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Topical Glycyrrhizin Is Therapeutic
for Pseudomonas aeruginosa Keratitis

Sandamali A. Ekanayaka, Sharon A. McClellan, Ronald P. Barrett, and Linda D. Hazlett

Abstract

Purpose: Glycyrrhizin (GLY), an inhibitor of high-mobility group box 1 (HMGB1) protects prophylactically
against Pseudomonas aeruginosa keratitis. However, the therapeutic potential of GLY to enhance an antibiotic
has not been tested and is our purpose.
Methods: C57BL/6 mice (B6) were infected with a clinical isolate (KEI 1025) of P. aeruginosa and treated
topically at 6 h postinfection (p.i.) with GLY or phosphate-buffered saline (PBS). Clinical scores, photography
with a slit lamp, enzyme-linked immunosorbent assay, myeloperoxidase assay, bacterial plate counts, histo-
pathology, reactive oxygen/nitrogen species (ROS/RNS) assays, and in vitro macrophage (Mf) stimulation
assays were used to assess effects of GLY treatment. In separate similar experiments, the ability of GLY to
bioenhance the antibiotic, tobramycin (TOB), was assessed.
Results: In vivo, GLY versus PBS topical treatment began at 6 h p.i., improved disease outcome by significantly
reducing clinical scores, proinflammatory proteins (HMGB1, RAGE, TLR4, TNF-a, and CXCL2), neutrophil
infiltrate, bacterial load, ROS/RNS, and nitric oxide. In vitro, GLY downregulated iNOS and COX-2 expression
(mRNA) in both mouse and human (THP-1) Mf. At 6 and 24 h p.i., treatment with GLY enhanced the effects of
TOB compared with TOB alone by significantly reducing corneal bacterial load and/or protein levels of
cytokines CXCL2 and IL-1b.
Conclusions: Data provide evidence that GLY is not only therapeutic for Pseudomonas keratitis through its
ability to reduce HMGB1, bacterial load, and oxidative damage but also through its bioenhancement of an
antibiotic, even when treatment is initiated at 24 h after infection.

Keywords: glycyrrhizin, keratitis, Pseudomonas, HMGB1, mice, topical treatment

Introduction

Pseudomonas aeruginosa, an opportunistic gram-
negative pathogen, is one of the most virulent organisms

associated with microbial keratitis worldwide.1–3 Currently,
antibiotics are used to treat this disease, but with the global
emergence of multidrug-resistant P. aeruginosa strains, al-
ternative therapies are an urgent need.4,5

In this regard, recently we showed that extracellular high-
mobility group box 1 (HMGB1), a late mediator of the in-
flammatory response,6,7 provides a target for intervention in
Pseudomonas keratitis.8–10 Using a susceptible mouse model,
we demonstrated prophylactic treatment strategies such as
gene silencing, antibody neutralization, or use of glycyrrhizin
(GLY) decreases HMGB1 levels, improving disease out-
come.9,10 However, prophylaxis has little relevance to clinical

treatment of keratitis. For instance gene silencing has both
toxicity and longevity issues.11,12 Moreover, subconjunctival
and systemic drug administration routes utilized in these pro-
phylactic studies have side effects if used clinically.13–15 These
include anxiety, pain, conjunctival scarring, subconjunctival
hemorrhage, and increased systemic drug toxicity.13,15

Thus, to overcome these limitations, the current study in-
vestigated the therapeutic efficacy of topical GLY treatment in
susceptible B6 mice.9,16 We provide in vivo evidence that
GLY treatment began at 6 h postinfection (p.i.) significantly
downregulates HMGB1 protein, decreases the neutrophil in-
filtrate, bacterial plate count, and reactive oxygen/nitrogen
species (ROS/RNS) in the infected cornea. In vitro GLY also
downregulates mRNA levels of ROS/RNS generating cyto-
kines, iNOS, and COX-2 in lipopolysaccharide (LPS)-
stimulated mouse and human Mf. GLY also bioenhanced the
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effects of tobramycin (TOB),17 an antibiotic used clinically to
treat Pseudomonas keratitis. Collectively, this study provides
evidence that GLY topical treatment is protective, has poten-
tial therapeutic value, and enhances antibiotic efficacy, all
relevant to clinical management of keratitis.

Methods

Mice

Eight-week-old female C57BL/6 (B6) mice ( Jackson
Laboratory, Bar Harbor, ME) were housed in accordance
with the National Institutes of Health guidelines. Mice were
treated humanely and in compliance with the Association
for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research and
the Institutional Animal Care and Use Committee of Wayne
State University.

Bacterial culture and infection

P. aeruginosa strain, KEI 1025, a noncytotoxic clinical
isolate strain expressing exoT and exoS18 (Kresge Eye In-
stitute, Detroit, MI) was grown in peptone tryptic soy broth
medium in a rotary shaker water bath at 37�C and 150 rpm
for 18 h to an optical density (measured at 540 nm) between
1.3 and 1.8. Bacterial cultures were centrifuged at 5,500 g for
10 min, pellets washed once with sterile saline, recentrifuged,
resuspended, and diluted in sterile saline. Anesthetized mice
were placed beneath a stereoscopic microscope at 40 · mag-
nification. The left cornea was scarified, and 5mL containing
1 · 107 colony-forming units (CFU)/mL of the bacterial sus-
pension was applied topically.

