08 £20 .80 -09 +£1.9 .09
Rose bengal staining (0 to 18) -11 +28 15 -1.4 +£45 .24
Telangiectasias (0 to 4) £ -1.1 £0.51 .01 -03 £1.0 .33
Collarettes (0 to 4) -0.7 £1.1f .03 -06 £15 14
Scurf (0 to 4) 0.0 £0.0 1.0 -0.1 +0.6 .16
Dystichiasis (No/Yes)§ From 13/1 to 12/2 .61 From 14/2 to 13/3 .61
Madarosis (No/Yes) § From 12/2 to 13/1 1.0 From 14/2 to 15/1 1.0

*P value obtained by comparison zero with paired t test for quantitative measures.
tStatistically significant (P < .10).

tStatistical significance between flaxseed and olive oil groups.

8Yes/No distributions tested with Fisher exact test for small cell sizes.

CHANGES IN THE MEIBOMIAN GLANDS AND THEIR SECRETIONS AT 1 YEAR

The health of the meibomian glands and their secretions improved in both groups at the 1-year time point, as summarized in Table 9.
In the flaxseed group, the average meibum quality significantly improved from granular at baseline to thickened or fluid at 1 year (n =
14 eyes, P = <.01), and meibomian gland orifice blockage decreased by 13.5 + 29.7% (P = .10). Gland orifice stenosis tended to
decrease in the flaxseed oil group, although this change was not statistically significant. Additionally, the number of visible
meibomian gland ducts increased by 5.1 + 5.7 (P < .01) in the flaxseed oil group. Results were similar in the olive oil group with a
slightly smaller improvement in meibum quality and an identical improvement in gland orifice stenosis. The number of visible ducts
also increased. Biochemical analysis of the meibum collected at all time points revealed no statistically significant changes in omega-3
FA, omega-6 FA, total monounsaturated FA, total polyunsaturated FA, or total saturated FA.

TABLE 9. CHANGES IN THE MEIBOMIAN GLANDS AND MEIBUM AT 1 YEAR FOR EACH

STUDY GROUP
MEASURE FLAXSEED OIL OLIVE OIL
GROUP P VALUE GROUP P VALUE
n (eyes) 28 — 32 —
Meibum quality (score 0 to 4) -1.2+1.2* <.01 -0.8+1.2* .02
Meibomian gland blockage (%) -13.5+29.7* .10 -9.3+23.8 A3
Meibomian gland stenosis (%) -15.4+44.2 21 -15.2 + 29.8* .05
Number visible ducts 51+5.7* <.01 13.1 +£21.0* .02

*Statistically significant changes (P <.10).
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PATIENT SYMPTOMS AT 1 YEAR

Patients supplemented with flaxseed oil noted a decrease in their dry eye discomfort as compared to baseline. In the flaxseed oil
group, the overall OSDI scores were significantly improved (P = .02), specifically those relating to ocular symptoms (P = .02) and
environmental triggers (P = .04) (Table 10), at 1 year as compared to baseline. In the olive oil group, only the dry eye symptom scores
showed an improvement (P < .01) at 1 year.

TABLE 10. CHANGES IN OCULAR SURFACE DISEASE INDEX SCORES AT 1 YEAR FOR
EACH STUDY GROUP

MEASURE FLAXSEED OIL OLIVE OIL
GROUP P VALUE GROUP P VALUE
Overall score -11.6 £11.3* .02 -7.1+12.38 17
Environmental trigger -16.7 £19.2* .04 -21.4+£422 .20
Ocular symptoms -19.1+19.1* .02 -9.5+£5.8* <.01
Visual symptoms -54+115 24 1.2+8.6 12

*Statistically significant (P < .10).

PRIMARY OUTCOME MEASURES

Primary outcome measures were change in TBUT, meibum score, and patient symptoms (overall OSDI score) at 1 year. Remaining
parameters studied are considered secondary measures. An intent-to-treat analysis has been done by assuming that patients lost to
follow-up had no change. For primary outcome measures (TBUT and meibum score at 1 year), Tables 11 and 12 show the 2 analyses
side by side for convenience. The meibum scores in the flaxseed group changed significantly from baseline (P = .003), while a less
significant change was found in the olive oil group (P = .026); however, the change in the flaxseed oil group was not significant when
compared with the olive oil group (P = . 34) (Table 11). TBUT also had a significant improvement from baseline in the flaxseed oil
group (P = .002), whereas a less significant change was found in the olive oil group (P = .011); however, the change in the flaxseed
oil group was not significant when compared with the olive oil group (P = .79) (Table 12).

