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PURPOSE. To investigate the effects and mechanisms of the peroxisome proliferator-
activated receptor alpha (PPAR-α) agonist fenofibrate on the formation of ocular surface
squamous metaplasia induced by topical benzalkonium chloride (BAC) in a mouse model.

METHODS. Ocular surface squamous metaplasia was induced in 16 days by topical
BAC application in mice. During the period of induction, mice were divided into
four groups: no additional treatment (BAC+UT), topical vehicle (BAC+Vehicle), topical
fenofibrate (BAC+Feno), or topical fenofibrate plus intraperitoneal injection of MK886
(BAC+Feno+MK886). The parameters of tear film were evaluated on day 16, and eye
specimens were collected. Histologic investigation; PAS assays; immunostaining for cytok-
eratin 10 (K10), Ki67, and F4/80; and PCR assays for TNF-α and IL-6 were performed.
Cell Counting Kit 8 (CCK-8) assays were performed to evaluate the inhibitory effects of
fenofibrate on RAW264.7 cells.

RESULTS. Fenofibrate suppressed the formation of BAC-induced instable tear film. In the
BAC+Feno group, the expression of K10 and Ki67 was lower than in the other three
groups. The number of goblet cells was reduced in eyes of the BAC+UT and BAC+Vehicle
groups but was maintained in eyes of the BAC+Feno group. The number of F4/80-
positive cells and the levels of TNF-α and IL-6 mRNA were significantly reduced in the
cornea of the BAC+Feno group. These effects of fenofibrate could be attenuated by
MK886. The cell viability of RAW264.7 cells could be significantly inhibited by fenofibrate
in a dose-dependent pattern.

CONCLUSIONS. Topical application of fenofibrate suppressed the formation of ocular
surface squamous metaplasia, which might be mediated through the PPAR-α signaling
pathway.

Keywords: squamous metaplasia, peroxisome proliferator-activated receptor-α, fenofi-
brate, macrophage, inflammation

As the most common ocular surface disease, dry eye has
been extensively investigated in the past decades. Vari-

ous findings suggest that, despite its multifactorial etiology,
dry eye is an inflammation-based disease of the lacrimal
gland functional unit, which includes the cornea, conjunc-
tiva, main and accessory lacrimal glands, and meibomian
glands.1 Tear hyperosmolarity stimulates a cascade of events
in the epithelial cells of the ocular surface, involving several
inflammatory signaling pathways and cytokines such as
TNF-α and interleukins. These cytokines activate and recruit
inflammatory cells to the ocular surface which then become
an additional source of inflammatory mediators. Such medi-
ators, acting together with tear hyperosmolarity, can lead to
reduced expression of glycocalyx mucins, apoptotic death of
surface epithelial cells, and loss of goblet cells. Damage is
reinforced by inflammatory mediators from activated inflam-
matory cells. These result in tear film instability, which exac-
erbates and amplifies tear hyperosmolarity and completes

the vicious cycle of events that aggravates ocular surface
damage.2 Antiinflammatory therapy has long been consid-
ered to be one of the most important aspects in the treatment
of dry eye.

Squamous metaplasia is defined as pathological transi-
tion of a nonkeratinized, stratified epithelium into a non-
secretory, keratinized epithelium. It is a commonly occur-
ring pathological process in mucous membranes such as
respiratory epithelium3 and urothelium,4 as well as ocular
surface epithelium.5,6 In the eye, squamous metaplasia is
commonly seen in patients with long-term deficiency of tear
film7 and is considered to be a hallmark of severe ocular
surface disorders.8–10 In recent years, evidence has revealed
a link between pathologic squamous metaplasia and chronic
inflammation of the ocular surface mediated by certain
types of lymphocyte/cytokines.11,12 However, treatments by
commercially available antiinflammatory eye drops or oper-
ations such as amniotic membrane patching cannot obtain
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satisfactory results in the management of ocular surface
squamous metaplasia. Further investigation is needed to find
new agents with pharmacological activity for the treatment
of squamous metaplasia.

