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Abstract: The effects of exposure to airborne particulate matter with a size of 10 µm or less (PM10) on
C57BL/6 mouse corneas, their response to Pseudomonas aeruginosa (PA) infection, and the protective
effects of SKQ1 were determined. C57BL/6 mouse corneas receiving PBS or SKQ1 were exposed to
control (air) or PM10 for 2 weeks, infected, and the disease was documented by clinical score, PMN
quantitation, bacterial plate count, RT-PCR and Western blot. PBS-treated, PM10-exposed corneas
did not differ at 1 day postinfection (dpi), but exhibited earlier (3 dpi) corneal thinning compared to
controls. By 3 dpi, PM10 significantly increased corneal mRNA levels of several pro-inflammatory
cytokines, but decreased IL-10, NQO1, GR1, GPX4, and Nrf2 over control. SKQ1 reversed these
effects and Western blot selectively confirmed the RT-PCR results. PM10 resulted in higher viable
bacterial plate counts at 1 and 3 dpi, but SKQ1 reduced them at 3 dpi. PM10 significantly increased
MPO in the cornea at 3 dpi and was reduced by SKQ1. SKQ1, used as an adjunctive treatment to
moxifloxacin, was not significantly different from moxifloxacin alone. Exposure to PM10 increased
the susceptibility of C57BL/6 to PA infection; SKQ1 significantly reversed these effects, but was not
effective as an adjunctive treatment.

Keywords: mice; PM10; cytokines; SKQ1; moxifloxacin

1. Introduction

Particulate matter, an air contaminant, is a general name for small atmospheric solid
and liquid particles that usually vary in size (2.5–10 µm), composition, and origin [1]. The
World Health Organization (WHO) air quality model shows that ambient air pollution
annually causes about 4.2 million deaths, and 91% of the world’s populace lives in places
where air quality exceeds the WHO guideline limits [2]. Studies performed previously have
indicated that acute and chronic exposures have increased morbidity and the mortality
rate globally. Specifically, in cities with elevated air pollution levels compared to those
without, the individual mortality risk is greater than 26% [1]. Epidemiological evidence of
adverse health effects associated with exposure to airborne particulate matter with a mean
aerodynamic diameter of <10 µm (PM10) is one such health hazard [3]. It is associated
with cardiovascular [4,5] and pulmonary diseases [6,7] and cancer [3,8]. There are also
clinical data from South Korea on PM10 which show a correlation between exposure
and increased visits for ocular diseases, including microbial keratitis [9]. In addition, a
recent study in mice examined the effects of particulates in Argentina and found that
they made herpes keratitis [10] worsen. Dry eye [11–14] and conjunctivitis [15,16] are also
complimentary (causative or make the disease worse) to the effects of air pollution and
increase susceptibility. A feature of PM10 exposure seems to be the induction of oxidative
stress [4,7] and free radical generation [17], which are responsible for the inflammatory
effects observed both in vivo and in vitro [18]. Some oxidative stress markers, among
many, including reactive oxygen species (ROS) [18], myeloperoxidase expression [4], TNF-
α release [19], and DNA adducts [20], have been proposed to explain the oxidative stress
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mechanisms induced by PM10. The oxidative stress effect has been attributed to PM10
components [21] and the large reactive surface of PM10 and its depositing in tissues. In
the eye, there have been few studies on the effects of particulates [22,23]. One of them,
an in vitro study, used a reconstructed human corneal epithelial cell model and the data
suggested that ambient particulate matter >2.4 µm decreased cell viability, but did not
affect the cytokines IL-6 or IL-8, and reduced the number of zonula occludens junctions [23].
A dry eye model [24] was established in BALB/c mice, which are essentially albinos that
have non-pigmented eyes, relying on the topical delivery of PM10 (4X/day at 5 mg/mL).
They found a decrease in goblet cells, microvilli on corneal surface cells, and other changes,
including a higher fluorescein staining score [25].

Our in vivo model uses a standardized PM10, and is mechanistically focused on ROS
and the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. This pathway is part of
a network of inducible proteins that protect aerobic cells against the damaging effects of
reactive oxygen intermediates. These cytoprotective proteins share common transcriptional
regulation through the Keap1-Nrf2 pathway, which can be activated by small molecules that
chemically react with critical cysteine residues of the sensor protein Kelch-like erythroid
cell-derived protein with CNC homology-associated protein 1 (Keap1), leading to the
stabilization of Nrf2, and ultimately to coordinating the expression of genes encoding for
cytoprotective proteins [26].

