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Purpose: This study aims to assess the efficacy of two aprepitant formulations (X1
and X2), in a preclinical model of dry eye disease (DED) induced by benzalkonium
chloride (BAK).

Methods: Two aprepitant formulations were tested on 7 to 8-week-old male mice for
their efficacy. In vivo corneal fluorescein staining assessed epithelial damage as the
primary end point on days 0, 3, 5, 7, 9, 12, and 14 using slit-lamp microscopy. The
DED model was induced with 0.2% BAK twice daily for the first week and once daily
for the next week. Mice were randomly assigned to 5 treatment groups: Aprepitant X1
(n=10) andX2 (n=10) formulation, 2mg/mLdexamethasone (n=10), control vehicleX
(n= 10), 0.2% hyaluronic acid (n= 10), or no treatment (n= 10). Eye wiping, phenol red,
and Cochet Bonnet tests assessed ocular pain, tear fluid secretion, and nerve function.
After 7 days, the mice were euthanized to quantify leukocyte infiltration and corneal
nerve density.

Results: Topical aprepitant X1 reduced BAK-induced corneal damage and pain
compared to gel vehicle X (P = 0.007) and dexamethasone (P = 0.021). Aprepitant X1
andX2 improved corneal sensitivity versusgel vehicle X anddexamethasone (P<0.001).
Aprepitant X1 reduced leukocyte infiltration (P < 0.05) and enhanced corneal nerve
density (P < 0.001). Tear fluid secretion remained statistically unchanged in both the
X1 and X2 groups.

Conclusions:Aprepitant formulation X1 reduced pain, improved corneal sensitivity and
nerve density, ameliorated epitheliopathy, and reduced leukocyte infiltration in male
mouse corneas.

TranslationalRelevance:Aprepitant emerges as a safe, promising therapeutic prospect
for the amelioration of DED’s associated symptoms.

Introduction

With a prevalence ranging from 5 to 34% of the
population, dry eye disease (DED) is one of the
most common ocular surface diseases.1–4 Environmen-
tal factors and immune dysregulation are involved in
the pathophysiology of DED. Recently, a key role of

neurosensory abnormalities has also been acknowl-
edged.5–7

Long-term use of eye drops containing some preser-
vatives is associated with the development of ocular
surface disease and DED symptoms.8,9 Specifically,
benzalkonium chloride (BAK) is the most widely
used eye drop preservative whose toxic effects on the
ocular surface have been extensively reported and
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closely resembles DED.8,10–12 Interestingly, besides its
well-known effects in inducing epithelial disease and
promoting leukocyte infiltration, disruption of nerve
terminals has been described following chronic BAK
application.13–15

While it is well known that DED is the result of the
interaction of immune and environmental factors, the
role of neuroinflammation is starting to emerge.2,16,17
Among the multiple neuropeptides involved in this
process, substance P (SP) is a relevant actor as it is
secreted in large amounts by sensory terminals and
promotes pain, angiogenesis, infiltration, and activa-
tion of leukocytes.18,19 Recent studies have shown that
SP secretion in the tear fluid is increased following
laser-assisted in situ keratomileusis (LASIK) surgery
and is associated with the development of dry eye
symptoms.20–22 Moreover, it has been demonstrated
that tear levels of SP are higher in symptomatic
contact lenses wearers, and in patients with DED
wearing soft contact lens, and, more generally, in
patients affected with severe ocular surface inflamma-
tion.23–25 The blockade of SP with a highly potent
and selective neurokinin-1 receptor (NK1R) antago-
nist (fosaprepitant) inhibits pain, inflammation, and
angiogenesis in preclinical models of alkali burn- and
suture-induced corneal inflammation.25,26 Therefore, it
is tempting to speculate that modulating neuroinflam-
mation by means of topically applied NK1R antago-
nists could simultaneously treat inflammation and pain
in DED.27–29

In this study, we aimed to assess the efficacy of
topical administration of formulated aprepitant (X1
and X2), the active principle of the prodrug fosaprepi-
tant, in the BAK-induced DED mouse model.