Ocular response to bacterial infection

A disease grading scale19 was used to assign a clinical
score to each infected eye. Clinical scores 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.
Clinical scores to compare disease severity were accompa-
nied by photographs taken using a slit lamp.

GLY topical treatment

Infected eyes of B6 mice (n = 5/group/time) were treated
topically (5mL of each agent/time point) with 20mg/mL GLY
(Cat. No. 5053;, Sigma-Aldrich, St. Louis, MO) or sterile
phosphate-buffered saline (PBS; control). GLY concentration
was chosen based on published reports.10,20,21 Topical treat-
ment times tested (6 or 8 h p.i.) were followed by treatment
twice daily from 1 to 4 days p.i. as described above.

GLY combined treatment with TOB

At 6 h p.i., infected eyes of B6 mice (n = 5/group/time)
were treated topically with 5 mL of sterile PBS, 20mg/mL
GLY and 1.5 mg/mL TOB (Alcon, Ft. Worth, TX) –20 mg/
mL GLY. In a separate experiment, topical treatment was
begun at 24 h p.i. and KEI 1025 infected eyes of B6 mice
(n = 10/group/time) were treated twice daily for 2 days with
5 mL PBS or 1.5 mg/mL TOB –20mg/mL GLY.

Enzyme-linked immunosorbent assay

PBS- or GLY-treated B6 mice (n = 5/group/time) were sac-
rificed at 3 and 5 days p.i. and corneas (normal and infected)
harvested to test HMGB1, TLR4, RAGE, TNF-a, and CXCL2
expression. In a separate experiment, PBS- or TOB – GLY-
treated B6 mice (n = 5/group/time) were sacrificed at 2 and
3 days p.i. and normal and infected corneas harvested to test
protein expression of CXCL2 and IL-1b. To quantify HMGB1,
TLR4, RAGE, TNF-a, and IL-1b proteins, individual corneas
were homogenized in 500mL of PBS containing 0.1% Tween 20
(Sigma-Aldrich) and protease inhibitors (Roche, Indianapolis,
IN). For CXCL2, individual corneas were homogenized in 1 mL
of 50 mM potassium phosphate buffer (pH 6.0) containing
0.5% hexadecyltrimethylammonium bromide (HTAB; Sigma-
Aldrich) and protease inhibitors.

Corneal homogenates were centrifuged at 12,000 g for
10 min. A 50mL aliquot of each supernatant was assayed in
duplicate to quantify proteins using enzyme-linked immuno-
sorbent assay (ELISA) kits: HMGB1 (Chondrex, Inc., Red-
mond, WA), TLR4 (MyBioSource, Inc., San Diego, CA),
RAGE (R&D Systems, Minneapolis, MN), TNF-a (R&D Sys-
tems), CXCL2 (R&D Systems), and IL-1b (R&D Systems).
Undiluted supernatant aliquots were used to quantify all proteins
except HMGB1 (1:5 dilution), RAGE (1:2 dilution), and
CXCL2 (1:5 dilution); assays were run following the manu-
facturer’s instructions. Sensitivities were as follows: 0.8 ng/mL
(HMGB1), 2.36 pg/mL (RAGE), 1 pg/mL (TLR4), 1.88 pg/mL
(TNF-a), 1.5 pg/mL (CXCL2), and 2.31 pg/mL (IL-1b).

Myeloperoxidase assay

This assay was used to quantitate neutrophils in the in-
fected cornea of GLY and PBS-treated mice (n = 5/group/
time). Individual corneas were removed at 3 and 5 days p.i.
and homogenized in 1 mL of 50 mM phosphate buffer (pH
6.0) containing 0.5% HTAB. Samples were freeze-thawed 4
times, and after centrifugation, 100 mL of the supernatant
was 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%). Change in absorbance
was monitored at 460 nm for 5 min at 30 s intervals; the
slope of the line was determined for each sample and units
of myeloperoxidase (MPO)/cornea calculated. One unit of
MPO activity is equivalent to *2 · 105 neutrophils.22

Quantification of viable bacteria

Mice were sacrificed at 1, 3, and 5 days p.i. and GLY- or
PBS-treated infected corneas were harvested (n = 5/group/
time). Untreated corneas from each group also were har-
vested from mice (n = 5/group/time) at 6 h p.i. Each cornea
was homogenized in 1 mL of sterile saline (0.85% NaCl, pH
7.4) containing 0.25% BSA. A 100 mL of the homogenate
was serially diluted (1:10) in sterile saline containing 0.25%
BSA. Selected dilutions were plated in triplicate on selective
culture medium (Difco� Pseudomonas Isolation Agar; BD
Biosciences, Inc., Franklin Lakes, NJ). Plates were incu-
bated overnight at 37�C and viable bacteria counted. In the
first of 2 similar, separate experiments, plate counts were
performed at 1 day p.i. following treatment of infected eyes
at 6 h p.i. with PBS, GLY, or TOB–GLY (n = 5/group/time).