The current study’s purpose is to use this model to dissect the response of mice
to PM10, testing whether it makes them more susceptible to infection with Pseudomonas
aeuginosa (PA), determine the signaling pathways regulating the response, and determine
whether SKQ1, a mitochondrial antioxidant, is protective, particularly in combination with
the antibiotic moxifloxacin.

2. Materials and Methods
2.1. Mice

Eight-week-old C57BL/6 female mice were bought from the Jackson Laboratory
(Bar Harbor, ME, USA) and we housed them in accordance with the National Institutes
of Health guidelines. Mice were humanely treated in compliance with both the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and the Institutional
Animal Care and Use Committee of Wayne State University (IACUC 21-09-4042).

2.2. Whole-Body Exposure to PM10

Experiments in this study were performed with PM10 purchased from the National
Institute of Standards and Technology (NIST) (Standard Reference Material (SRM) 2787).
For exposure, a whole-body exposure system was used (CH Technologies, Westwood, NJ,
USA) consisting of two stainless steel chambers divided into 32 compartments. Mice in one
chamber were exposed to PM10 and in the other they received humidified, double-filtered
air (control). Mice were exposed to PM10 or control air for 2 weeks, 3 h/day, 5 days/week
at temperatures of 21–23 ◦C and a relative humidity of 30–70%, and rested on the weekends.
PM10 was dispersed into the chamber using a Vilnius aerosol generator (VAG) with the
in-line, real-time aerosol particle measurement device CEL-712 (Casella Microdust Pro
sampler, Bedford, UK). The continuous negative feedback system was maintained at a flow
rate of 4 L/min. A second measuring device, attached to the exposure chamber, recorded
the concentration of particulate in the chamber every 10 s. Over the 3 h period, mice were
exposed to a range of 500–1000 µg/m3, a range that is similar to that seen in China, India,
and parts of the Middle East [27–29].

2.3. SKQ1 and Moxifloxacin Treatment

SKQ1 (BOC Sciences, Shirley, NY, USA) was used to treat PM10-exposed mice using
the published dose of 7.5 µM [30]. Eyes were treated topically with 5 µL SKQ1 or PBS
(control) three times on the day before the first chamber exposure and then once each day
before control or PM10 exposure. Treatment with PBS or SKQ1 continued after infection
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with PA, beginning at 6 h postinfection (pi) followed by a single daily treatment at 1 and 2
days (d) pi.

In a separate set of experiments, after 2 weeks of exposure to control air or PM10,
infected corneas were treated once per day with PBS, moxifloxacin (Lupin Pharmaceuticals,
Inc., Baltimore, MD, USA) (0.25%), or SKQ1 (3.75 µM) + moxifloxacin beginning at 24 h pi.

2.4. Bacterial Culture and Corneal Infection

The PA strain 19660 (ATCC, Manassas, VA, USA) was grown in peptone tryptic soy
broth (PTSB) medium in a rotary shaker water bath at 37 ◦C and 150 rpm for 18 h to
reach an optical density (measured at 540 nm) between 1.3 and 1.8. The bacterial culture
was centrifuged at 5500× g for 10 min and pellets were washed once with sterile saline,
recentrifuged, resuspended, and diluted in sterile saline [31]. Mice were anesthetized with
ether and placed under a stereoscopic microscope at 40×magnification. The left cornea was
scratched, and 5 µL containing 1 × 106 colony-forming units (CFUs)/µL of the bacterial
suspension was applied topically.

2.5. Ocular Response to Bacterial Infection

To assess the ocular response to infection, clinical scores (n = 5/group/time/experiment)
were designated as follows: 0 = clear or slight opacity, partially or fully covering the pupil;
+1 = slight opacity, fully covering the anterior segment; +2 = dense opacity, partially or
fully covering the pupil; +3 = dense opacity, covering the entire anterior segment; and
+4 = corneal perforation or phthisis [32]. Each mouse was scored in a masked fashion at
1, 2, and 3 dpi for a statistical comparison and photographed (3 dpi) with a slit lamp to
record disease.

2.6. RT-PCR

Total RNA was isolated (RNA STAT-60; Tel-Test, Friendswood, TX, USA) from 19,660
infected corneas (PBS- or SKQ1-treated) exposed to control or PM10 (n = 5/group) at 3 dpi,
as reported previously [33]. One microgram of each RNA sample was reverse-transcribed
using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) to produce a cDNA template. cDNA products were diluted 1:20 with diethylpy-
rocarbonate (DEPC)-treated water, and a 2 µL aliquot of diluted cDNA was used for the
reverse-transcription PCR (RT-PCR). A SYBR green/fluorescein PCR master mix (BioRad
Laboratories, Hercules, CA, USA) and primer concentrations of 10 mM were used in a total
10 µL volume. After a preprogrammed hot start cycle (3 min at 95 ◦C), the parameters
used for PCR amplification were 15 s at 95 ◦C and 60 s at 60 ◦C, with the cycles repeated
45 times. The fold differences in gene expression were calculated relative to naïve control,
normalized to the housekeeping gene 18S rRNA, and expressed as the relative mRNA
concentration ± SEM. The primer pair sequences used are shown in Table 1.