Materials and Methods

Animals

The efficacy of aprepitant was analyzed on 50
C57BL/6N male mice (Charles River Laboratory,
Lecco, Italy). Mice were maintained at a controlled
temperature of 22°C, humidity of 50% to 60%, and
received light from 07:00 to 19:00. Fresh food andwater
were freely available. In vivo corneal fluorescein stain-
ing was exploited to reveal corneal epithelial disease.
The mice were monitored on days −7, −4, −2, 0,
2, 5, and 8 by in vivo slit-lamp microscopy imaging.
On day 11, the mice were euthanized by carbon
dioxide inhalation, and following cervical dislocation
was used. Supplementary Figure S1 presents a graph-
ical timeline illustrating the sequence of conducted
experiments. Corneas were harvested and dissected for

immunofluorescence analyses. All documents related
to experiments were approved by the Animal Care
and Use Committee of the IRCCS San Raffaele
Scientific Institute according to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision
Research.

Benzalkonium Chloride-Induced DEDModel

The induction of the DED model followed the
procedures outlined in our prior publication.30 In brief,
the mice received topical applications of 10 μL drops
containing 0.2% BAK twice daily over the course of
1 week. After the weeklong BAK induction period, the
mice were randomly allocated into 5 distinct treatment
groups: the vehicle for formulation X (n = 10), aprepi-
tant X1 (n = 10), aprepitant X2 (n = 10), 2 mg/mL
dexamethasone (n= 10), or 0.2% hyaluronic acid artifi-
cial tears (n = 10). All groups received a single daily
drop of BAK to sustain the model for an additional
week (see Supplementary Fig. S1). Corneal sensitiv-
ity, phenol red tests, and eye-wiping assessments were
conducted to evaluate nerve function, tear secretion,
and ocular discomfort.

Aprepitant Treatment

To evaluate the efficacy of aprepitant (EMEND;
Bausch and Lomb Center, Rochester, NY, USA), it
was applied topically to the eyes of the mice in differ-
ent gel formulations: X1 (n = 10), X2 (n = 10), and
vehicle only (X; n = 10). The X vehicle group received
the formulation with no active compound. Formu-
lation X1 contained aprepitant 0.05%, whereas X2
contained aprepitant 0.5%. The treatment was repeated
for 7 days, 3 times a day. All aprepitant X formula-
tions were preservative-free. As a gold standard anti-
inflammatory treatment, a group of 10 mice received
2 mg/mL dexamethasone (Luxazone; Allergan). As
a further control, a group of 10 mice received 0.2%
hyaluronic acid artificial tears.

All the 10 μL treatments were applied on both eyes.
The mice were held for 20 seconds by the operator
following every treatment to allow their absorption on
the ocular surface.

Biomicroscopy Imaging

On days −7, −4, −2, 0, 2, 5, and 8, in vivo corneal
images were acquired with a slit-lamp microscope SL
990 (C.S.O., Florence, Italy). In vivo corneal fluorescein
staining procedure, revealed by irradiation with blue
light (with or without a yellow filter) of the slit-lamp
microscope, was exploited to evaluate corneal epithelial
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damage. Mice received a 2 μL drop of 0.1% fluorescein
in both eyes. After 30 seconds, the excess solution was
gently wiped away. Corneal fluorescein staining was
classified according to a grading system, based on the
corneal staining area, as described in Suwan-Apichon
et al. and Nakamura et al.31,32 The total area of
punctate staining was scored from grade 0 to grade 4,
depending on the severity of the damage. Briefly, grade
0 was attributed to corneas with no staining, grade 1 to
corneas with equal or less than one-eighth of fluores-
cein positivity, grade 2 to corneas with equal/less than
one-fourth of fluorescein positivity, grade 3 to corneas
with equal/less than one half of fluorescein positivity,
and grade 4 to corneaswithmore than half stainedwith
fluorescein.