In the second, plate counts were done at 2 and 3 days p.i.
after initiating treatment at 24 h p.i. with PBS or TOB–GLY,
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using a similar number of animals. Results are reported as
log10 CFU/cornea – standard error of the mean (SEM).

Histopathology

Infected eyes (n = 3/group/time) were enucleated from
GLY-, PBS-, and TOB–GLY-treated mice at 3 and/or
5 days p.i., immersed in PBS, rinsed, and fixed in 1% os-
mium tetroxide [Electron Microscopy Sciences (EMS),
Hatfield, PA], 2.5% glutaraldehyde (EMS), and 0.2 M Sor-
enson’s phosphate buffer (pH 7.4; Sigma-Aldrich) at 4�C for
3 h. Eyes were rinsed with 0.1 M phosphate buffer, dehy-
drated in ethanols and propylene oxide (Sigma-Aldrich), and
infiltrated and embedded in Epon-Araldite (EMS). Sections
(1.5 mm) were cut, stained with Richardson’s stain, and
photographed (Leica DM4000B; Leica Microsystems, Inc.),
as described before.23

Isolation and stimulation of mouse and human
macrophages (M/)

Mouse peritoneal Mf were isolated from B6 mice as
described before.24,25 In brief, Mf were induced into the
peritoneal cavity by intraperitoneal injection of 1 mL of 3%
Brewer’s thioglycollate medium (BD Biosciences, Sparks,
MD) 5 days before harvest. Cells were collected by peri-
toneal lavage with DMEM containing 10% heat-inactivated
fetal bovine serum (FBS; Invitrogen Life Technologies,
Carlsbad, CA), penicillin (100 U/mL; Invitrogen), and
streptomycin (100mg/mL; Invitrogen) and stained with
0.4% trypan blue and viable cells (>95%) counted with a
hemacytometer. Mf were seeded (1 mL/well) at a density of
2 · 106 cells/well (n = 5wells/group) and incubated for 4 h.

In a separate experiment, human THP-1 cells [American
Type Culture Collection (ATCC), Manassas, VA] were
grown per the company’s instructions. 1 · 106 cells/well
(n = 5wells/group) were differentiated from the monocyte-
like state into Mf. For this, cells were treated for 72 h with
100 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich) and differentiated adherent cells exhibiting Mf-
like morphology were washed once with sterile PBS. Cells
were incubated with RPMI 1640 medium without PMA,
containing 10% FBS, penicillin, (100 U/mL) and strepto-
mycin (100 mg/mL) for 24 h at 37�C. Both groups of Mf
were washed once with growth medium (DMEM or RPMI

1640), treated with –2 mM GLY (in growth medium) and
stimulated with LPS (P. aeruginosa serotype 10; Sigma-
Aldrich) (1 mg/mL) or ultrapure LPS (1mg/mL, specific for
TLR4; InvivoGen, San Diego, CA) for 18 h at 37�C. In a
separate similar experiment, human macrophages were in-
cubated for 3 h with 10 multiplicity of infection (MOI) KEI
1025. Unstimulated Mf treated with growth medium
–2 mM GLY and incubated for 18 h at 37�C served as the
negative control.

Real time reverse transcription-polymerase chain
reaction (RT-PCR)

Mf (mouse peritoneal or human THP-1 cells) were wa-
shed once with PBS and total RNA isolated using RNA
STAT-60� (Tel-Test, Friendswood, TX) per the manufac-
turer’s instructions. After spectrophotometric quantification
at 260 nm, 1 mg of each RNA sample was reverse transcribed
using Moloney murine leukemia virus reverse transcriptase
(Invitrogen) to produce a cDNA template for polymerase
chain reaction (PCR). cDNA products were diluted 1:25
with diethylpyrocarbonate-treated water. A 2 mL aliquot of
diluted cDNA was used for the PCR with Real-Time
SYBR� Green/Fluorescein PCR Master Mix (Bio-Rad,
Richmond, CA) and primer concentrations of 10 mM (10 mL
total volume). After a preprogrammed hot-start cycle (3 min
at 95�C), the parameters used for PCR amplification were as
follows: 15 s at 95�C and 60 s at 60�C with the cycles re-
peated 45 · . Conditions for PCR amplification of cDNA
were established using routine methods.9,26 mRNA levels of
mouse or human iNOS and COX-2 were tested by PCR
(CFX Connect� Real-Time PCR Detection System; Bio-
Rad). Fold differences in gene expression were calculated
after normalization to b-actin (mouse Mf) or GAPDH
(human THP-1 Mf) and expressed as relative mRNA con-
centration – SEM. The primer pair sequences used for PCR
are shown (Table 1).