Peroxisome proliferator-activated receptors (PPARs) are
members of the nuclear hormone receptor superfamily of
transcription factors that can be activated by lipophilic
ligands. PPARs have three isoforms: α, β, and γ . PPAR-α is
mainly expressed in tissues and organs in which fatty acid
oxidation is active, such as liver, kidney, and skeletal muscle.
PPAR-α regulates genes involved in the regulation of not
only lipid metabolism but also inflammation.13 The role of
PPARs in the ocular surface has been brought into focus in
recent years. PPAR-γ may inhibit the expression of inducible
nitric oxide synthase and MMP-9, as well as the production
of TNF-α, IL-6, and IL-β.14 A few studies have also shown
that PPAR-γ plays a vital role in regulating meibocyte differ-
entiation and lipid synthesis in meibomian gland epithelial
cells.15–17 However, the role of PPAR-α in the ocular surface
is still unclear. Our earlier data indicate downregulation of
PPAR-α expression in corneal epithelium of mice with dry
eye induced by sleep deprivation.18 However, further inves-
tigation is needed to elucidate the critical role of PPAR-α in
the pathogenesis of dry eye and ocular surface squamous
metaplasia. We hypothesized that activation of PPAR-α by
agonists, such as fibrates, could alleviate squamous meta-
plasia by a mechanism similar to that of PPAR-γ . In this
study, a mouse model of ocular surface squamous metapla-
sia induced by topical benzalkonium chloride was applied
and the effects of fenofibrate were evaluated to provide a
better understanding of the role of PPAR-α and its agonist
fenofibrate in epithelial squamous metaplasia.

METHODS

Animals and Experimental Procedures

This study used 75 healthy male BALB/c mice (body weight
18–20 g; Shanghai Laboratory Animal Center, Shanghai,
China), which had no clinically observable ocular surface
disease. Mice were held in a standard environment through-
out the study as follows: room temperature, 25°C ± 1°C; rela-
tive humidity, 65% ± 10%; and alternating 12-hour light/dark
cycles (7 AM to 7 PM). All procedures were performed in
accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research, and protocols in this
study were approved by the Animal Ethics Committee of
Xiamen University.

Fifteen mice were kept untreated as normal control. For
16 days, 60 mice received topical administrations of 5 μl 0.2%
BAC (dissolved in PBS) twice daily (8 AM and 4 PM) to the
right eyes for the induction of tear film instability.19 During
the period of induction, these 60 mice were further divided
into four groups (15 in each group): no additional treatment
(BAC+UT), topical fenofibrate (200 μM; BAC+Feno), topi-
cal vehicle (saline containing the same volume of dimethyl
sulfoxide as 200-μM fenofibrate; BAC+Vehicle), or topical
fenofibrate (200-μM) plus intraperitoneal injection of MK886
(2mg/kg·d), an antagonist of PPAR-α (BAC+Feno+MK886).
The topical treatment was performed at the right eye twice
daily (12 AM and 8 PM) with 5 μl of solution for 16 days.
The injection of MK886 was performed once daily at 10 AM
(2 hours before the topical treatment).

On days 0 and 16, the mice were evaluated under slit-
lamp microscope for tear film break-up time (BUT), inflam-

matory index of the cornea, and corneal epithelial staining
scores; also, Schirmer’s test was conducted following the
methods described below. Eye specimens were dissected
on day 16 for histological analysis and real-time PCR as
described below.

Evaluation of Inflammation in the Cornea

The severity of corneal inflammatory response was evalu-
ated and scored by a single masked ophthalmologist under
a slit lamp (BQ 900 IM9900; Haag-Streit, Köniz, Switzer-
land) as previously described.20 The inflammatory index
was analyzed based on three parameters: ciliary hyperemia
(absent, score 0; present but less than 1 mm, score 1; present
between 1 and 2 mm, score 2; present at more than 2 mm,
score 3); central corneal edema (absent, score 0; present with
visible iris details, score 1; present without visible iris details,
score 2; present without visible pupil, score 3); and periph-
eral corneal edema (absent, score 0; present with visible iris
details, score 1; present without visible iris details, score 2;
present with no visible iris, score 3). The final inflamma-
tory index was obtained by summing the scores of the three
parameters divided by a factor of 9.

Tear Film Break-Up Time and Corneal Fluorescein
Sodium Staining

One microliter of 0.1% liquid fluorescein sodium was
dropped into the conjunctival sac. After three blinks, BUTs
were recorded in seconds using the slit lamp. Four quadrants
of corneal surface staining were examined using cobalt blue
light 90 seconds after the corneal surface was stained by the
fluorescent paper. The four quadrants were scored as previ-
ously described21: absent, score 0; slight punctate staining
with fewer than 30 spots, score 1; punctate staining with
more than 30 spots but not diffuse, score 2; severe diffuse
staining but no positive plaque, score 3; or positive fluo-
rescein plaque, score 4. The scores of each quadrant were
added to arrive at a final score (16 points total).

