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Purpose: Although a comprehensive knowledge of antibiotic/corticosteroid
combinations is essential for the appropriate treatment of eye infections, the
impact of their co-administration has not been well studied to date. A systematic
pharmacodynamic/pharmacokinetic study to determine the effects of cotreatment
with various antibiotics and corticosteroids was conducted.

Methods: Four bacterial strains, seven antibiotics, and four corticosteroids were used in
the analyses. Drug interactions were evaluated by considering antibacterial effects with
a checkerboard assay and intracellular concentrations in human corneal epithelial cells.

Results: The drug combinations that showed the most stable effects against
Pseudomonas aeruginosa was levofloxacin-prednisolone. Stable combinations against
the three types of Gram-positive bacteria were neomycin-prednisolone, ofloxacin-
dexamethasone, ofloxacin-prednisolone, and polymyxin-dexamethasone. The cellular
concentrations were changed for the gatifloxacin-fluorometholone, moxifloxacin-
fluorometholone, tobramycin-dexamethasone, and tobramycin-prednisolone combi-
nations.

Conclusions: Loteprednol and fluorometholone reduced the antibacterial effects of all
of the tested antibiotics in this study. Dexamethasone andprednisolone showed various
effects in this regard, depending on the co-administered antibiotic. Prior knowledge of
specific antibiotic/corticosteroid interactions provides valuable information to clinical
practitioners by combining data on the antibacterial and intracellular uptake effects of
their co-administration.

Translational Relevance: When using antibiotics and corticosteroids, drug
combinations can be selected by referring to the results of this study.

Introduction

Interactions between systemic medications are an
important issue for clinicians and their patients and

numerous studies have focused on this topic, ranging
from in vitro/in silico to in vivo analyses. Recently,
such information has been integrated in the process of
developing new drugs, leading to more sophisticated
treatment approaches.1,2
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However, drug interactions tend to receive little
attention in the field of ophthalmology, despite
the routine of administration of multiple topical
ophthalmic medications to patients simultaneously or
sequentially.3 One common scenario with respect to
drug interactions is the concurrent use of two types
of eye drops, typically involving an antibiotic prepa-
ration to prevent bacterial infection and a corticos-
teroid to control intraocular inflammation. Antibi-
otics are routinely used to prevent serious postsur-
gical complications, such as endophthalmitis, which
can cause significant vision loss and, in extreme
cases, loss of the eye.4 Along with antibiotics, the
use of corticosteroids is essential to control intraoc-
ular inflammatory response after intraocular surgery,
such as cataract surgery.5 Steroids can be effective
in preventing or reducing the severity of cystoid
macular edema after cataract surgery.6 In addition
to intraocular surgery, topical antibiotics and corti-
costeroids are simultaneously applied to the ocular
surface for the treatment of bacterial keratitis.7–9
Bacteria account for most cases of infectious kerati-
tis. The onset of bacterial keratitis involves penetra-
tion of the corneal epithelium and superficial stromal
layer by these pathogens, and their subsequent repli-
cation in the host tissue.10–13 A key component of
the effective treatment of bacterial keratitis is the
administration of antimicrobial agents to eliminate
the causative bacteria at an early stage. Corticos-
teroids are also recommended to reduce corneal tissue
damage and restore vision by inhibiting the inflamma-
tory response.14,15 Corticosteroids have been known
to inhibit collagen degradation by corneal fibrob-
lasts and to attenuate the infiltration of mononuclear
cells, consequently inhibiting the interaction between
polymorphonuclear neutrophils and corneal fibrob-
lasts.16,17 Corticosteroids can be applied as an adjunc-
tive therapy in patients with bacterial keratitis.14 Thus,
in this situation, it is necessary to ascertain which
corticosteroids increase or at least do not impede the
antibacterial effect of antibiotics when administered in
combination.

It is notable that few studies to date have system-
atically presented information on the interactions
between antibiotics and corticosteroids in the eyes. The
present study evaluated the interactions between seven
antibiotics and four corticosteroids that are commonly
used in the ophthalmic field for the four bacteria that
most commonly cause corneal infection.18 An in vitro
system was used to focus on changes in the antibacte-
rial effect of antibiotics and to reveal the mutual effects
of various combinations of antibiotics and corticos-
teroids, without considering the immunologic reactions
that can be seen in corneal infections.

Materials and Methods

Cell Line Management

Human corneal epithelial (HCE) cells were
maintained in Dulbecco’s modified eagle’s medium
(LM001-05, Welgene, Korea) supplemented with 10%
fetal bovine serum (16000044, Gibco, USA) without
penicillin/streptomycin. Cells were incubated at 37°C
in a 5% CO2 humid incubator.

Bacteria Management

The 4 species of bacteria accounting for the highest
frequency of ocular infections were selected by
accumulating 10 years’ worth of identified bacte-
rial information in bacterial keratitis patients.18
Pseudomonas aeruginosa, Staphylococcus aureus,
Staphylococcus epidermidis, and Streptococcus
pneumoniae were provided by professor Jeon Han
Park and Kyungwon Lee at Yonsei University College
of Medicine. P. aeruginosa and S. aureus were grown
on Luria-Bertani broth (L3022, Sigma-Aldrich, USA).
S. epidermidis and S. pneumoniae were grown on brain
heart infusion broth (MB-B1008, MBcell, Korea). All
bacterial strains were cultured in media for 18 hours
at 37°C, 150 rpm in a shaking incubator. All strains
were stored in cryogenic vials at −70°C with media
containing 25% glycerol.