Table 1. Nucleotide sequences of the specific primers used for PCR amplification.

Gene Nucleotide Sequence Primer GenBank

18s 5’-GTA ACC CGT TGA ACC CCA TT-3’ F NM_003278.3
5’-CCA TCC AAT CGG TAG TAG CG-3′ R

Inf-a 5’-ACC CTC ACA CTC AGA TCA TCT T -3′ F NM_013693.2
5’-GGT TGT CTT TGA GAT CCA TGC -3′ R

I1-1β 5’-CGC AGC AGC ACA TCA ACA AGA GC -3′ F NM_008361.3
5′-TGT CCT CAT CCT GGA AGG TCC ACG -3’ R

Cxc12 5′-TGT CAA TGC CTG AAG ACC CTG CC -3′ F NM_009140.2
5′-AAC TTT TTG ACC GCC CTT GAG AGT GG -3’ R

Tlr4 5′-CCT GAC ACC AGG AAG CTT G AA -3′ F NM_021297.2
5′-TCT GAT CCA TGC ATT GGT AGG T -3′

I1-6 5′-CAC AAG TCC GGA GAG GAG AC-3′ F NM_031168.1
5′-CAG AAT TGC CAT TGC ACA AC-3′ R
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Table 1. Cont.

Gene Nucleotide Sequence Primer GenBank

II-10 5′-TGC TAA CCG ACT CCT TAA TGC AGG AC-3′ F NM_010548.2
5′-CCT TGA TTT CTG GGC CAT GCT TCT C-3′ R

Cox2 5′-GCA GTT CCA GTA TCA GAA CCG CAT TG-3′ F NM_011198.2
5′-GAG TGA GTC CAT GTT CCA GGA GGA TG-3’ R

inos 5′-TCC TCA CTG GGA CAG CAC AGA ATG-3′ F NM_010927.3
5′-GTG TCA TGC AAA ATC TCT CCA CTG CC-3′ R

Nqo1 5′-TTC TGT GGC TTC CAG GTC TT-3′ F NM_008706.5
5′-TCC AGA CGT TTC TTC CAT CC-3′ R

Gr1 5′-CCA CGG CTA TGC AAC ATT CG-3′ F NM_010344.4
5′-GAT CTG GCT CTC GTG AGG AA-3′ R

Gpx4 5′-GCA ACC AGT TTG GGA GGC AGG AG-3′ F NM_008162.4
5′-CCT CCA TGG GAC CAT AGC GCT TC-3′ R

Nrf2 5′-TGC CCC TCA TCA GGC CCA GT-3′ F NM_010902.5
5′-GCT CGG CTG GGA CTC GTG TT-3′ R

F, forward: R, reverse.

2.7. Western Blot

Infected corneas from control air- and PM10-exposed mice treated with PBS or SKQ1
were taken into ice-cold 0.1 M PBS (pH 7.4), lysed in RIPA buffer with protease and
phosphatase inhibitors (SantaCruz Biotech, Dallas, TX, USA), incubated on ice for 20 min,
centrifuged at 12,000× g at 4 ◦C for 10 min, and the supernatant was collected. Total
protein was determined from the supernatants using a BCA protein kit (ThermoFisher
Scientific, Rockford, IL, USA). In brief, samples (35 µg) were run on SDS-PAGE in Tris-
glycine-SDS buffer and electro-blotted onto nitrocellulose membranes (BioRad, Herculese,
CA, USA). After blocking for 1 h in 5% MTBST (Tris Buffer Saline containing 0.05% Tween
20 (TBST) and 5% nonfat milk), the membranes were probed with primary antibodies:
rabbit anti-mouse TNF-α (1:1000; Cell Signaling Technology, Danvers, MA, USA), IL-1β
(1:1000), CXCL2 (1:1000; Cell Signaling Technology), GPX4 (1:1000; Abcam, Waltham,
MA, USA) and Nrf2 (1:1000; Cell Signaling Technology) in 5% BSA in TBST overnight at
4 ◦C. After three washes with TBST, membranes were incubated with HRP-conjugated
anti-rabbit secondary antibody (1:2000; Cell Signaling Technology) and diluted with 5%
BSA in TBST at room temperature for 2 h. Bands were developed with Supersignal West
Femto Chemiluminescent Substrate (ThermoFisher Scientific), visualized using an iBright™
CL1500 Imaging System (ThermoFisher Scientific), and normalized to β-actin (1:1000;
Abcam) and the intensity was quantified using Image Lab 6.1 software (BioRad). Data
are shown as mean integrated density values (IDV) + SEM. The process is essentially as
described previously [34].