Phenol Red Thread Tear Test

The tear volume was measured by the Phenol Red Thread
Tear Test using Zone-Quick Diagnostic Threads (Showa
Yakuhin Kako Co., Ltd., Tokyo, Japan).22 Animals were
kept immobile by intraperitoneal injection of pentobarbital
(1 mg). One millimeter of the thread was placed on the
palpebral conjunctiva for 15 seconds at a specified point
approximately 1/3 of the distance from the lateral canthus of
the lower eyelid. The red portion of the thread was measured
and considered to be the final length.

Immunostaining

On day 16, five of the tissues (eyeball and orbit) were
embedded in optimal cutting temperature (OCT) compound
(Tissue-Tek; Sakura Finetek Japan, Tokyo, Japan) and stored
at –80°C. Frozen sections (6 μm thick) were cut using a
cryotome (CM 1850UV; Leica Microsystems AG, Wetzlar,
Germany) and stored at –80°C. Sections were fixed in
acetone and further permeated with 0.2% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA).

For immunofluorescent labeling of K10, sections were
blocked and incubated at 4°C overnight with antibody of
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K10 (1:300; Abcam, Cambridge, UK). After further incu-
bation in Alexa Fluor 488-conjugated secondary antibody
(1:1000; Thermo Fisher Scientific, Waltham, MD, USA),
sections were rinsed, counterstained with 4′,6-diamidino-2-
phenylindole and photographed using a confocal laser scan-
ning microscope (Fluoview 1000; Olympus, Tokyo, Japan).

For immunohistochemical staining of Ki67 and F4/80,
the activity of endogenous peroxidases was quenched with
0.6% hydrogen peroxide for 30 minutes. After blocking
with 2% BSA, the antibodies of Ki67 (1:400) and F4/80
(1:200) (Abcam) were applied and incubated at 4°C for 14 to
18 hours. Sections were further incubated with biotinylated
anti-rabbit or anti-rat IgG (1:50) using Vectastain Elite ABC
kits according to the manufacturer’s protocol (Vector Labo-
ratories, Burlingame, CA, USA). The reaction product was
further developed with diaminobenzidine. Sections were
photographed with a light microscope (Eclipse 50i; Nikon,
Tokyo, Japan). Counterstaining with hematoxylin was not
performed to avoid the interference of nuclear staining
during examination.

Cell Culture and Cell Proliferation Assay

RAW264.7 murine macrophages were purchased from the
Cell Bank of China Science Academy (Shanghai, China) and
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin. Cells were seeded in 96-well
culture plates in the growth medium until 70% conflu-
ence with bacterial lipopolysaccharide (LPS) (1 μg/ml) pre-
incubation for 8 hours or without LPS. The culture medium
was replaced with DMEM supplemented with fenofibrate at
concentrations of 0, 0.01, 0.1, 1, 10, 50, and 100 μM. The
RAW264.7 cell proliferation was measured after 48 hours
using a Cell Counting Kit 8 (CCK-8; Dojindo Molecular
Technologies, Kumamoto, Japan). Briefly, the CCK-8 was
added for 2 hours, after which the oculus dexter values were
recorded.

Human corneal epithelial (HCE) cells were obtained from
RIKEN Biosource Center (Tokyo, Japan) and cultured in
supplemented hormonal epithelial medium, comprised of
DMEM-F12 supplemented with 15% FBS, bovine insulin
(5 μg/ml), recombinant human epidermal growth factor
(10 ng/ml), and 1% penicillin and streptomycin. For CCK-
8 assay, the cells were planted in 96-well culture plates
until 70% confluency. The medium was then removed and
changed with the medium supplemented with fenofibrate at
concentrations of 0, 0.01, 0.1, 1, 10, 50, and 100 μM. The cell
proliferation was measured after 48 hours by CCK-8 assay
as discussed above.

RNA Isolation and Real-Time PCR

Total RNA was extracted by using TRIzol reagent (Thermo
Fisher Scientific). Reverse transcription was performed
with Oligo 18T primers and reverse transcription reagents
according to the manufacturer’s protocol (Takara Bio Inc.,
Shiga, Japan). Quantitative real-time PCR was performed
with mRNA special primers including the following: for
TNF-α, 5′-GAGTGACAAGCCTGTAGCCCATGTTGTAGCA-3′

(forward) and 5′-GAATGATAAAGTAGACCTGCCCAGACT-3′

(reverse); for IL-6, 5′-ATGAACTCCTTCTCCACAAGCGC-
3′ (forward) and 5′-GAAGAGCCCTCAGGCTGGACTG-3′

(reverse). PCR reactions were performed on a Bio-Rad
CFX96 Touch Real-Time PCR Detection System (Hercules,

CA, USA) with SYBR Premix Ex Taq (Takara Bio) at 95°C for
10 minutes, followed by 45 cycles at 95°C for 10 seconds,
57°C for 30 seconds, and 75°C for 10 seconds, after which
melt curve analysis was performed at once from 65°C to
95°C. All of the reactions were performed in triplicate, and
the average Ct values greater than 38 were regarded as
negative.