Phenol Red Thread Test

To measure tear fluid secretion, on day 8, the
phenol red thread test (PRTT)was performed. Briefly, a
cotton thread was held with forceps and gently applied
on the lower conjunctival fornices in the mice’s eyes
for 15 seconds. The length of wetted cotton thread
(shift from yellow to red) was measured by using a
millimeter-scale ruler under incident light. The mice
did not receive anesthetics, sedatives, or any other agent
during the test.

EyeWiping Test

An alternative version of the eye wiping test33
was used to measure corneal nociception. Mice were
topically instilled with 3 drops of 10 μL of the drug or
gel vehicle in each eye, with a 2-hour interval between
each administration. On day 9, an hour following the
last administration, the mice were individually placed
in an empty cage for 3 minutes to get acclimatized. A
10 μL drop of 5MNaCIwas then administered in both
eyes. After that, 2 independent observers live-counted
the eyewipes for 30 seconds in a single-blindedway (the
investigator was blinded to the treatment group), with
no video recording.

Sensitivity Test

Corneal nerve sensitivity was measured in mice
using a Cochet-Bonnet esthesiometer (Compagnia
Ottica Italiana s.r.l.), with a 0.12-mm diameter nylon
filament. Mice were topically administered 3 times
with 10 μL drops of the drug or vehicle in each eye.
Every administration was separately performed with
2 hours intervals. On day 10, an hour following the
last administration, corneal sensitivity was assessed
by pointing the tip of the filament perpendicularly

to the corneal apex. To determine a positive sensa-
tion response, blinking reflexes were counted by two
independent operators. Measurements were performed
at the length of 60 mm (corresponding to the lowest
mechanical threshold), and gradually decreased by
5 mm in each step. For each filament length, five repeat
trials were performed. As a positive sensation response
(blinking) was observed at least three out of the five
times, this value was recorded as the corneal sensitivity
threshold.

Corneal Nerve Quantification

Corneal nerve density was determined by immunos-
taining excised corneal whole mounts, as previously
reported.34 Corneas were collected on day 11, rinsed
with phosphate-buffered saline (PBS) and fixed in
acetone for 15 minutes at 4°C. As a primary antibody,
rabbit anti-β3 tubulin (Millipore, Burlington, MA,
USA) was left on whole-mounts for 16 hours at
4°C, followed by blocking of non-specificity with 2%
bovine serum albumin (BSA) and 5% normal donkey
serum. Finally, the corneas were incubated with Alexa
488 donkey anti-rabbit secondary antibody (Invit-
rogen, Carlsbad, CA, USA) for 2 hours at room
temperature. The samples were then mounted with
Vector Shield mounting medium (Vector Laborato-
ries, Burlingame, CA, USA). Six peripheral and three
central fields of the sub-basal nerve plexus (40 ×,
5 μm z-stack) of cornea images were taken with
a confocal microscope (TCS SP5; Leica Microsys-
tems, Wetzlar, Germany). The percentage of positive
epithelial nerves (β3-tubilin+) was calculated and
displayed.

Leukocyte Infiltration Quantification

After 11 days of treatment, corneas were harvested
and leukocyte infiltration was quantified. Samples
were processed as previously described in section 2.8.
Primary immunostaining was performed with goat
anti-CD45 (1/200, AF-114; R&D Systems, Minneapo-
lis, MN, USA), followed by incubation with donkey
anti-goat Alexa Fluor-546 secondary antibody (1/1000;
Invitrogen, Carlsbad, CA, USA) 2 hours at room
temperature. Leukocyte infiltration was quantified
by counting the CD45+ cells per field. Six periph-
eral and three central fields were captured per each
cornea (20 x, 5 μm z-stack). Images were acquired
in a DeltaVision Ultra microscope (GE Healthcare,
Chicago, IL, USA). The images were analyzed using
Image J software (National Institutes of Health,
Bethesda, MD, USA). Results were expressed as
cells/fields.
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Statistical Analysis

As a statistical method to analyze the eye wiping
test, corneal sensitivity test, and immunohistochem-
istry, 1-way ANOVA, following Tukey’s multiple
comparison test, was chosen. A P value lower than
0.05 was considered statistically significant. Results
are presented as mean ± standard error of the mean
(SEM). GraphPad Prism software version 8.0 (Graph-
Pad Software, Inc., San Diego, CA, USA) was used for
data processing.