2.8. Bacterial Plate Count

Infected corneas from mice exposed to control air or PM10 (PBS- and SKQ1-treated)
were removed at 1 and 3 dpi and homogenized in 1 mL of sterile saline containing 0.25%
BSA in a volume of 100 µL, serially diluted 1:10 in sterile saline containing 0.25% BSA, and
the selected dilutions were then plated in triplicate on Pseudomonas isolation agar plates
(Becton-Dickinson, Franklin Lakes, NJ, USA) and incubated overnight at 37 ◦C. Bacterial
colonies were manually counted and reported as log10 CFU/plate +SEM.

2.9. P. aeruginosa and SKQ1 Killing

SKQ1 killing of P. aeruginosa was determined using doubled dilutions in PTSB medium.
A panel of SKQ1 dilutions was prepared ranging from 30 to 0.94 µM in a 96-well microtiter
plate in a volume of 200 µL per well. A 10 µL aliquot of a P. aeruginosa suspension
(1.5 × 108 CFU) was added to each well. Wells containing no SKQ1 or bacteria were used
as blanks. The plate was incubated at 37 ◦C for 24 h with O.D. measurements at 540 nm
taken every hour for 12 h and again after 24 h [35].
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2.10. Myeloperoxidase (MPO) Assay

This assay was used to quantitate neutrophils in the infected corneas of mice that
had been exposed to control air or PM10 (PBS- and SKQ1-treated). Briefly, individual
corneas were removed at 1 and 3 dpi and homogenized in 1 mL of 50 mM phosphate buffer
(pH 6.0) containing 0.5% hexadecyltrimethyl–ammonium (Sigma-Aldrich, St. Louis, MO,
USA). Samples were freeze-thawed four times, centrifuged, and 100 µL of the supernatant
added to 2.9 mL of 50 mM phosphate buffer containing o-dianisidine dihydrochloride
(16.7 mg/mL; Sigma-Aldrich) and hydrogen peroxide (0.0005%). The changes in absorbency
were monitored at 460 nm for 4 min at 30 s intervals. The slope of the line was determined
for each sample and used to calculate the units of MPO/cornea. One unit of MPO activity
equals approximately 2 × 105 neutrophils [36].

2.11. Statistical Analysis

An in vivo comparison of clinical scores between two groups at each time was tested
by the Mann–Whitney U test. A one-way ANOVA followed by Bonferroni’s multiple
comparison test was used for plate counts, MPO, RT-PCR, and Western blot data. Data
were considered significant at a p value of <0.05. All experiments were repeated at least
once to ensure reproducibility and the data are shown as mean + SEM.

3. Results
3.1. Clinical Score and Slit lamp

We used the clinical score and photographs taken with a slit lamp to document disease
response. Figure 1A showed that there was no difference between infected eyes in the
PBS- or SKQ1-treated control air and PM10-exposed groups at 1 dpi, where the scores
were +1 for all groups. Clinical scores (Figure 1B) at 3 dpi showed a significant difference
between PBS-treated control and PM10-exposed mice (p < 0.05). SKQ1 significantly reduced
clinical scores in PM10-exposed mice (p < 0.05), but had no effect on disease scores from
control air-exposed mice. Figure 1C–F show that the photographs of typical eyes from
PA-infected mice taken with a slit lamp at 3 dpi PM10 exposure (PBS treatment) showed
earlier perforation (Figure 1E) vs. PBS-treated control air exposure, which showed dense
opacity (Figure 1C) over the entire anterior segment. Figure 1D,F show similarly dense
opacity in SKQ1-treated corneas exposed to control air and PM10, respectively.
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Figure 1. Effects of control air and PM10 on mouse corneas infected with strain 19660. No significant 
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exposed mice are significantly worse than the PBS-treated controls; SKQ1 treatment reduced the 
severity of the disease significantly (B). Photographs taken with a slit lamp of infected corneas at 3 
dpi from PBS-treated (C) and SKQ1-treated (D) control air-exposed mice showed opacity over the 
entire cornea (+3), while corneas from PM10-exposed mice showed perforation after PBS treatment 
(E), but a similar dense opacity to control air-exposed, SKQ1-treated mice (F) (n = 10/group/time) * 
p < 0.05. 
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We used RT-PCR to characterize gene expression. RT-PCR tested if PM10 exposure 
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stress molecules (Figure 3A–F) in C57BL/6 corneas. Exposure to PM10 followed by infec-
tion significantly elevated relative mRNA levels for TNF-α, IL-1β, CXCL2, TLR4, IL-6 (Fig-
ure 2A–E), COX2, and iNOS (Figure 3A,B) when compared to control air (p < 0.001 for all). 
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Figure 1. Effects of control air and PM10 on mouse corneas infected with strain 19660. No significant
differences in clinical score are seen at 1 dpi. (A) At 3 dpi, the infected corneas of PBS-treated, PM10-
exposed mice are significantly worse than the PBS-treated controls; SKQ1 treatment reduced the
severity of the disease significantly (B). Photographs taken with a slit lamp of infected corneas at 3 dpi
from PBS-treated (C) and SKQ1-treated (D) control air-exposed mice showed opacity over the entire
cornea (+3), while corneas from PM10-exposed mice showed perforation after PBS treatment (E), but
a similar dense opacity to control air-exposed, SKQ1-treated mice (F) (n = 10/group/time) * p < 0.05.