Measurement of corneal ROS/RNS levels

ROS/RNS levels in the cornea were measured using an
OxiSelect� in vitro ROS/RNS Assay Kit (Cell Biolabs,
Inc., San Diego, CA) per manufacturer’s instructions.
In this assay, a ROS/RNS specific, nonfluorescent 2¢, 7¢-
dichlorodihydrofluorescein (DCFH) reacts with ROS/RNS

Table 1. Nucleotide Sequence of the Specific Primers Used for Polymerase Chain Reaction Amplification

Gene Nucleotide sequence Primer GenBank

mb-actin 5¢-GAT TAC TGC TCT GGC TCC TAG C-3¢ F NM_007393.3
5¢-GAC TCA TCG TAC TCC TGC TTG C-3¢ R

miNOS 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

mCOX2 5¢-TGC ACT ATG GTT ACA AAA GCT GG-3¢ F NM_011198.3
5¢-TCA GGA AGC TCC TTA TTT CCC TT-3¢ R

hGAPDH 5¢-GGA GCG AGA TCC CTC CAA AAT-3¢ F NM_002046.4
5¢-GGC TGT TGT CAT ACT TCT CAT GG-3¢ R

hiNOS 5¢-CAT CCT CTT TGC GAC AGA GAC-3¢ F NM_000625.3
5¢-GCA GCT CAG CCT GTA CTT ATC-3¢ R

hCOX2 5¢-CAG CAC TTC ACG CAT CAG TT-3¢ F NM_000963.2
5¢-CGC AGT TTA CGC TGT CTA GC-3¢ R

F, forward; h, human; m, mouse; R, reverse.
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species, generating a highly fluorescent molecule 2,7 di-
chlorodihydrofluorescein (DCF). Fluorescence intensity of
DCF (Excitation 480 nm/Emission 530 nm) was proportional
to the total ROS/RNS levels in the unknown sample and ROS/
RNS content was determined compared with known DCF
standards. For this assay, PBS- or GLY-treated B6 mice (n = 5/
group/time) were sacrificed at 3 and 5 days p.i. and corneas
(normal and infected) harvested. Corneas were homogenized
in 500mL of cold PBS and centrifuged at 10,000 g for 5 min. A
50mL aliquot of each supernatant was added to a 96-well black
microtiter plate in duplicate and incubated with 50mL of cat-
alyst for 5 min and followed by incubation with 100mL DCFH
for 30 min. DCF fluorescence was measured and total ROS/
RNS concentration (nM/cornea) in corneal homogenates de-
termined. Results = total ROS/RNS concentration – SEM.

Griess assay

Nitric oxide (NO) production in the cornea was measured
using Griess reagent (Sigma-Aldrich). Infected GLY- or
PBS-treated mice (n = 5/group/time) were sacrificed at 3 and
5 days p.i. and normal and infected corneas harvested.
Corneal samples were homogenized in 500 mL of sterile,
degassed PBS and centrifuged at 3,500 rpm for 5 min. One
hundred microliters aliquots were incubated with 100mL of

Griess reagent for 15 min at room temperature. Absorbance
was measured at 570 nm and nitrite concentration calculated
using a sodium nitrite standard curve. The data are reported
as nitrite concentration – SEM.

Statistical analysis

The difference in clinical score between 2 groups was
analyzed by the Mann–Whitney U test (GraphPad Prism, San
Diego, CA). For comparison of 3 or more groups (plate count,
ELISA), a one-way ANOVA followed by the Bonferroni’s
multiple comparison test (GraphPad Prism) was used. For all
other experiments (ELISA, MPO, plate count, total ROS/
RNS, and Griess assay), an unpaired, 2-tailed Student’s t-test
determined significance. For each test, P £ 0.05 was consid-
ered significant; data are shown as mean – SEM. Experiments
were repeated at least once for reproducibility.

Results

Ocular response to GLY topical treatment

For topical GLY versus PBS, treatment was begun at 8 h
p.i. (Fig. 1A–C), clinical scores (Fig. 1A) showed signifi-
cantly reduced disease only at 3 (P < 0.05), but not at 5

FIG. 1. Disease response: GLY top-
ical treatment. For GLY versus PBS
topical treatment begun at 8 h p.i.,
clinical scores (A) were reduced sig-
nificantly only at 3 days p.i. No dif-
ference in clinical scores was seen
between the groups at 1 and 5 days p.i.
(n = 10/group/time). Photographs taken
with a slit lamp at 5 days p.i. from
PBS- (B) and GLY-treated (C) eyes of
B6 mice illustrate the disease response.
For treatment began at 6 h p.i., clinical
scores (D) were reduced significantly
at 1, 3, and 5 days p.i. (n = 12/group/
time) after GLY. Photographs taken
with a slit lamp at 5 days p.i. from
PBS- (E) and GLY-treated (F) eyes
confirmed reduction in opacity with
less cellular infiltrate after GLY treat-
ment. Data were analyzed using a
nonparametric Mann–Whitney U test.
Horizontal lines indicate median val-
ues. Magnification (B, C) = 8 · . GLY,
glycyrrhizin; PBS, phosphate-buffered
saline; p.i., postinfection.
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FIG. 2. HMGB1, RAGE,
TLR4, and TNF-a ELISA:
GLY topical treatment (6 h
p.i.). Corneal protein levels
of HMGB1 (A), RAGE (B),
TLR4 (C), and TNF-a (D)
were reduced significantly at
3 and 5 days p.i. after GLY
versus PBS topical treatment.
No difference in protein lev-
els was seen between groups
for normal uninfected (N)
cornea (A–D). All data are
mean – SEM and were ana-
lyzed using a 2-tailed Stu-
dent’s t-test (n = 5/group/
time). ELISA, enzyme-
linked immunosorbent assay;
HMGB1, high-mobility
group box 1; SEM, standard
error of the mean.