TABLE 11. MEIBUM SCORES AT 1 YEAR

INTENT-TO-TREAT ANALYSIS ONLY EYES REACHING 12

MONTHS
FLAXSEED FLAXSEED
VS VS
oLIVE  OLIVEOIL FLAXSEED OLIVE OLIVEOIL
FLAXSEED OIL GROUP OIL OIL GROUP
MEASURE OIL GROUP  GROUP P VALUE MEASURE GROUP  GROUP  PVALUE
n (eyes) 36 40 — n (eyes) 28 32
Baseline 2.53 2.10 190 Baseline 2.82 213 .035
SD 0.92 1.05 — SD 0.82 0.89 —
1 year 1.61 1.50 753 1 year 1.64 1.38 496
SD 0.80 1.28 — SD 0.91 1.18 —
P value 0.004 0.027 — P value 0.002 0.058 —
Change at 1 year -0.92 -0.60 401 Change at 1 year -1.18 -0.75 .343
SD 1.18 1.12 — SD 1.22 121
Significance from 0 0.004 0.027 — Significance from 0 0.003 0.026

SD, standard deviation.

HEALTHY/NONHEALTHY DISTRIBUTIONS

The number of patients with healthy meibum (meibum score of <1.5, Table 3) in each group was examined at baseline and at 1 year.
Six of 28 eyes (21%) in the flaxseed group had healthy meibum, compared to 20 of 32 eyes (62.5%) in the olive oil group at baseline.
After 1 year of taking study dietary supplements, 20 of 28 eyes (71%) had healthy meibum in the flaxseed oil group, whereas in the
olive oil group 24 of 32 eyes (75%) had healthy meibum. The change in the flaxseed group was statistically significant (P = .02), and
the change in the olive oil group was not (P = .70). These results are summarized in Table 13.
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The percentage of patients with normal tear film stability (TBUT >10 seconds) significantly increased from 6 of 24 eyes (25%) to
20 of 28 eyes (71%) in the flaxseed group (P = .21) and 2 of 32 eyes (6%) to 12 of 32 eyes (38%) in the olive oil group (P = .04). The
percentage of patients with normal tear production rates (Schirmer I) did not significantly change in either group. Also, the percentage
of patients with a healthy ocular surface (as determined by fluorescein and rose bengal staining) did not significantly change, although
all 4 patients in the olive oil group with an unhealthy corneal surface were deemed healthy at 1 year.

TABLE 12. TEAR BREAKUP TIME AT 1 YEAR

ONLY EYES REACHING 12

INTENT-TO-TREAT ANALYSIS MONTHS
FLAXSEED
FLAXSEED VS
VS OLIVE OLIVE
FLAXSEED OLIVE OIL FLAXSEED OLIVE OIL
OIL OlIL GROUP OIL OlIL GROUP
MEASURE GROUP GROUP P VALUE MEASURE GROUP GROUP P VALUE
n(eyes) 36 40 — n (eyes) 28 32
Baseline 6.00 5.10 .350 Baseline 6.00 4.44 149
SD 2.87 2.87 — SD 3.04 2.73
1 year 9.22 8.05 579 1 year 10.14 8.13 .302
SD 4.93 4.88 — SD 5.11 5.37
P value 0.003 0.012 — P value 0.002 0.011
Change at 1 year 3.22 2.95 .850 Change at 1 year 4.14 3.69 .790
SD 3.95 4,76 — SD 4.04 5.08
Significance from 0 0.003 0.012 — Significance from 0 0.002 0.011

SD, standard deviation.

TABLE 13. NUMBER OF EYES WITH HEALTHY MEIBUM AT
BASELINE AND 1 YEAR

GROUP BASELINE 12 MONTHS P VALUE
Flaxseed oil* 6/28 (21%) 20/28 (71%) P=.02
Olive oil 20/32 (62.5%) 24/32 (75%) P=.70

*Statistically significant, P < .10.