Colony Forming Unit Measurement

Colony forming unit (CFU) measurement was
performed according to a previous paper.19 CFU
measurement was performedwithMuellerHinton agar
(MHA; MB-M1033, MBcell). After culturing each
bacterium by incubation in media, 10 bacteria samples
were diluted and seeded onMHAplates. After 16 hours
of incubation at 37°C, colony numbers were counted to
determine the CFUs of bacteria. One × 106 CFU/mL
of bacterial solutions were prepared for experiments to
a final concentration of 5 × 105 CFU/ mL.

Minimum Inhibitory Concentration Values

The minimum inhibitory concentration (MIC)
value was measured as previously described.19 The
MIC value of the antibiotic was determined as the
average of the values determined from three indepen-
dent tests. Various concentrations of antibiotics were
added to a 96-well plate inoculated with 5 × 105 CFU/
mL of each bacteria separately. After 24 hours, optical
density was measured at 600 nm (OD 600) using a
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microplate spectrophotometer (Epoch; Biotek, USA)
to determine microbial growth. The minimum concen-
tration of each drug for which no bacterial growth
could be detected was designated the MIC (MIC100).

Antibiotics and Corticosteroids Interaction
Analysis

We selected seven antibiotics widely used in
the ophthalmic field (gatifloxacin, levofloxacin,
moxifloxacin, neomycin, ofloxacin, polymyxin,
and tobramycin) and four corticosteroids (dexam-
ethasone, fluorometholone, loteprednol, and
prednisolone). Gatifloxacin (1288408), levofloxacin
(28266), moxifloxacin (SML1581), neomycin (N6386),
ofloxacin (O8757), polymyxin (P4932), tobramycin
(T4014), dexamethasone (D4902), fluorometholone
(F9381), loteprednol (SML0547), and prednisolone
(P6004) were all purchased from Sigma-Aldrich. Full-
scale antibiotic/corticosteroid interaction analysis was
conducted with the MIC values obtained for these
seven different antibiotics against the four bacterial
strains that were tested (Supplementary Fig. S1), using
a previously described checkerboard assay.19,20 Then,
50 μL of media was added to each well of a 96-well
plate and 50 μL of serially diluted antibiotic solution
added from row A to row H of the 96-well plate. The
final concentrations of antibiotic were 8 MICs (row
A), 4MICs (row B), 2MICs (row C),MIC (rowD), 1/2
MICs (row E), 1/4 MICs (row F), 1/8 MICs (row G),
and 0 (row H). Subsequently, 50 μL of corticosteroid
was added in different concentrations (0 to 1000 μM)
to each column. Finally, 100 μL of bacteria was added
to a final concentration of 5 × 106 CFU/ mL to each
well. After 24 hours of incubation at 37°C, OD 600
was measured using a microplate spectrophotometer.

Drug Concentration Measurement in Cells
Using Liquid ChromatographyWith Tandem
Mass Spectrometry

HCE cells were seeded on 60mmdish at a density of
200,000 cell/dish and maintained at 37°C in a 5% CO2
humid incubator. After 24 hours, cells were treatedwith
100 μMantibiotic and corticosteroid for 48 hours. Cells
were harvested using 0.25% trypsin-ethylene-diamine-
tetraacetic acid solution (LS015-10, Welgene) and
washed with phosphate buffered saline (IBS-BP007,
Intron Biotechnology, Korea). Then, 400,000 cells were
moved into Eppendorf tubes and centrifuged at 3000
rpm for 3minutes. Subsequently, the supernatants were
removed and cells were stored at −70°C.

Further, 200 μL of distilled water was added to the
cell pellet andmixed gently, then ultrasonicated for 1 to
2 minutes. Thereafter, lysis buffer (50 μL) and internal
standard solution (methyltestosterone 100 ng/ mL in
methanol, 10 μL) were added and mixed for 3 seconds.
Methanol (50 μL) was then added and the solution was
mixed again for 30 seconds. Samples were centrifuged
at 12,000 rpm at 4°C for 2 minutes. Formic acid (0.1%,
80 μL) was added to the supernatant, giving a final
volume of 320 μL. After mixing the samples well, 20
μL was used in the experiment.

Liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis was performed
using AB SCIEX 4000 Q Trap LC-MS/MS and
Shimadzu LC 20A systems. The intracellular drugs
were expressed as amount per cell. The amount of
intracellular drugs was converted into logscales and
analyzed as a t-test.