Results

Short-Term Aprepitant Administration
Ameliorates Epitheliopathy in a DED-Mouse
Model

To define whether aprepitant administration
affected DED-induced epitheliopathy, in vivo biomi-
croscopy was performed following fluorescein staining
on the corneal epithelium (Supplementary Fig. S2).
Following 8 days of treatment twice/day, we found
that epitheliopathy was significantly reduced in the
group treated with formulation X- compared to that
receiving artificial tears (AT versus XV P < 0.05,
AT versus X1 P < 0.0001, and AT versus X2 P <

0.0001; Figs. 1A, 1B). Of note, formulation X1 was
more effective than the gold-standard dexamethasone
(P < 0.01).

NK1R Blockade Controls DED-Associated
Ocular Pain

After 9 days of treatment, ocular pain was
measured.We found thatmice treatedwith formulation
X1 had a reduced pain feeling compared to the vehicle
(P < 0.01) and to the artificial tears-treated groups (P
< 0.05; Fig. 2). Interestingly, formulation X1 was more
effective in reducing nociception compared to the anti-
inflammatory dexamethasone (P < 0.05). Formulation
X2, instead, had an efficacy similar to that of dexam-
ethasone.

Aprepitant Contributes to Restoring Corneal
Sensitivity

Functionality of corneal nerves was measured in
our model following ten days of aprepitant administra-
tion. We observed that the corneal sensitivity of mice
treated with formulation X1 was significantly higher
than that of mice receiving the vehicle, dexametha-
sone, or artificial tears (P < 0.0001; Fig. 3). Similarly,

Figure 1. Aprepitant is beneficial for corneal epitheliopathy.
Quantification of corneal fluorescein staining in artificial tears,
dexamethasone and formulation X treatment groups (A). Represen-
tativepicturesof corneal fluorescein staining. Pictureswere captured
at day 8 (B). Graph representsmean values± SEM, statistical analysis
by 1-way ANOVA, following Tukey’s test. *P < 0.05, **P < 0.01, ****P
< 0.0001. AT, artificial tears; DM, dexamethasone; XV, formulation X
vehicle; X1, formulation X1; X2, formulation X2.

Figure 2. Aprepitant alleviates ocular pain. Ocular surface pain
quantification in artificial tears, dexamethasone, and formulation
X treatment groups. Eye wipes were measured at day 9. Graph
represents mean values± SEM, statistical analysis by 1-way ANOVA,
following Tukey’s test. *P < 0.05, **P < 0.01. AT, artificial tears; DM,
dexamethasone; XV, formulation X vehicle; X1, formulation X1; X2,
formulation X2.

formulation X2 induced a recovery in corneal sensitiv-
ity if compared to the vehicle, to dexamethasone, and
to artificial tears (P < 0.0001).
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Figure 3. Corneal sensitivity is not affected following aprepi-
tant administration.Quantification of corneal sensitivity in artificial
tears, dexamethasone, and formulation X treatment groups. Animals
underwent esthesiometry at day 10. Graph represents mean values
± SEM, statistical analysis by 1-way ANOVA, following Tukey’s test.
****P < 0.0001. AT, artificial tears; DM, dexamethasone; XV, formula-
tion X vehicle; X1, formulation X1; X2, formulation X2.