To elucidate the effect of omega-3 dietary supplementation on the meibomian glands, data were analyzed based on healthy
meibum scores (<1.5) and unhealthy meibum scores (>1.5). The characteristics between eyes, blood FA chemistry, and meibum FA
chemistry were compared. At baseline, patients with healthy meibum had less meibomian gland orifice stenosis (18.3 + 16.3% vs 38.7
+ 37.7%, P = .04), higher plasma omega-3 FA levels (4.3 + 1.6% vs 3.4 £ 1.6, P = .08), lower plasma omega-6 to omega-3 ratios (10.8
+3.2vs 14.0 £ 4.9, P = .03), and lower RBC omega-6 to omega-3 ratios (4.8 + 1.3, vs 6.2 + 2.4, P = .05). Meibum collected at
baseline, before any interventions were made, was examined first. Interestingly, healthy meibum had a much lower saturated FA
content than unhealthy meibum (5.5 + 4.6% vs 11.0 10.6%, n = 19 samples form 19 patients, P = .04).

Data from all time points were then pooled by meibum status and again examined for differences between patients and clinical
disease state. Again, healthy meibum samples were found to have a 28% lower saturated FA content than unhealthy meibum samples.
Additionally, patients with healthy meibum tended to higher Schirmer scores, longer TBUT, less meibomian gland stenosis, and less
surface staining. Additionally, patients with healthy meibum had lower omega-6 to omega-3 FA plasma ratios. Table 14 summarizes
these results. Univariate regression analyses also indicated that meibum saturated FA levels (r* = .06, P = .09), Schirmer scores (r* =
.09, P =.01), TBUT (r*= .07, P = .10), meibomian gland stenosis (r* = .11, P < .01), meibomian gland blockage (r* = .20, P < .01),
fluorescein staining (r*= .09, P = .03), and rose bengal staining (r*= .15, P < .01) were significantly correlated with meibum score. In
all cases a better clinical test score predicted a lower (healthier) meibum score. When a multivariate regression analysis was
performed, meibomian gland stenosis, meibomian gland blockage, Schirmer scores, and rose bengal surface staining were
significantly correlated. Again, improvements in these tests predicted a lower (healthier) meibum score.
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TABLE 14. PATIENT CHARACTERISTICS ASSOCIATED WITH
HEALTHY AND NONHEALTHY MEIBUM

MEASURE HEALTHY NONHEALTHY
MEIBUM MEIBUM P VALUE

n (eyes)* 124 72 —
n (samples) 66 40 —
Plasma omega-6 to 106+2.9 119149 .10
omega-3 ratio
Meibum saturated 6.8+5.0 9.3+8.7 .09
fatty acid (%)
Schirmer score (mm) 9.0+55 6.4+4.2 .01
Tear breakup time 811438 6.6£4.0 .10
(sec)
Meibomian gland 141+119 28.9+30.5 <.01
stenosis (%)
Meibomian gland 30.4 +£29.9 51.8 +33.1 <.01
blockage (%)
Fluorescein staining 1.1+21 21+23 .03
Rose bengal staining 16+26 47+52 <.01

*At 3 patient visits, subjects had one eye fall into each category.

DISCUSSION

There has been increased interest over the past decade in the role dietary supplements play in the management of various disease
states. Dietary supplementation with polyunsaturated FAs has been shown to affect the inflammatory pathways by shifting the balance
of omega-6 to omega-3 FA ratio, thereby altering the inflammatory components of numerous diseases. The breakdown of omega-3
FAs results in products that suppress inflammation, whereas the breakdown of omega-6 FAs results in products that promote
inflammation. Omega-3 and omega-6 FAs compete for the same enzymes (Figure 1) to be metabolized. Therefore, overloading the
system with either omega-3 or omega-6 can shift the body’s inflammatory state through competitive inhibition, respectively.

To determine the effect of dietary supplementation with omega-3 FAs on blepharitis, MGD, and the evaporative dry eye, we
conducted an institution-based, prospective randomized double-masked placebo-controlled trial where patients were randomly
assigned to either the flaxseed oil (omega-3) or olive oil (placebo) group. Main outcome measures were changes in patient symptoms,
clinical disease state, and meibum content at 1 year. The 1-year time-point was chosen to minimize the effects of seasonal variation on
our measures, as the seasonal nature of dry eye disorders is well established.* Plasma and RBC FAs were also measured to verify
changes in systemic omega-6 to omega-3 FA ratios. By eliminating the use of other therapeutic options for blepharitis or dry eye, and
having all enrolled patients perform a daily eyelash shampoo and use artificial tear supplements only on an as-needed basis, we were
able to identify the effects of omega-3 FA dietary supplementation.