Light Microscopy and PAS Assay

Hematoxylin and eosin (HE) staining was performed in the
cryosections. Five specimens of the whole orbit tissue in
each group were embedded in paraffin, cross-sectioned, and
stained with PAS reagents (PAS Staining System 395B-1 KT;
Sigma-Aldrich) and hematoxylin. The number of goblet cells
in the conjunctival fornix was counted in six representa-
tive slices of homologous positions from each orbit tissue.
These sections were examined using the light microscope
mentioned above.

Statistical Analysis

Analysis of the significance of differences between groups
was performed by using one-way ANOVA followed by a post
hoc analysis Tukey test to compare the differences between
the groups. P < 0.05 was considered statistically significant.

RESULTS

Fenofibrate Ameliorated the Severity of Tear Film
Instability

The effects of fenofibrate on the formation of tear film
instability were evaluated by using the BAC-induced exper-
imental murine dry eye settings that we established and
reported19 but with modifications necessary for this study.
With statistical significance, fenofibrate suppressed the
formation of tear film instability after the BAC treatment for
16 days (P < 0.01), with the manifestations of longer BUT,
less epithelial damage, and reduced inflammatory response
in the cornea (Figs. 1A–1C). Interestingly, these effects of
fenofibrate appeared to be attenuated by intraperitoneal
injection of MK886 (P < 0.05); however, medicating for 16
days did not change the tear volumes among the groups
(Fig. 1D). The average BUT and tear volume in the normal
group were 7.1 seconds and 8.2 mm, respectively. Repre-
sentative images of corneal fluorescein sodium staining are
shown in Figure 1E.

Fenofibrate Inhibited Corneal Squamous
Metaplasia

The expression of K10 keratin, an epidermal keratinocyte-
specific intermediate filament, was negative in normal
cornea. In the BAC+UT and BAC+Vehicle groups, K10-
positive cells were apparently present in superficial cell
layers of the corneal epithelium on day 16, whereas
K10-positive cells were extremely sparse in eyes of the
BAC+Feno group. MK886-treated eyes appeared to have
more K10-positive cells than in the BAC+Feno group
(Fig. 2).
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FIGURE 1. Fenofibrate significantly suppressed tear film instability after medication for 16 days (P < 0.01) and presented with longer BUT
(A), lower fluorescein sodium staining scores (B), and reduced inflammatory index (C) in the cornea. The BUT values were longer and the
fluorescein staining score and inflammatory index were lower in the BAC+Feno group when compared with the BAC+Feno+MK886 group
(P < 0.05). (D) No significant difference of tear volume was observed among groups (n = 15; data presented as mean ± SD; **P < 0.01,
*P < 0.05). (E) Representative images of corneal fluorescein sodium staining are provided in different groups on day 16.

Ki67 is known to be present during active phases
of the cell cycle but absent from resting cells.23 It was
demonstrated that the number of Ki67-positive cells was
high in the basal and suprabasal epithelium of the eyes in

the BAC+UT, BAC+Vehicle, and BAC+Feno+MK886 groups
on day 16, whereas a lower number was observed in the
BAC+Feno group and normal control group in the basal
layer (Fig. 2).
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FIGURE 2. Representative images showing the expression and location of the K10- and Ki67-positive cells on day 16 after treatment. Levels
of both K10- and Ki67-positive cells were lower in eyes of the BAC+Feno group than in eyes of the BAC+UT and BAC+Vehicle groups.
MK886-treated eyes appeared to have more K10- and Ki67-positive cells than those in the BAC+Feno group.

FIGURE 3. Representative images of the PAS assy. Most of the PAS-positive cells in normal mice resided in the superficial epithelium
of the conjunctival fornix (A). The number of PAS-positive cells was significantly decreased in the BAC+UT (B), BAC+Vehicle (C), and
BAC+Feno+MK886 (E) groups but was partially maintained in the BAC+Feno group (D). The average number of goblet cells in each group
is shown (E). Scale bar: 100 μm. Data are presented as mean ± SD; n = 5; ***P < 0.001, **P < 0.01.