Figure 4. Improved tear secretion following aprepitant treat-
ment. Quantification of tear secretion in artificial tears, dexametha-
sone, and formulation X treatment groups. Tear production was
measured at day 8. Graph represents mean values ± SEM, statisti-
cal analysis by 1-way ANOVA, following Tukey’s test. *P < 0.05. YV,
formulation Y vehicle; Y1, formulation Y1; Y2, formulation Y2; Y3,
formulation Y3; XV, formulation X vehicle; X1, formulation X1; X2,
formulation X2.

Increased Tear Secretion Following
Aprepitant Administration

DED occurs when tears do not adequately lubri-
cate the ocular surface. Therefore, to assess whether
aprepitant administration improves tear secretion, we
performed the phenol red thread test. We observed
that formulation X1-treated mice had a tear produc-
tion significantly increased with respect to the artificial
tears-treated group (P< 0.05; Fig. 4). Likewise, formu-
lation X2 had an effect comparable to that of formu-

Figure 5. Aprepitant is non-toxic for corneal nerves. Represen-
tativepicturesofβ3-tubulin-stainedcorneal nerves. Picturesof artifi-
cial tears, dexamethasone, and formulationX treatment groupswere
captured at day 11 (A). Quantification of β3-tubulin positive nerves
bymeans of%of positive signal per field (B). Graph representsmean
values± SEM, statistical analysis by 1-way ANOVA, following Tukey’s
test. *P< 0.05, ***P< 0.001. DM, dexamethasone; XV, formulation X
vehicle; X1, formulation X1; X2, formulation X2.

lation X1, with a tear production significantly higher
than that of the artificial tears group (P < 0.05).

NK1R Antagonist Preserves Corneal Nerve
Density

To study whether 11 days, 3 times a day of aprepi-
tant administration affects corneal epithelial nerve
integrity, immunostaining was performed to detect
the expression of the well-known neuronal marker
β3-tubulin. We found that neither formulations X1
and X2, nor their vehicle are neurotoxic if compared
to artificial tears. Nevertheless, corneas from animals
receiving topical dexamethasone had a significantly
lower β3-tubulin positivity, both compared to the
artificial tears-treated group (P < 0.05; Fig. 5) and the
formulation X1-treated group (P < 0.001), meaning
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Figure 6. Aprepitant reduces corneal inflammation. Represen-
tative pictures of CD45+ cells. Pictures of artificial tears, dexametha-
sone, and formulation X treatment groups were captured at day 11
(A). Quantification of CD45+ cells by means of number of positive
cells per field (B). Graph represents mean values ± SEM, statisti-
cal analysis by 1-way ANOVA, following Tukey’s test. *P < 0.05. DM,
dexamethasone; XV, formulation X vehicle; X1, formulation X1; X2,
formulation X2.

that even a short-term dexamethasone administration
may cause toxicity.

Short-Term Aprepitant Administration
Reduces Corneal Inflammation

Ocular inflammation is one of the major symptoms
of DED. To study whether aprepitant adminis-
tration can alleviate the inflammatory burst, on
day 11, we performed CD45 staining on whole
mount corneas. As expected, the gold standard
dexamethasone significantly reduced the number of
leukocytes in the cornea when compared to the
artificial tears-treated group (P < 0.05; Fig. 6).
Curiously, formulation X1 contributed to reducing
inflammation with an intensity similar to that of
dexamethasone, being the CD45+ infiltrate signif-

icantly lower than that observed in the artificial
tears group (P < 0.05). Noteworthy, no differ-
ences were observed in the formulation X2 treated
group compared to the vehicle or the artificial tears
groups.

Discussion

Among the many pathways involved in the patho-
physiology of ocular inflammation, the SP-NK1R
axis has been extensively studied.35–38 Indeed, NK1R
is expressed on the surface of lymphocytes and
monocytes, whereas nerve-secreted SP can stimulate
their activation.38–40 Activated leukocytes release pro-
inflammatory chemokines that are responsible for
corneal (including nerves) damage.41–43 We recently
demonstrated that mice lacking SP expression or
topical administration of NK1R antagonists amelio-
rate wound healing and corneal transparency, by
inhibiting the mTOR pathway and epithelial cell
senescence.44,45 Here, we show that the administra-
tion of aprepitant formulation X rapidly reduced
corneal epithelial disease in a DED preclinical model.
Noteworthy, formulation X1 improved epitheliopathy
more than dexamethasone, which is the most potent
and rapid anti-inflammatory medication available for
ocular use. These findings also suggest that blockade of
neurokinin 1 receptor activity does not induce epithe-
lial toxicity, at least in this model. Interestingly, X
vehicle appeared to improve epitheliopathy more than
artificial tears, which could be the result of different
chemical/physical characteristics of the two formula-
tions.