DIETARY SUPPLEMENTATION WITH OMEGA-3 FATTY ACIDS

At the initiation of this study, there had been no FDA recommended dose of omega-3 FAs or any of the essential FAs. The published
proceedings of the National Heart, Lung, and Blood Institute of the National Institutes of Health (1993) recommend that total doses of
polyunsaturated FAs (includes omega-3, omega-6, and omega-9 FAs) not exceed 10% of the total caloric intake. Review of the safety
considerations of dietary supplementation of polyunsaturated FAs in the American Journal of Clinical Nutrition® resulted in the same
conclusion. Based on a 2200-calorie diet, this would translate into a dose not exceeding 220 calories/day. Each 1-g flaxseed oil
capsule contains 10 calories, so a dose not exceeding 22 capsules/day would be acceptable if this were the only source of
polyunsaturated fat intake.

Manufacturers of flaxseed oil recommend taking between 1 and 6 1000-mg capsules daily. Based on literature from a variety of
manufacturers, flaxseed oil is approximately 55% omega-3 FA (ALA), 15% omega-6 FA (linoleic acid), and 19% omega-9 FA (oleic
acid). Thus, we proposed that patients in this study take 6 1000-mg capsules of flaxseed oil each day. This would make their total dose
of omega-3 FAs 3.3 g/day, well within the moderate dose range (2 to 5 g/day).®” Patients taking omega-3 FAs within this dose range
have demonstrated no clinical evidence of an increased bleeding tendency.®® 8" Additionally, this dosage has affected disease changes
in other groups of patients. A 1-year dietary supplementation trial with 6 g of fish oil daily in renal transplant patients demonstrated a
beneficial effect on renal homodynamic, blood pressure, and improved graft survival.® In patients with IgA nephropathy, treatment
with fish oil for 2 years slowed the decrease of renal function.”® Omega-3 FAs lower plasma triglycerides and improve red cell
flexibility in patients with lupus nephritis.”>*°

There may be significant seasonal variation in signs and symptoms of blepharitis, MGD, and dry eyes. A 1-year supplementation
was sufficient to reveal the long-term effects of flaxseed oil on MGD as dietary omega-3 polyunsaturated FAs are rapidly incorporated
into the membrane phospholipids of circulating monocytes, suggesting that they are likely to have an effect on several aspects of cell
function. Within 5 to 15 days, dietary supplementation with polyunsaturated FAs can be identified by changes in the concentrations in
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plasma and RBCs.”* Moderate dietary supplementation with omega-3 polyunsaturated FA significantly increases levels in monocytes
within 2 weeks. The levels of EPA reached a maximum accumulation after 6 weeks of supplementation, and DHA reached a peak at
18 weeks.” EPA returned rapidly to pretreatment levels in monocytes (although plasma levels remained significantly elevated from
baseline after 24 weeks of washout), whereas DHA levels declined more slowly.® In this study, the changes in plasma and RBC
omega-3 levels were found by the first 3 months of blood collection and sustained at a steady state throughout the 12-month course.

FLAXSEED OIL, FISH OIL, AND OLIVE OIL

We elected to use flaxseed oil as a dietary supplement in this study in order to protect the subject component of the double-masking.
Flaxseed oil was chosen as a supplement over fish oil because there is a perceived threat of contamination with heavy metals such as
mercury in fish oil dietary supplementation.®*** When fish oil is ingested, it is common for patients to complain of a fishy taste
immediately or shortly after eructation. The limitation of using only flaxseed oil for dietary supplementation is evident in review of
the omega-3 FA metabolic pathways. ALA, the only omega-3 FA contained in flaxseed oil, must first be metabolized into EPA to
enter the anti-inflammatory cascade. Fish oil contains EPA and DHA, both of which can directly enter the anti-inflammatory cascade.
Dietary supplementation with fish oil may therefore be more rapid and/or have a larger effect on inflammatory conditions than dietary
supplementation with flaxseed oil alone. It may also be that a combination of both flaxseed and fish oils is ideal, and further testing
with both supplements is necessary.

Olive oil was chosen as the placebo control because it contains no omega-3 FAs. Still, the health benefits of olive oil are well
known and thought to stem from the richness of olive oil in polyphenols, powerful antioxidants and inhibitors of inflammation
amplifiers. Polyphenols have been shown to be beneficial in diseases that are inflammatory in nature, such as rheumatoid arthritis.***
Olive oil contains large amounts of the omega-9 monounsaturated FA oleic acid. Oleic acid is converted to eicosatrienoic acid (ETA).
ETA is converted to LTA; which is a potent inhibitor of leukotriene B4, a powerful promoter of inflammation. Therefore, olive oil or
ETA may exert an anti-inflammatory action through a mechanism that is similar to flaxseed oil, which is converted to EPA.*** In the
current study, patients supplemented with olive oil also demonstrated significant improvements in their MGD and ocular-related
discomfort. Tear-film stability increased, meibum quality improved, meibomian duct stenosis decreased, and the number of visible
meibomian gland ducts increased.