FIG. 3. CXCL2 ELISA, MPO assay, his-
topathology and plate count: GLY topical
treatment (6 h p.i.). Corneal protein levels of
CXCL2 (A) were reduced significantly only
at 5 days p.i. after GLY treatment with no
difference between groups at 3 days p.i. or in
normal uninfected (N) cornea. MPO levels
(B) were reduced significantly at 3 and
5 days p.i. in the infected, GLY- versus
PBS-treated cornea. After GLY treatment,
bacterial plate counts (D) were reduced
significantly only at 3 and 5 days p.i. with no
difference at 6 h or 1 day p.i. All data are
mean – SEM and were analyzed using a 2-
tailed Student’s t-test (n = 5/group/time).
Histopathology (C-a, b) revealed a heavy
cellular infiltrate in the stroma and anterior
chamber of PBS-treated eye at 5 days p.i.
(C-a). The eyes of GLY-treated (C-b) mice
showed fewer infiltrated cells into cornea
and anterior chamber, and less edema, at
5 days p.i. Magnification (C-a, b) = 30 · ,
n = 3/group/time. MPO, myeloperoxidase.
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FIG. 4. Effects of GLY on
modulation of oxidative stress
in vitro. Real-time reverse
transcription-PCR showedsig-
nificantly reduced mRNA ex-
pression for iNOS (A) and
COX-2 (B) after GLY treat-
ment in LPS or ultrapure LPS-
stimulated mouse peritoneal
Mf. For LPS or ultrapure LPS
stimulated, GLY-treated hu-
man THP-1 Mf, relative
mRNA levels were also re-
duced significantly for iNOS
(C) and COX-2 (D). Human
THP-1 Mf incubated with 10
MOI KEI 1025 showed sig-
nificant reduction in mRNA
levels of iNOS (E) and COX-2
(F) after GLY treatment. No
difference in relative mRNA
levels was seen for unstimu-
lated, GLY- versus media-
treated mouse and human Mf.
All data are mean – SEM and
were analyzed using a 2-tailed
Student’s t-test (n = 5/group/
time). LPS, lipopolysaccha-
ride; MOI, multiplicity of in-
fection; PCR, polymerase
chain reaction.

FIG. 5. Effects of GLY on modulation of oxidative stress in vivo. GLY versus PBS topical treatment significantly reduced
total ROS/RNS (A) concentration in the uninfected normal cornea (N) and the infected cornea at 3 and 5 days p.i. Corneal
nitrite levels (B) were also reduced significantly in the GLY- versus PBS-treated infected cornea at 3 and 5 days p.i. Nitrite
levels were not different in the uninfected normal cornea (N) between the groups. All data are mean – SEM and were
analyzed using a 2-tailed Student’s t-test (n = 5/group/time). ROS/RNS, reactive oxygen/nitrogen species.
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(P = 0.09) days p.i. (n = 10 mice/group/time). Photographs
taken with a slit lamp (Fig. 1B, PBS and C, GLY) at 5 days
p.i. illustrate the lack of protection for this treatment time.
However, the infected corneas of GLY-treated mice, began
at 6 h p.i., exhibited significantly less disease and lower
clinical scores (Fig. 1D) than PBS-treated mice (n = 12
mice/group/time), at 1 (P < 0.05), 3 (P < 0.05), and 5
(P < 0.01) days p.i. Photographs taken with a slit lamp of
representative eyes from PBS- (Fig. 1E) and GLY-treated
(Fig. 1F) mice at 5 days p.i. depict reduced opacity after
GLY treatment.

GLY topical treatment effects proinflammatory
molecules

The above studies established that a 6 h p.i. time window
was optimum for treating with GLY, and thus was studied
further. GLY versus PBS treatment downregulated HMGB1
protein expression (Fig. 2A) significantly at 3 (P < 0.005)
and 5 (P < 0.001) days p.i. Protein expression of other
proinflammatory molecules, including RAGE (Fig. 2B:
P < 0.001 and P < 0.005 at 3 and 5 days p.i.), TLR4 (Fig. 2C:
P < 0.05 and P < 0.005 at 3 and 5 days p.i.), and TNF-a
(Fig. 2D: P < 0.05 and P < 0.001 at 3 and 5 days p.i.) also
were significantly downregulated in the GLY versus PBS
group. Protein levels did not differ significantly in normal
(N) corneas for either group (Fig. 2A–D).