3.2. RT-PCR

We used RT-PCR to characterize gene expression. RT-PCR tested if PM10 exposure
plus infection would enhance pro- or anti-inflammatory (Figure 2A–F) and oxidative
stress molecules (Figure 3A–F) in C57BL/6 corneas. Exposure to PM10 followed by in-
fection significantly elevated relative mRNA levels for TNF-α, IL-1β, CXCL2, TLR4, IL-6
(Figure 2A–E), COX2, and iNOS (Figure 3A,B) when compared to control air (p < 0.001
for all).
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1β (B), CXCL2 (C), TLR4 (D), and IL-6 (E) in infected corneas after PM10 exposure. SKQ1 treatment 
reduced these levels in PM10- and control air-treated corneas. mRNA levels for IL-10 (F) were signif-
icantly reduced by PM10 exposure; SKQ1 treatment reversed these effects. Data are expressed as 
mean + SEM. (n = 5/group/time) *** p < 0.001. 

The mRNA levels of IL-10 (Figure 2F), NQO1, GR1, GPX4, and Nrf2 (Figure 3C–F) 
were significantly reduced by PM10 exposure of infected mice over control (p < 0.001 for 
all). SKQ1 treatment of PM10-exposed infected mice reversed the effects for each molecule 
tested and was significant (p < 0.001 for all). 

Figure 2. mRNA levels of corneal cytokines and chemokines after control or PM10 exposure and
treatment with SKQ1 3 dpi. RT-PCR showed significantly elevated mRNA levels for TNF-α (A), IL-1β
(B), CXCL2 (C), TLR4 (D), and IL-6 (E) in infected corneas after PM10 exposure. SKQ1 treatment
reduced these levels in PM10- and control air-treated corneas. mRNA levels for IL-10 (F) were
significantly reduced by PM10 exposure; SKQ1 treatment reversed these effects. Data are expressed
as mean + SEM. (n = 5/group/time) *** p < 0.001.
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exposure and infection. PM10 exposure followed by infection significantly increased the 
protein levels of TNF-α (A), IL-1β (B), and CXCL2 (C), and decreased GPX4 (D) and Nrf2 
(E) (p < 0.001 for each). SKQ1 treatment after PM10 exposure was able to significantly re-
verse these effects (p < 0.001) for all molecules tested. When comparing the SKQ1 treat-
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and GPX4 (p < 0.001) but was not observed for IL-1β, CXCL2, and Nrf2. 

Figure 3. mRNA levels of corneal antioxidant-related molecules after control or PM10 exposure
and treatment with SKQ1 3 dpi. RT-PCR showed significantly increased mRNA levels for COX2
(A) and iNOS (B) in infected corneas after PM10 exposure. SKQ1 treatment restored these levels in
PM10- and control air-treated corneas. mRNA levels for NQO1 (C), GR1 (D), GPX4 (E), and Nrf2
(F) were significantly reduced by PM10 exposure, with SKQ1 treatment reversing these effects. Data
are expressed as mean + SEM. (n = 5/group/time) *** p < 0.001.

The mRNA levels of IL-10 (Figure 2F), NQO1, GR1, GPX4, and Nrf2 (Figure 3C–F)
were significantly reduced by PM10 exposure of infected mice over control (p < 0.001 for
all). SKQ1 treatment of PM10-exposed infected mice reversed the effects for each molecule
tested and was significant (p < 0.001 for all).