Because olive oil is in part converted to ETA, which is more saturated than EPA, it may have greater chemical stability, which
would be an advantage when using it as a dietary supplement. In addition, olive oil acts synergistically with fish oil by increasing the
incorporation of omega-3 FAs into cell membranes.™** Given this knowledge, one might wonder why we chose to use olive oil as a
placebo in this study. At the time of the design and execution of this study, this information was not yet available through the
published medical literature. Moreover, there is no ideal placebo for inflammatory disease studies. Soy oil has a considerable amount
of linolenic acid that could favor a proinflammatory state as well. Given the mechanism of action of olive oil and omega-3 FAs, it may
be that the effects of the 2 oils are synergistic and that a combination therapy would be most effective, as has been demonstrated in
patients with rheumatoid arthritis.***

MEN VERSUS WOMEN

Examination of the 2 study groups at baseline reveals remarkably similar characteristics; however, patients in the flaxseed oil group
were slightly younger (average age, 47 years) than their counterparts in the olive oil group (55 years). Both groups contained mostly
women, which is not surprising given that dry eye disorders are seen more often in women®' and that acne rosacea and
keratoconjunctivitis sicca, both associated with MGD, are seen more commonly in women than in men. Though the biochemistry of
inflammatory pathways of men and women is the same, the role and levels of androgens are different. As androgens play a role in
both the meibomian and lacrimal gland,***'* there may be a difference in the effect of omega-3 dietary supplementation in men vs
women. Our study numbers were too low to segregate results based on sex, and further investigation is warranted.

PATIENT SYMPTOMS

At baseline, and at each study visit, all subjects were administered the OSDI. In general, the flaxseed oil group began study
participation with more bothersome dry eye symptoms, although this difference was not statistically significant. The flaxseed oil
group scored in the severe category for environmental triggers and ocular symptoms, in the moderate category overall, and in the mild
category for visual symptoms. The olive oil group scored in the severe category for environmental triggers, in the mild category
overall and for ocular symptoms, and in the normal category for visual symptoms.

At 12 months the flaxseed oil group had a statistically significant improvement in their overall OSDI scores (—11.6 points) and in
both the environmental trigger (-19.2 points) and ocular symptom (-19.1 points) subcategories. We attribute these symptomatic
improvements to the increased TBUT and the higher quality of meibum secretions. Interestingly, the olive oil group showed a
statistically significant improvement only in ocular symptoms (-9.5 points), even though both TBUT and meibum quality also
improved. It may therefore be that flaxseed oil supplementation induces ocular surface changes that were not measured here. It is not
unreasonable to theorize that levels of inflammatory components of the tear film, such as prostaglandins (eg, PGE1), changed.
Additionally, the actual number of inflammatory cells on the ocular surface may have changed, which is measurable by impression
cytology. In future studies inclusion of these parameters may elucidate the etiology of the observed improvement in patient symptoms
with omega-3 FA dietary supplementation.

At each visit during which the patient’s meibum was analyzed or characterized, the meibomian glands in all 4 lids were
compressed to express the contents. This simple act of mechanical expression of the meibum every 3 months may play a role in the
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symptomatic relief experienced by patients in both groups. As this was part of the study protocol, this was not a variable for which we
could adjust or analyze the data. In fact, it would be rather difficult to evaluate this effect in a masked fashion, as the patient is aware
of the compression of the eyelid required to express the contents of the meibomian glands. As a result, it would be difficult to design a
masked study in which expression of the meibomian gland is performed on one eye and not the other, since there is no substantially
equivalent examination that can be performed.

Patients receiving flaxseed oil supplements noted a decrease in their dry eye discomfort as compared to baseline. In the flaxseed
oil group, the overall OSDI scores were significantly improved (P = .02), specifically those relating to ocular symptoms (P = .02) and
environmental triggers (P = .04) (Table 10) at 1 year as compared to baseline. In the olive oil group, only the dry eye symptom scores
showed an improvement (P < .01) at 1 year.