Similar GLY treatment reduced the inflammatory
environment

GLY treatment significantly decreased CXCL2 protein
expression (Fig. 3A) only at 5 (P < 0.05) days p.i. CXCL2
protein was not detected in the uninfected normal (N) cornea
and was reduced slightly but not significantly at 3 days p.i.
after GLY treatment. An MPO assay (Fig. 3B) revealed
significantly reduced levels of neutrophils in the GLY-
versus PBS-treated cornea at both 3 (P < 0.05) and 5
(P < 0.005) days p.i. Infected GLY- and PBS-treated eyes
also were examined histologically (Fig. 3C). Reflective of
the MPO data, GLY treatment markedly reduced the cellular
infiltrate in the corneal stroma and anterior chamber of the
infected eye at 5 days p.i. (Fig. 3C-b). In contrast, PBS-

treated eyes displayed denudation of the epithelium, a hea-
vier stromal infiltrate with degradation and edema at 5 days
p.i. (Fig. 3C-a). Bacterial plate counts (Fig. 3D) were used
to detect viable bacteria in the infected cornea after GLY or
PBS treatment. GLY treatment revealed reduced bacterial
load at day 3 (P < 0.05) and 5 (P < 0.001), but not at 1 day
p.i. or at 6 h p.i. (before treatment initiated) compared with
PBS (Fig. 3D).

GLY effects oxidative stress

In vitro studies tested the effects of GLY on mRNA ex-
pression of oxidative stress associated molecules, iNOS and
COX-2 using LPS or ultrapure LPS-stimulated mouse and
human Mf (Fig. 4A–D). For mouse peritoneal Mf, GLY
significantly reduced iNOS (Fig. 4A: P < 0.001; for LPS and
ultrapure LPS) and COX-2 (Fig. 4B: P < 0.05; LPS and
P < 0.005; ultrapure LPS). GLY treatment also significantly
reduced iNOS expression (Fig. 4C: P < 0.05; LPS and
P < 0.001; ultrapure LPS) and COX-2 (Fig. 4D: P < 0.05;
LPS and P < 0.001; ultrapure LPS) in human Mf. In addi-
tion, human Mf were incubated with 10 MOI of the bacteria
and GLY significantly reduced mRNA levels of both iNOS
(Fig. 4E: P < 0.01) and COX-2 (Fig. 4F: P < 0.001).

In vivo, GLY versus PBS topical treatment after infection
significantly reduced total ROS/RNS in the cornea (Fig. 5A)
at 3 (P < 0.005) and 5 (P < 0.001) days p.i. Total ROS/RNS
levels also were reduced significantly in the uninfected,
normal contralateral cornea (P < 0.001) in the GLY versus
PBS group. Corneal nitrite levels (Fig. 5B) were reduced
significantly in the GLY- versus PBS-treated infected cor-
nea at 3 and 5 days p.i. (P < 0.005). Nitrite levels were not
different in the normal (N) cornea between groups.

Effects of TOB–GLY topically at 6 or 24 h p.i

Figure 6 shows clinical scores (Fig. 6A) and bacterial plate
counts (Fig. 6B) at 1 day p.i. where treatment began at 6 h p.i.
At 1 day p.i., the infected corneas were clear (clinical score = 0)
for TOB alone or TOB+GLY-treated groups compared with
PBS or GLY alone (clinical score = +1). Viable bacterial plate
counts (Fig. 6B) were reduced significantly for TOB+GLY
versus TOB alone (P < 0.001), indicating GLY potentiated

FIG. 6. Disease response and plate count:
TOB–GLY topical treatment at 6 h p.i
Clinical scores (A) were not significantly
different between treatment groups (PBS,
GLY, TOB–GLY) at 1 day p.i. Viable bac-
terial load (B) was reduced significantly at
1 day p.i. for TOB+GLY versus TOB alone
and TOB–GLY versus PBS or GLY groups.
No difference in bacterial plate count was
seen for GLY versus PBS at 1 day p.i.
Clinical score data were analyzed using a
nonparametric Mann–Whitney U test. Hor-
izontal lines indicate the median values.
n = 5/group/time. Plate count data are shown
as mean – SEM and were analyzed using
one-way ANOVA followed by the Bonfer-
roni’s multiple comparison test. n = 5/group/
time. TOB, tobramycin.
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TOB effects. In addition, bacterial load after treatment with
TOB alone or TOB+GLY was significantly reduced compared
with PBS or GLY groups (P < 0.001 for all comparisons).
When treatment was initiated at 24 h p.i. (Fig. 7A–H), clinical
scores (Fig. 7A) were reduced significantly for the TOB+GLY-
treated group (P < 0.05 at 2 and P < 0.001 at 3 days p.i.) com-
pared with PBS. Significant differences also were seen when
comparing TOB versus PBS (P < 0.05) at 3 days p.i. Clinical
scores did not differ significantly between the other groups at
all times. Photographs taken with a slit lamp (Fig. 7B–D) at
3 days p.i., showed less opacity in the TOB+GLY-treated eyes
(Fig. 7D) compared with PBS (Fig. 7B) or TOB alone
(Fig. 7C). Infected eyes also were examined histologically
(Fig. 7E–G) after PBS or TOB–GLY. TOB–GLY treatment