3.3. Western Blot

To validate the RT-PCR data, Western blots were used to examine the protein levels of
selected cytokines and oxidative stress molecules (Figure 4A–E) after control air or PM10
exposure and infection. PM10 exposure followed by infection significantly increased the
protein levels of TNF-α (A), IL-1β (B), and CXCL2 (C), and decreased GPX4 (D) and Nrf2 (E)
(p < 0.001 for each). SKQ1 treatment after PM10 exposure was able to significantly reverse
these effects (p < 0.001) for all molecules tested. When comparing the SKQ1 treatment of
control air-treated infected mice, a significant reversal was seen only for TNF-α and GPX4
(p < 0.001) but was not observed for IL-1β, CXCL2, and Nrf2.
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IL-1β (B), and CXCL2 (C) protein levels that were reduced by SKQ1 treatment. Protein levels of 
GPX4 (D) and Nrf2 (E) were significantly reduced after PM10 exposure but restored by SKQ1 treat-
ment. Data are expressed as mean IDV + SEM. (n = 3/group) *** p < 0.001. 
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Figure 4. Western blot analysis of infected corneas at 3 dpi showed significantly elevated TNF-α
(A), IL-1β (B), and CXCL2 (C) protein levels that were reduced by SKQ1 treatment. Protein levels
of GPX4 (D) and Nrf2 (E) were significantly reduced after PM10 exposure but restored by SKQ1
treatment. Data are expressed as mean IDV + SEM. (n = 3/group) *** p < 0.001.

3.4. Viable Plate Count and MPO Assay

To determine the number of viable bacteria in the cornea, we performed plate counts,
and to estimate the approximate neutrophil infiltrate we measured myeloperoxidase.
A viable bacterial count (Figure 5A,B) showed significantly more bacteria in the PBS-
treated, PM10-exposed infected corneas compared to the PBS-treated controls at 1 dpi
(p < 0.001). At 1 dpi, SKQ1 had no effect on bacterial counts in the control or PM10-exposed
groups (Figure 4A). However, at 3 dpi, significantly more bacteria (p < 0.01) were seen in the
PBS-treated, PM10-exposed infected corneas compared to the PBS-treated controls. At this
time, SKQ1 treatment significantly reduced viable bacterial plate counts in the corneas of
PM10-exposed mice when compared to the PBS-treated controls (p < 0.01). SKQ1 treatment
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had no significant effect on bacterial plate counts in control air-exposed corneas treated
with PBS at 3 dpi.
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Figure 5. Viable bacteria and PMN quantitation. Viable bacterial plate counts were increased at both
1 (A) and 3 dpi (B) after PM10 exposure. SKQ1 treatment reduced this increase at 3 dpi only. The
MPO assay showed a significant increase in PMN in the infected corneas of PM10-exposed mice at
3 dpi compared to control. The PMN number was significantly reduced by SKQ1 treatment. No
differences were detected in PMN number at 1 dpi. Data expressed as mean log10 CFU/cornea (A,B)
or mean units of MPO/cornea (C,D), + SEM. (n = 5/group/time) * p < 0.05, ** p < 0.01, *** p < 0.001.

An MPO assay (Figure 5C,D) did not detect any significant differences in PMN number
in PBS- or SKQ1-treated corneas from infected PM10- vs. control air-exposed corneas at
1 dpi. However, significantly (p < 0.001) greater PMN number were present in the infected
corneas from PBS-treated PM10-exposed mice compared to similarly treated controls at
3 dpi. SKQ1 treatment significantly reduced the PMN in PM10-exposed infected cornea
(p < 0.05), but no difference was seen between PBS and SKQ1 treatment in the control
air-exposed group.

3.5. SKQ1 Antibiotic Effect

We tested SKQ1 for its potential antibiotic effect on PA. SKQ1 has been shown in
studies to be a novel antibiotic targeting bacterial bioenergetics [35]. A killing assay was
performed to test whether P. aeruginosa, which was not tested, was susceptible to SKQ1
killing (Figure 6A,B). Killing was determined by optical density at 540 nm of treated cultures
compared to untreated control over time (Figure 6A). The statistical significance of each
concentration compared to control over time is shown in Figure 6B. Overall, 30 µM was
the only concentration that remained significantly reduced compared to control at 24 h
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(p < 0.001). The significant effect of 3.75 and 7.5 µM, used for treatment in these studies,
was lost between 12 and 24 h, respectively.
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Figure 6. Effect of SKQ1 on growth of PA. Kinetic growth of PA in the presence of various con-
centrations of SKQ1 (A). Chart indicating the significant difference in growth between PA alone
compared to growth in the presence of SKQ1 over time (B). (n = 6/dilution/time) * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.6. Clinical Score and Slit Lamp after Moxifloxacin/SKQ1 Treatment