Fenofibrate Retained Goblet Cell Density

Most of the PAS-positive cells in normal mouse resided in
the superficial epithelium of conjunctival fornix (Fig. 3A).
The number of PAS-positive cells significantly decreased in
the eyes of the BAC+UT and BAC+Vehicle groups, but the
treatment of topical fenofibrate did increase the number of
goblet cells significantly (P < 0.001). However, the effect of
fenofibrate could be attenuated by MK886 (P < 0.001). Inter-
estingly, the PAS-positive cells resided mainly in the super-
ficial layer of fenofibrate-treated fornical conjunctiva. In
contrast, the majority of PAS-positive cells could be observed
in the basal and suprabasal epithelium of fornical conjunc-
tiva in BAC-treated eyes without fenofibrate (Figs. 3B–3F).

Fenofibrate Had an Antiinflammatory Effect

We detected F4/80, which is considered one of the key mark-
ers of classically activated macrophages. F4/80-positive cells

were recorded in the corneal stroma in all of the BAC-treated
groups on D16, but no F4/80-positive cells were found in the
central stroma of normal cornea. Fenofibrate significantly
decreased the number of F4/80-positive cells in the cornea
(Fig. 4). Further, quantitative RT-PCR confirmed the down-
regulation of inflammatory factors TNF-α and IL-6 level in
the mouse cornea of the BAC+Feno group on day 16.

Fenofibrate Inhibited RAW264.7 Cells In Vitro

To understand whether the antiinflammatory effect of fenofi-
brate was induced through specific inhibition of F4/80-
positive macrophages, we compared the effects of fenofi-
brate between RAW264.7 murine macrophages and HCE
cells. At concentrations from 0 to 100 μM, fenofibrate inhib-
ited the cell growth of RAW264.7 cells pretreated with
LPS for 8 hours in a concentration-dependent manner,
with a minimum effective concentration of 0.01 μM.
However, fenofibrate had no inhibitory effects on the
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FIGURE 4. Representative images showing the infiltration of F4/80-positive cells in the cornea (A–E) The number of F4/80-positive cells in
the fenofibrate-treated group was significantly lower than in the other three groups (F). Quantitative analysis of mRNA transcripts in the
cornea on day 16 showed that the levels of both TNF-α (G) and IL-6 (H) were significantly reduced in the fenofibrate-treated group when
compared with the untreated group and vehicle group. In addition, the reduction of TNF-α expression by fenofibrate treatment could be
interrupted by MK886. Scale bar: 100 μm. Data are presented as mean ± SD; n = 5; ***P < 0.001, **P < 0.01, *P < 0.05.
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FIGURE 5. Specific inhibitory effects of fenofibrate on RAW264.7 cells. Fenofibrate inhibited the cell growth of RAW264.7 cells pretreated
with LPS for 8 hours in a concentration-dependent manner with a minimum effective concentration of 0.01 μM. The HCE cells were not
significantly affected by fenofibrate. Data are presented as mean ± SEM; n = 8; ***P < 0.001.

resting RAW264.7 cells. Fenofibrate did not significantly
affect the growth of HCE cells at concentrations lower than
50 μM (Fig. 5).

DISCUSSION

Increasing evidence indicates that PPAR-α is important in
the regulation of inflammatory processes; however, the role
of PPAR-α in the ocular surface is still unclear and requires
further elucidation. Previously, our data indicated down-
regulation of PPAR-α expression in the corneal epithe-
lium of mice with dry eyes induced by sleep depriva-
tion.18 In cultured corneal epithelium sheets, the PPAR-α
agonist fenofibrate increased PPAR-α and restored microvilli
morphology, whereas the PPAR-α antagonist MK886 attenu-
ated these changes.18 In this study, we found novel evidence
suggesting that fenofibrate could ameliorate the severity of
ocular surface squamous metaplasia and suppress the forma-
tion of tear film instability in a murine model. The benefi-
cial effects of fenofibrate might be mediated through the
inhibition of F4/80-positive macrophages and subsequent
downregulation of proinflammatory factors. These effects of
fenofibrate could be attenuated by MK886.