reduced the cellular infiltrate in the corneal stroma and anterior
chamber of the infected eye at 3 days p.i. (Fig. 7F, G) and
corneal edema when compared with PBS (Fig. 7E). When
comparing TOB+GLY versus TOB alone, corneal edema and
the anterior chamber infiltrate were minimal, agreeing with the
photographs taken with a slit lamp. Viable bacterial load
(Fig. 7H) was reduced significantly for TOB–GLY versus PBS
at both 2 and 3 days p.i. (P < 0.001; for both). Load also was
reduced significantly for TOB+GLY versus TOB alone at 2 and
3 days p.i. (P < 0.001). In a similar experiment, protein ex-
pression was reduced significantly for CXCL2 (Fig. 8A,
P < 0.001) and IL-1b (Fig. 8B, P < 0.001) at 2 and 3 days p.i. for
TOB–GLY versus PBS groups. For TOB+GLY versus TOB
alone, protein expression was reduced significantly only at

FIG. 7. Disease response and
plate count: TOB–GLY topical
treatment at 24 h p.i. At 2 and
3 days p.i., clinical scores (A)
were reduced significantly only
for the TOB+GLY versus PBS
group. Photographs taken with
slit lamp at 3 days p.i. (B–D)
show reduced opacity in the
TOB+GLY treated eyes (D)
compared with PBS (B) or TOB
alone (C). Histopathology (E–
G) revealed a heavy cellular in-
filtrate in the stroma and anterior
chamber of PBS-treated eye at
3 days p.i. (E). The eyes of TOB-
treated (F) and TOB+GLY-
treated (G) mice showed fewer
infiltrated cells into cornea and
anterior chamber, and less ede-
ma, at 3 days p.i., with best ef-
fects seen for the TOB+GLY-
treated cornea. Magnification =
30 · , n = 3/group/time. At 2 and
3 days p.i., viable bacterial load
(H) was reduced significantly for
TOB+GLY versus TOB alone
and TOB–GLY versus PBS
groups. Clinical score data were
analyzed using a nonparametric
Mann–Whitney U test. Hor-
izontal lines indicate median
values. Magnification (B–D) =
8 · , n = 10/group/time. Plate
count data are shown as mean –
SEM and were analyzed using
one-way ANOVA followed by
the Bonferroni’s multiple com-
parison test. n = 5/group/time.
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2 days p.i. for CXCL2 (Fig. 8A, P < 0.05) and IL-1b (Fig. 8B,
P < 0.05). No differences in expression of these proteins were
detected in the normal (N), uninfected cornea.

Discussion

Currently, intensive antibiotic therapy with broad spec-
trum or fortified antibiotics is used to treat Pseudomonas
keratitis, but with emergence of multidrug-resistant strains,
alternative treatment strategies remain an urgent need.27,28

Nonantibiotic therapies, including use of corticosteroids and
phototherapy (corneal cross-linking)5,13 have limitations,
and their use clinically remains controversial. To approach
this problem, we recently have shown that elevated levels of
extracellular HMGB1, an alarmin, amplifies inflammation in
P. aeruginosa-induced keratitis.9 In the keratitis model,
several strategies were used successfully to target HMGB1,
including silencing and antibody neutralization.9

Use of small molecule inhibitors such as GLY or its de-
rivatives, to attenuate HMGB1-mediated disease progression
also have had success in prophylactic treatment of keratitis.10

GLY is a natural compound that has been used with no adverse
effects for treatment of diseases in other animal models,29–32 as

well as clinically in chronic hepatitis,33 and blepharitis.20 Its
18-b glycyrrhetinic acid moiety directly binds HMGB1, in-
hibiting extracellular secretion and proinflammatory effects.34

Since prophylactic studies have little clinical applicabil-
ity,9,10 but do provide proof of principle to guide therapeutic
testing, we first determined how long after infection could
topical treatment with GLY be delayed (6 and 8 h tested).
Although 8 h was not protective, treatment initiated at 6 h
p.i. significantly reduced corneal disease (clinical score) as
well as HMGB1 protein expression. These data are consis-
tent with other studies using GLY administered by various
routes (e.g., systemic) that also showed reduced expression
of HMGB1.10,32,35–39 This confirms the ability of GLY to
overcome drug delivery barriers to downregulate HMGB1
expression, regardless of the administration route.

HMGB1 has a myriad of functions and is involved in au-
tocrine and paracrine positive feedback mechanisms, which
sustain inflammation and contribute to disease pathogene-
sis.40 For instance, it interacts with Toll-like receptors (TLRs)
and RAGE activating downstream inflammatory cas-
cades6,40,41 leading to activation of NFkB, which upregulates
expression of proinflammatory mediators, including TLRs
and RAGE. This is due to the presence of NFkB-binding sites
on the promotor regions of those receptors.40

In addition, it also has been reported that there is a proin-
flammatory feedback loop between HMGB1 and TNF-a
which sustains inflammation.40,42 Keeping this scenario in
mind, we also tested and found that GLY therapy could
modify HMGB1-mediated upregulation of RAGE, TLR4, and
TNF-a. These data are consistent with in vitro studies by Zhao
et al.,39 using rat alveolar macrophage NR8383 cells (stimu-
lated with LPS or HMGB1), who found that GLY treatment
reduced interaction between HMGB1, RAGE, and TLR4.