PRIMARY OUTCOME MEASURES

Primary outcome measures were change in TBUT, meibum score, and patient symptoms (overall OSDI score) at 1 year. Remaining
parameters studied were considered secondary measures. The meibum scores in the flaxseed group changed significantly from
baseline (P = .003), and a less significant change was found in the olive oil group (P = .026); however, the change in the flaxseed oil
group was not significant when compared with the olive oil group (P =.34). TBUT also had a significant improvement from baseline
in the flaxseed oil group (P = .002), whereas a less significant change was found in the olive oil group (P = .011); however, the
change in the flaxseed oil group was not significant when compared with the olive oil group (P = .79). Patients supplemented with
flaxseed oil noted a decrease in their dry eye discomfort as compared to baseline. In the flaxseed oil group, the overall OSDI scores
were significantly improved (P = .02), specifically, those relating to ocular symptoms (P = .02) and environmental triggers (P = .04) at
1 year as compared to baseline. In the olive oil group, only the dry eye symptom scores showed an improvement (P < .01) at 1 year .

AQUEOQOUS DEFICIENT VS EVAPORATIVE DISEASE IMPROVEMENTS

Given that inflammation is known to decrease aqueous tear production and that decreasing the inflammation with T-cell inhibitors (eg,
cyclosporin A) increases Schirmer scores, it was surprising that we did not observe a statistically significant increase in Schirmer |
scores in either study group; although each group, on average, did improve their Schirmer scores by approximately 2 mm. In both
groups the Schirmer | scores were depressed at baseline (flaxseed group 5.06 + 3.76, and olive oil group 7.14 + 4.66), and, on average,
all patients had components of both aqueous-deficient and evaporative etiology. It is bothersome to find a lack of correlation of the
significant increase in the OSDI scores that describe the symptoms of the patients in the flaxseed oil group, in the face of no
significant increase in the Schirmer | scores. This finding further clarifies the importance of not relying solely on one measurement in
the assessment of the dry eye patient. Therefore, reliance on one dietary supplement may not be the ideal therapeutic approach.

In both groups (flaxseed and olive oil) there was a statistically significant improvement in the TBUT, meibum quality, and number
of visible ducts as compared to baseline. Though we expected to find these changes in the flaxseed oil group, we were somewhat
surprised to see them in the olive oil group, particularly given that no changes in systemic (plasma or RBC) FA levels were induced.
As already discussed, olive oil contains relatively high amounts of ETA, which has been shown to be effective in reducing the effects
of inflammatory diseases.’® If this is the case, flaxseed oil and olive oil should be synergistic therapies for dry eye disease, and
combination therapies could be more effective than either oil alone.

Another interesting finding is the significant improvement in meibomian gland blockage in only the flaxseed oil group, while the
improvement in meibomian gland stenosis was observed only in the olive oil group. This result again suggests that the individual
benefits observed here with flaxseed and olive oil may occur through different mechanisms that both affect the inflammatory pathway.
This change in the meibomian gland orifices and the ability to express the contents of the meibomian gland may indicate that the
meibomian glands orifices have the ability to remodel at the lid margin. In cases of severe MGD, the goal of therapeutic intervention
is to improve both the quality and quantity of the meibum present in the tear film. Initially, the meibomian gland orifices are blocked
and the meibum is thickened, granular, or toothpaste-like. After effective therapeutic intervention, the meibum has changed in
consistency and can be expressed from previously blocked meibomian gland orifices. Therefore, it is reasonable to theorize that there
is remodeling of the meibomian glands during this process.

Our results therefore suggest that dietary supplementation with flaxseed oil (ALA) improves evaporative dry eye components. It is
also possible that the long-standing inflammatory environment of these patients’ ocular surface may have caused irreversible lacrimal
gland disease. A number of different measures, like the ones listed above, should be added to future trials investigating dietary
supplementation and dry eye conditions. Again, further investigation with combination therapies, such as combining ALA and fish oil
(EPA and DHA) or omega-3 FAs and cyclosporin A, as well as the synergism with olive oil, are warranted.