We tested disease progress after moxifloxacin/SKQ1 treatment to determine if there
was an adjunctive effect of SKQ1 which added to the effect seen with the antibiotic alone.
(Figure 7A) showed a significant difference between PBS-treated vs. moxifloxacin-treated
control (p < 0.05). There was also a significant difference between PM10-exposed mice
treated with moxifloxacin vs. PM10 mice treated with PBS (p < 0.05). Combining SKQ1
with moxifloxacin treatment showed no additional protective effect on disease scores in
control air- or PM10-exposed mice. Figure 7B–G show slit lamp photographs of typical
eyes from PA-infected mice at 3 dpi. PM10 exposure (PBS treatment) resulted in earlier
perforation (Figure 7E) vs. PBS-treated control air exposure, which showed dense opacity
(Figure 7B) over the entire anterior segment. Figure 7C,F show the disease responses
in moxifloxacin control air- (Figure 7C) vs. PM10-exposed mice (Figure 7F), which ap-
pear similar. Figure 7D,G show moxifloxacin + SKQ1-treated mice from the control air
(Figure 7D) and PM10 (Figure 7G) exposure groups have a similar dense opacity over the
pupil. Hypopyon is present in both groups (Figure 7C,D,F,G).
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Figure 7. Effects of moxifloxacin +/− SKQ1 on disease. At 3 dpi, the infected corneas of Moxifloxacin-
treated control and PM10-exposed mice were significantly better than those treated with PBS. SKQ1
treatment did not improve disease further (A). Photographs taken with a slit lamp of infected corneas
at 3 dpi from PBS-treated control (B) and PM10-exposed mice (E). Control air-exposed mice showed
opacity over the entire cornea (+3), while the corneas from PM10-exposed mice showed perforation
(+4). Moxifloxacin treatment of control (C) and PM10 (F)-exposed corneas at 3 dpi showed reduced
disease with central opacity and hypopyon. The addition of SKQ1 to Moxifloxacin treatment of
control (D) or PM10 (G)-exposed corneas showed little improvement. (n = 5/group) * p < 0.05.

3.7. Viable Plate Count and MPO Assay

We used plate count and an MPO assay to assess the number of viable bacteria
present in the cornea and the approximate neutrophil number in the cornea after moxi-
floxacin/SKQ1 treatment. A viable bacterial count (Figure 8A) showed significantly more
bacteria in the PBS-treated, PM10-exposed infected corneas compared to that seen in the
PBS-treated control corneas at 3 dpi. (p < 0.05). Moxifloxacin treatment significantly re-
duced viable bacteria in both exposure groups (p < 0.001), but the addition of SKQ1 did not
reduce bacterial counts further.
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Figure 8. Viable bacteria and PMN quantitation after moxifloxacin +/− SKQ1 treatment. Viable
bacterial plate counts were decreased at 3 dpi (A) after both control and PM10 exposure and treatment
with moxifloxacin. Adding SKQ1 treatment did not further reduce plate counts. The MPO assay
showed a significant decrease in PMN in the infected corneas of both control and PM10-exposed mice
at 3 dpi after moxifloxacin treatment (B). Adding SKQ1 treatment to moxifloxacin had no additive
effect. Data expressed as mean log10 CFU/cornea (A) or mean units of MPO/cornea (B) + SEM.
(n = 5/group/time) * p < 0.05, *** p < 0.001.

An MPO assay (Figure 8B) detected significantly more PMN in infected corneas from
PBS-treated, PM10-exposed mice compared to similarly treated controls at 3 dpi (p < 0.001).
Moxifloxacin treatment significantly reduced MPO levels in the control air (Figure 8B) and
PM10-exposed groups (Figure 8B) (p < 0.001), but SKQ1 combined with Moxifloxacin did
not enhance the effect in either group.

4. Discussion

The ocular surface is exposed to air pollutants daily, yet it is often ignored when
it comes to the consequences which occur there, focusing rather on cardiovascular dis-
eases [37–40] and cancer [41–43]. Major interest to date centers around countries (partic-
ularly in Asia) [44,45] which experience high levels of pollutants, which are becoming
more prevalent globally. This often leads to the development of dry eye [46–49] and its
consequences, which include a higher risk for microbial keratitis [50,51]. In South Korea,
for example, this was documented in humans [9] who experienced increased visits to the
emergency room for conjunctivitis and keratitis. This was followed by a publication from
Argentina [10] which provided evidence that mice exposed to polluted air were more sus-
ceptible to herpes keratitis, as evidenced by altered immunity and worsened inflammation
of the cornea. We have recently reported that pollution with PM10 decreases the time to
perforation in bacterial infection, and examined the mechanisms involved in vitro [34].
In vivo, whole-body exposure to PM10 vs. control air-exposed mouse corneas showed early
perforation and/or corneal thinning at 3 dpi, reduced corneal thickness, but no change in
sensitivity or tears [34], and was accompanied by increased TNF-α protein levels [52].