Our finding that aprepitant formulation X1 reduced
ocular pain in the DED model corroborates previ-
ous findings on the role of NK1R in pain modula-
tion.36,46–50 Indeed, we recently demonstrated that
administration of fosaprepitant – the prodrug of
aprepitant – induces analgesia in a mouse model
of trigeminal pain,51 through a mechanism involv-
ing afferent nerve fibers, which express NK1 recep-
tors.49,52 It should be noted that most of the commonly
used topical analgesics/anesthetics also induce corneal
anesthesia to a varying degree. Their chronic use is,
however, associated with severe side effects, includ-
ing corneal nerve toxicity, delayed wound healing,
and perforation.53,54 In this vein, it was surpris-
ing for us to observe that the aprepitant treated
groups showed better corneal sensitivity compared
to animals treated with artificial tears, vehicle, or
dexamethasone. Indeed, animals treated with aprepi-
tant reached higher corneal nerve density than those
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treated with dexamethasone. Indeed, it is well known
that corticosteroids induce ocular surface toxicity,55
their use downregulates nerve growth factor expression
in patients with DED56 and reduces sympathetic nerve
sprouting in rats with neuropathic pain.57 Overall,
these data suggest that aprepitant – as opposed to
Dexamethasone – is not neurotoxic in this model of
DED.

In terms of anti-inflammatory efficacy, our data
show that topical aprepitant reduces leukocyte infil-
tration in the cornea. Of note, the anti-inflammatory
efficacy of aprepitant formulation X1 was comparable
to dexamethasone. This is in line with previous findings
from others and us. For instance, topical administra-
tion of lanepitant, a potent NK1 receptor antagonist,
reduced corneal inflammation in a corneal neovascu-
larization murine model.45 Similarly, corneal infiltrat-
ing leukocyte counts were reduced in SP-knock-out
mice compared to wild-type mice in different murine
models of ocular surface damage.25 More recently,
we also showed that following chemical damage of
the ocular surface, mice that are genetically unable
to express SP showed reduced lymphocyte infiltra-
tion and inflammatory response compared towild-type
mice.58 Finally, we previously observed that topical
administration of NK1R antagonist fosaprepitant
reduced corneal epithelial disease and inflammation in
a murine model of graft-versus-host disease.59 Others
have reported the analgesic potential of NK1 recep-
tor antagonist administration in murine models of
acute pancreatitis,60 interstitial cystitis,61 and chronic
pain.62

Our finding that treatment with aprepitant also
improved tear secretion was expected. Indeed, the
literature suggests that DED is associated with the
infiltration of activated leukocytes in the lacrimal
glands, and that this mechanistically induces lachry-
mal gland disfunction.63–66 Our data also corroborate
our previous finding thatNK1Rwas upregulated in the
lacrimal gland of graft-versus-host disease mice, and
that NK1R antagonist administration improved tear
secretion.59

In conclusion, our data have substantial implica-
tions for clinical translation. First, pain-associated
DED is an area of unmet medical need. Second, drug
repurposing of aprepitant – a drug that has been in
clinical use for years with an excellent safety profile
– could make the regulatory path shorter, especially
in light of the fact that it does not seem to induce
ocular surface or corneal nerve toxicity. Therefore, we
suggest that targeting neuroinflammation by means of
topical aprepitant may represent a significant advance-
ment in the treatment of signs and symptoms of
DED.
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