Neutrophils are the predominate infiltrating cells in P.
aeruginosa keratitis. They function to phagocytize and kill
invading microorganisms, but their persistence contributes
to disease pathogenesis.43 HMGB1 triggers neutrophil-
mediated inflammation and tissue damage via TLR and
RAGE-mediated pathways.44,45 In addition, during P. aer-
uginosa keratitis, activated corneal cells (epithelial and fi-
broblasts) produce chemoattractant cytokines, including
CXCL2 and CXCL5, which together recruit neutrophils to
the corneal stroma.46 In this study, GLY topical treatment
after infection reduced protein expression of CXCL2 and, in
turn, neutrophil infiltration. This provides evidence that
GLY can modulate the infiltration of these cells, even when
therapy is delayed versus given prophylactically.10

During inflammation, Mf are the main source of NO43

and PGE2.47 In Mf, iNOS produces NO from l-arginine,
using NADPH and O2, while COX-2 converts arachidonic
acid to produce PGE2. In response to various inflammatory
stimuli, both NO and PGE2 interact with other chemokines
and cytokines to generate ROS and RNS species, which are
responsible for oxidative damage to the site of infection,
despite their profound anti-inflammatory/antimicrobial ac-
tivity. Especially in ocular pathologies, excess production of
ROS and RNS increases cytotoxicity, causing tissue damage
and if in cornea, loss of corneal clarity.48

In the current study, we found that GLY suppressed iNOS
and COX-2 expression in human and murine Mf stimulated
by LPS, TLR4-specific ultrapure LPS (latter used because it
only interacts with TLR4), and 10 MOI of bacterial isolate
KEI 1025. The latter provides evidence that GLY has a

FIG. 8. CXCL2 and IL-1b ELISA: TOB–GLY topical
treatment at 24 h p.i. Protein expression of CXCL2 (A) and IL-
1b (B) was reduced significantly for the TOB–GLY versus PBS
group at 2 and 3 days p.i. For the TOB+GLY versus TOB alone
group, CXCL2 (A) and IL-1b (B) protein expression was re-
duced significantly only at 2 days p.i. For both proteins, no
difference between groups was seen for TOB+GLY versus TOB
alone at 3 days p.i. and for normal, uninfected (N) cornea. All
data are mean – SEM and were analyzed using a one-way AN-
OVA followed by the Bonferroni’s multiple comparison test.
n = 5/group/time.
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broader effect on bacterial virulence factors and is not
limited to affecting LPS alone. Differences in the effects of
GLY between the 2 groups (Fig. 4A–D) suggested that GLY
may affect HMGB1/TLR4 signaling. Moreover, GLY topi-
cal treatment after infection significantly reduced the pro-
duction of ROS and RNS in the P. aeruginosa-infected
cornea, with better disease outcome. Consistent with these
findings, Vitali et al.49 used LPS (not ultrapure)-stimulated
Mf, and a mouse model of colitis and similarly showed that
GLY inhibits the expression of iNOS and COX-2.

In addition to its anti-inflammatory/antimicrobial activity,
GLY functions to bioenhance other drugs, including anti-
microbials.50–54 It does this due to its physiochemical
properties, including its ability to increase membrane per-
meability and form micelle-like aggregates.53,54 These fea-
tures enhance the solubility, availability, and therapeutic
efficacy of less soluble hydrophobic pharmaceutical com-
pounds. In the present study, topical combined therapy at 6 h
p.i. using TOB, an amphiphilic aminoglycoside antibiotic,55

and GLY enhanced the therapeutic effects of the antibiotic
and significantly reduced viable bacterial load compared
with antibiotic alone. Unfortunately, we do not know the
mechanism involved, but it is possible that GLY reduced
TOB hydrophobicity.

Most relevant clinically, when similar treatment was de-
layed to 24 h p.i., the therapeutic efficacy of GLY together
with TOB was again evident with improved disease clinical
scores, reduced opacity, remarkably improved histopathology,
reduced bacterial plate count, and reduction in expression of
chemoattractant cytokines compared with all other treatments.

In summary, we provide evidence that GLY, FDA approved
as a food supplement,56 when given topically after infection
improves disease outcome, regulates HMGB1-mediated in-
flammatory effects, bacterial viability, and is therapeutic in
P. aeruginosa keratitis. It also significantly potentiates the
effects of an antibiotic, TOB, by bioenhancing its effects even
when treatment is delayed to 24 h p.i. Finally, in vitro, GLY
modulates Mf release of oxidative stress-associated mole-
cules not only in mouse but also in human cells, providing a
tantalizing relevance to human treatment paradigms.
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