Increased production and activation of proinflammatory
cytokines that infiltrate the ocular surface tissues have been
extensively reported in dry eye. Inflammation is considered
one of the key mechanisms of dry eye, as both a cause and a
consequence; therefore, antiinflammatory therapy has been
considered to be a key point in management of dry eye.
Moreover, inflammatory factors such as TNF-α and inter-
leukins are critical in the formation of squamous metapla-
sia,24 presenting with K10 expression in the ocular surface
epithelium. Our data indicate that fenofibrate has the ability
to ameliorate the severity of dry eye and attenuate the sever-
ity of squamous metaplasia, probably via the inhibition of
macrophages with downregulation of TNF-α and IL-6.

Two major macrophage phenotypes have been
described—specifically, classically activated macrophages
(CAMs) and alternatively activated macrophages (AAMs).
CAMs, also referred to as M1 macrophages, are induced
by stimulation with IFN-γ and microbial products, such
as LPS. These macrophages produce several proinflam-
matory cytokines such as TNF-α and IL-6, recruiting more
inflammatory cells and triggering downstream inflammatory

cascades. M1 macrophages also have enhanced antigen-
presenting ability. In contrast, AAMs, also referred to as
M2 macrophages, are induced during Th2-type responses,
such as allergic responses or those elicited by helminthic
infection and during allergic responses. Activation of M2
macrophages is dependent upon stimulation with IL-4/IL-
13, as well as some helminth antigens.25 In our study, fewer
F4/80-positive cells were recorded in the fenofibrate-treated
corneal stroma compared with those in other BAC-treated
eyes. Furthermore, only the RAW264.7 cells pretreated
with LPS in vitro could be inhibited by fenofibrate in a
concentration-dependent manner, indicating that fenofi-
brate had an impact on M1 macrophages but not resting
macrophages. These results were in principle consistent
with the previous study by Ann et al.,26 who demonstrated
that upregulation of β-defensin 1 was responsible for
the inhibition of J774 macrophages by fenofibrate. Addi-
tional mechanisms of fenofibrate in the inhibition of M1
macrophages are still under investigation. Meanwhile, the
effects of fenofibrate on M2 macrophages, as well as on
other types of inflammatory cells, also require further study.

Macrophages play a vital role in initiating, maintain-
ing, and resolving host inflammatory responses; however,
macrophages also have deleterious effects on the host
by inducing proinflammatory cytokines. These deleteri-
ous effects aggravate tissue damage and are responsi-
ble for many pathologic conditions associated with acute
and chronic inflammation.27 Also, suppression of M1
macrophages or induction of M2 macrophages achieved by
medication or surgery can contribute to the alleviation of
several ocular surface diseases.28,29 However, the role of
macrophages in the development of epithelial squamous
metaplasia is still unclear except for some types of squa-
mous carcinoma.30,31 You et al.32 revealed the increase of
M1 macrophage markers in an experimental murine dry eye
model induced by desiccating stress without the reduction
of M2 macrophage markers, whereas Lee et al.33 found that
M1 macrophages were predominant and accompanied by
suppressed M2 phenotypes in another experimental dry eye
model induced by subcutaneous scopolamine. However, the
precise role of different phenotypes of macrophages was
still unknown. Our data also revealed the specific inhibition
of F4/80-positive macrophages by fenofibrate in vivo, rais-
ing the possibility that activated macrophages in the early
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stages might be a critical component in the pathogenesis
of squamous metaplasia and even dry eye. Inhibition of M1
macrophages might be an alternative therapeutic target in
the management of dry eye, but this hypothesis requires
extensive research in the future.

The main functions of goblet cells are synthesizing, stor-
ing, and secreting some of the mucous components of the
tear film.34 The cell number could be significantly reduced
under chronic or severe ocular surface insults such as BAC
application.19,35 Our data showed that the number of goblet
cells could apparently be maintained by fenofibrate while
being significantly reduced in the other three BAC-treated
groups. Increased goblet cells, as well as decreased inflam-
matory cytokines, might be factors important to improv-
ing tear film stability. Unfortunately, no studies so far have
explored the direct effects of fenofibrate on cultured goblet
cells. For the corneal epithelium, low concentrations of
fenofibrate had no effect on cell proliferation, but concen-
trations higher than 50 μM showed a toxic effect (Fig. 5).

In summary, topical application of fenofibrate demon-
strated clinically observable suppression of the formation of
BAC-induced tear film instability, in addition to decreasing
the inflammatory response and alleviating the ocular surface
squamous metaplasia. These effects could be attenuated
by MK886, a PPAR-α antagonist. Fenofibrate could reduce
the inflammatory response by the inhibition of macrophage
proliferation and offers great potential for use as a preven-
tive agent in patients with high risks of dry eye.
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