CHANGES IN SYSTEMIC FATTY ACID RATIO

Americans, in general, have higher-than-ideal omega-6 to omega-3 FA ratios. Patients in the flaxseed (omega-3) oil group had
significant increases in both plasma (1.67%) and RBC (2.60%) omega-3 FA levels at 1 year compared to baseline. Still, it is the
omega-6 to omega-3 FA ratio that is biochemically important, as omega-6 FAs lead to higher levels of inflammatory mediators and
omega-3 FAs lead to lower levels of inflammatory mediators using the same pathway. Subjects in the olive oil group showed no
significant changes. More important, this increase in omega-3 FAs in the plasma and RBCs resulted in a 36% and a 31% decrease in
plasma omega-6 to omega-3 FA ratios, respectively. The fact that these ratios were lowered in conjunction with the observed
improvement in dry eye symptoms and overall ocular health supports the role of systemic inflammation in the etiology of dry eye
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disease and MGD. These results also verify patient compliance, which was determined to be acceptable based on the tracking of study
capsules

DIFFERENCES BETWEEN HEALTHY AND NONHEALTHY MEIBUM

When data were segmented into healthy meibum scores (<1.5) and nonhealthy meibum scores (>1.5), interesting results were
revealed. At baseline, patients with healthy meibum had less meibomian gland orifice stenosis (P = .04), higher plasma omega-3 FA
levels (P =.08), lower plasma omega-6 to omega-3 ratios (P = .03), and lower RBC omega-6 to omega-3 ratios (P = .05). All of these
differences further indicate inflammatory mediators in the etiology of MGD and the evaporative dry eye and the ability to alter the FA
ratio in the serum and RBCs with dietary supplementation.

Meibum lipid content was also compared in healthy and unhealthy meibum. Lower meibum saturated FA levels (28%, P = .04)
were found in the healthy meibum group. Saturated FAs, which are solid at body temperature, have higher melting points than their
unsaturated FA counterparts, which are often liquid at body temperature. As meibum becomes less healthy, it also becomes more
solid. Both saturated and unsaturated FAs are normally found in meibum; however, an increase in the amount of unsaturated lipids
would theoretically result in a less fluid state at body temperature. Univariate regression analyses also indicated that meibum saturated
FA levels (P = .09), Schirmer scores (P < .01), TBUT (P =.01), meibomian gland stenosis (P < .01), meibomian gland blockage (P <
.01), fluorescein staining (P < .01), and rose bengal staining (P < .01) were significantly correlated with meibum score. In all cases a
better clinical test score predicted a lower (healthier) meibum score. It is difficult to discern whether nonhealthy meibum is resulting
from an unhealthy ocular surface microenvironment or the other way around. Our results do not confirm either theory. When a
multivariate regression analysis was performed, meibomian gland stenosis, meibomian gland blockage, Schirmer scores, and rose
bengal surface staining were significantly correlated with a lower (healthier) meibum score. The fact that the omega-6 to omega-3
ratio was not correlated with the meibum score may mean that there is a ratio threshold in which the ocular health begins to improve.
In other words, there is not a graded effect as a significant correlation would indicate; rather, a threshold ratio is required for a clinical
change to be identified. Further analysis of this threshold ratio is required.

In the initial study design, 2 hypotheses regarding why dietary supplementation of omega-3 FAs may alleviate blepharitis and dry
eye symptoms were proposed. The first hypothesis was that overwhelming the FA metabolic pathway with omega-3 FA molecules
results in competitive inhibition of omega-6 FA metabolism, reducing the overall inflammatory state of the eyelid margin and
meibomian gland. As blepharitis and dry eye are thought to be inflammatory diseases, a reduction may alleviate blepharitis and dry
eye—associated discomforts. The increase in the plasma and RBC concentrations of omega-3 and the decrease in the omega-6 to
omega-3 ratio demonstrate that dietary supplementation with flaxseed oil, as a source of omega-3 FAs, can affect the FA metabolic
pathway. The improvements found in the OSDI scores in the flaxseed oil group, as well as the decrease in lid margin telangiectasias
and meibomian gland blockage, further support this hypothesis.

The second hypothesis proposed supplementing the diet with high amounts of omega-3 FAs to change the FA composition and
therefore the properties of meibomian gland secretions. | theorized that this change may be beneficial in tear stabilization and may
prevent the inflammation from blocking the meibomian gland ducts and meibum stagnation. There was a significant increase in the
saturated FA content of the meibum in the flaxseed oil group at 1 year (P = .04); however, no change was found in the olive oil group.
In both groups (flaxseed and olive oil) there was a statistically significant improvement in the TBUT, meibum quality, and number of
visible ducts as compared to baseline. Though there was a slight change in the meibomian gland secretions detected, these were
actually found in the meibum quality of both groups. Statistically significant findings were seen only when the data were segregated to
examine the “healthy” meibum (score < 1.5)