SKQ1 has antioxidant properties and builds up in the inner mitochondrial mem-
brane [53]. SKQ1 protects against damage caused by oxidative stress in several animal
models of disease [54–57]. Recently, we found that SKQ1 is protective against PM10-induced
oxidative damage in cultured human transformed corneal epithelial cells [34]. Correlated
with this observation, an ophthalmic formulation of SKQ1 (Visomitin) has been used
successfully to inhibit the pathology of anesthetic-induced dry eye syndrome after both
surgery and/or lengthy general anesthesia [30]. We used this model to explore whether
SKQ1, a mitochondrial antioxidant [58,59], is protective and whether it has adjuvant prop-
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erties to boost the effects of the antibiotic moxifloxacin. We first compared the number of
mice that received control air and/or PM10 ± SKQ1. We found that SKQ1 showed strong
antibacterial [52] activity towards PA (a significant human pathogen) and reduced plate
counts in the PM10-exposed group over the PBS-treated controls at 3 dpi. Others [35] have
shown previously that SKQ1 is a highly effective antibiotic, with excellent killing for some
Gram-positive bacteria including Bacillus subtilis. It was also effective against a few Gram-
negative bacteria, including Photobacterium phosphoreum and Rhodobacter sphaeroides, at
relatively low concentrations. SKQ1 exhibited less antibiotic activity towards Escherichia coli
and this was due to the presence of the multidrug-resistant pump AcrAB-TolC. Mutants
lacking AcrAB-TolC showed sensitivity which was similar to B. subtilis. The lowering
of the bacterial membrane potential by SKQ1 might be involved in the mechanism of its
bactericidal action, since no significant cytotoxic effect on mammalian cells was observed at
bacteriostatic concentrations of SKQ1. We have not tested multidrug-resistant efflux pumps
in PM10-exposed, PA-infected mice, but it is very likely that these pumps will provide clues
to the mechanism involved in protection by SKQ1. A similar approach (proteomic analysis
and RT-PCR) will be used as reported previously [60].

We next tested cytokines and chemokines to determine the host response to PM10 ex-
posure followed by infection. We found that TNF-α, IL-β, CXCL2, TLR4, and IL-6 (mRNA)
and selected proteins (TNF-α, IL-1β, and CXCL2) were upregulated significantly by expo-
sure to the particulate and infection. Others [61] also have found elevated levels of ambient
particulate matter PM10 associated with increased cardiopulmonary mortality. Circulating
levels of IL-1β, IL-6, and GM-CSF were elevated in subjects exposed to high levels of PM10
during an episode of acute air pollution. However, they saw no change in IL-10, which we
found was decreased significantly, acting, we propose, to counterbalance pro-inflammatory
molecules [62,63]. Another lab reported that mice exposed to polluted air developed a
severe form of herpetic keratitis with increased corneal opacity, neovascularization, and
production of TNF-α, IL-1β, IFN-γ, and CCL2 [10]. GPX4 and Nrf2 (mRNA and protein)
were downregulated, but the use of SKQ1 was able to restore the levels of Nrf2 and GPX4
protein significantly in our study but was not tested in theirs.

We next tested whether SKQ1 had properties similar to glycyrrhizin, which acts to
boost the antibiotic treatment of PA [64]. We combined the antibiotic moxifloxacin and
antioxidant SKQ1 and found that moxifloxacin alone decreased clinical scores in control
air- and PM10-exposed infected animals significantly. Slit lamp photographs revealed that
disease, as evidenced by opacity and hypopyon, was reduced significantly compared to the
perforated eyes of controls. Encouraged by these data, we performed plate count and MPO
assays. Again, moxifloxacin alone decreased the elevated plate count induced by PM10
and reduced MPO significantly. However, the addition of SKQ1 did not reduce either of
them further.

5. Conclusions

In conclusion, we have provided evidence that SKQ1-treated, PM10-exposed infected
eyes vs. controls showed a reduced clinical score, reduced cytokines and chemokines,
reduced ROS-associated molecules, including Nrf2, and reduced plate count and MPO. We
also provide evidence that SKQ1 is a potent antibacterial agent against PA, but fails to have
adjuvant activity with moxifloxacin.
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