CONCLUSION

In summary, the importance of omega-3 essential FAs in the dietis evident, as well as the need to return to a more physiologic omega-
6 to omega-3 ratio of 4:1 rather than the ratio of 15-18:1 provided by current Western diets. To improve the ratio of omega-6 to
omega-3 essential FAS, it is necessary to decrease the intake of omega-6 FAs from vegetable oils and to increase the intake of omega-3
FAs by using oils rich in omega-3 FAs. Experimental studies have provided evidence that dietary supplementation of omega-3 FAs
modifies inflammatory and immune reactions, making omega-3 FAs potential therapeutic agents for inflammatory and autoimmune
diseases. Their effects are brought about by modulation of the type and amount of eicosanoids and cytokines and by altering gene
expression. To the best of my knowledge, this is the first demonstration of a change in the FA saturation content in meibum. There is a
clear need for more carefully designed and controlled clinical trials in the therapeutic application of omega-3 FAs in blepharitis, MGD,
and the evaporative dry eye.

My initial hypothesis was that overwhelming the FA metabolic pathway with omega-3 FA molecules results in competitive
inhibition of omega-6 FA metabolism, reducing the overall inflammatory state of the eyelid margin and meibomian glands. As
blepharitis, MGD, and dry eye are thought to be inflammatory diseases, a reduction in the omega-6 to omega-3 ratio may alleviate the
associated discomforts patients experience from these chronic disease states. The increase in the plasma and RBC concentrations of
omega-3 and the decrease in the omega-6 to omega-3 ratio that were measured in the study population demonstrate that dietary
supplementation with flaxseed oil, as a source of omega-3 FAs, can affect the FA metabolic pathway. The improvements found in
OSDI scores in the flaxseed oil group, as well as the decrease in lid margin telangiectasias and meibomian gland blockage, further
support this hypothesis.

The second hypothesis assumed that supplementing the patients’ diets with high amounts of omega-3 FAs could change the FA
composition and properties of meibomian gland secretions in patients with blepharitis and MGD. | theorized that this change may be
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beneficial in tear stabilization and may prevent inflammation of meibomian gland ducts and meibum stagnation. There was a
significant increase in the saturated FA content of the meibum in the flaxseed oil group at 1 year (P =.04), but no change was found in
the olive oil group. In both groups (flaxseed and olive oil) there was a statistically significant improvement in the TBUT, meibum
quality, and number of visible ducts as compared to baseline. Though there was a slight change in the meibomian gland secretions
detected, these were actually found in the meibum quality of both groups.

Statistically significant findings were seen only when the data were segregated to examine the “healthy” meibum (score < 1.5).
Patients with healthy meibum had less meibomian gland orifice stenosis (P = .04), higher plasma omega-3 FA levels (P = .08), lower
plasma omega-6 to omega-3 ratios (P = .03), and lower RBC omega-6 to omega-3 ratios (P = .05). Lower meibum saturated FAs
levels (28%, P = .04) were found in the healthy meibum group. Saturated FAs, which are solid at body temperature, have higher
melting points than their unsaturated FA counterparts, which are often liquid at body temperature. The fact that the omega-6 to omega-
3 ratio was not correlated with the meibum score may mean that there is a ratio threshold in which the ocular health begins to improve.
In other words, there is not a graded effect as a significant correlation would indicate; rather, a threshold ratio is required for a clinical
change to be identified. Further analysis of this threshold ratio is required.

Current drug therapies have many side effects and do not treat both evaporative and aqueous deficient components of the dry eye.
Nutritional supplementation with omega-3 FAs, either as an alternative or an adjunct therapy, holds great promise in the treatment of
blepharitis, MGD, and the evaporative dry eye. In designing clinical interventions, genetic variation and sex-related differences in
androgen levels should be taken into consideration, as the level of cytokines is, to a great extent, genetically determined, and the dose
or amount of omega-3 FAs necessary to suppress the proinflammatory state may vary. This study supports the role of inflammation in
the etiology of MGD and the resulting evaporative dry eye disease. It also demonstrates, for the first time scientifically, that omega-3
FA dietary supplementation can improve both ocular health and patient dry eye symptoms. Still, the number of patients examined in
this study was small, and further work in a larger group of patients is warranted. Ultimately, the use flaxseed oil (ALA), fish oil (EPA
and DHA), and potentially olive oil (polyphenols) may have an enhanced effect on ocular inflammation. Additional work is also
needed to elucidate numerous treatment components, including the effects on meibum, inflammatory mediators in the tears, and the
lacrimal gland based on sex, age, and supplement dose.
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