Statistical Analysis

A simple linear regression approach was used to
correlate the co-administered corticosteroid concen-
trations from the checkerboard assay results with the
antibacterial effects of the antibiotics. A linear function
using the corticosteroid concentration as an indepen-
dent variable and the antibacterial effect as a dependent
variable was generated, and correlations were deter-
mined using the slope and P value of the straight line.
An unpaired t-test was used to compare changes in the
antibacterial effects of the antibiotics in the presence
or absence of corticosteroids. Because two types of
statistical analysis were performed based on one experi-
mental result, a Bonferroni correction was applied with
significance set at a P value of 0.025.

A ratio paired t-test was used to compare changes
in the intracellular drug concentrations. In this case,
statistical differences were defined as significant when
the P value was less than 0.05.

Results

The schema for this present study, which aimed
to explore the interactions between co-administered
antibiotics and corticosteroids for the treatment of
bacterial infections of the cornea, is presented in
Figure 1. After it was confirmed whether a particu-
lar corticosteroid had an impact on the effectiveness of
an antibiotic in a combination treatment, changes in
the concentrations of these co-administered drugs in
human corneal cells were assessed.
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Figure 1. Study flow chart. The antibacterial impact of co-administering antibiotics with corticosteroids was confirmed for four types of
bacteria. Corticosteroids that either lowered or had no effect on the effect of the combined antibioticwere identified. Drug interactionswere
also evaluated through an analysis of the concentration changes of these agents in human corneal cells.

Pharmacodynamic Interactions

Prior to the interaction experiment, the MIC values
of seven antibiotics for four types of bacteria were
measured. Supplementary Figure S1 shows bacterial
survival rates according to antibiotic concentration,
and the obtained MIC values are briefly summarized
in Supplementary Table S1. Overall, the MIC value of
six antibiotics was highest in S. pneumoniae.

Checkerboard assayswere conducted to evaluate the
interaction between antibiotics and corticosteroids in
terms of antibacterial effects using MIC value infor-
mation. The antibacterial effects were expressed as
the survival rate of the bacteria after drug treatment
(Supplementary Fig. S2). The survival rates of the
bacteria exposed to corticosteroids over a 0 to 1000 μM
range and the MIC of the antibiotics are shown as an
x-shaped point. Linear regression analysis was used to
determine whether the antibacterial effect was affected
by an increased concentration of corticosteroids. As
shown in Supplementary Figure S2, this is expressed
as a straight line and the detailed formula is provided
in Supplementary Table S2. The data indicated that
as the concentration of a corticosteroid increased, the

effectiveness of the co-administered antibiotic tended
to decrease (upward direction of the regression lines
and P values < 0.025).

The antibacterial outcomes when the highest
concentration of a corticosteroid (1000 μM) was
administered in combination were next compared with
those from using the same antibiotic alone (Supple-
mentary Fig. S3). The average value of the antibacterial
effects of the antibiotics at concentrations above the
MIC (1, 2, and 4 MIC; see Supplementary Fig. S3)
was compared between the antibiotic administered
alone and in combination with the corticosteroid
(Fig. 2; detailed data and P values are provided in
Supplementary Table S3).

For Pseudomonas aeruginosa, the antibacterial
effects of gatifloxacin, ofloxacin and polymyxin were
not weakened when combined with dexamethasone
(P = 0.038, 0.035, and 0.032, respectively), or of
gatifloxacin, levofloxacin, ofloxacin and polymyxin
coadministered with prednisolone (P = 0.044, 0.35,
0.068, and 0.044, respectively).

For S. aureus, there was no change in the antibac-
terial effects of levofloxacin, neomycin, ofloxacin,
and polymyxin when they were combined with



Corticosteroid-Antibiotic Interactions in Cornea TVST | May 2023 | Vol. 12 | No. 5 | Article 16 | 5

Figure 2. Changes in the effect of antibiotics in the presence or absence of corticosteroids. The antibacterial effects of seven different
antibiotics were evaluated when administered alone or in combination with four types of corticosteroids (at a 1 mM concentration). These
assessments were conducted using the four indicated bacterial strains. Two points are connected on the X-axis and represented by lines.
The left and right points represent the bacterial survival ratewhen antibiotics are administered alone or in combinationwith corticosteroids,
respectively. The average and standard deviation values for the antibacterial effects of each tested antibiotic at a concentration above the
MIC (MIC, 2 MICs, and 4 MICs) were then calculated. The black line denotes treatment with or without dexamethasone, the red line with
or without fluorometholone, the green line with or without loteprednol, and the gold line with or without prednisolone. Comparisons
between the groups with or without the co-administration of corticosteroids were conducted using an unpaired t-test. This experiment was
conducted three times independently. The asterisks indicate the resultswith a P value of less than 0.05. Detailed numerical values are listed in
Supplementary Table S3.

dexamethasone (P = 0.116, 0.046, 0.061, and
0.068, respectively), or of gatifloxacin, levofloxacin,
neomycin, ofloxacin, and tobramycin when co-
administered with prednisolone (P = 0.029, 0.032,
0.113, 0.03, 0.034, and 0.052, respectively).

In the case Staphylococcus epidermidis, the antibac-
terial effects of levofloxacin, moxifloxacin, neomycin,
ofloxacin, polymyxin, and tobramycin did not change
when they were combined with dexamethasone (P =
0.178, 0.025, 0.066, 0.067, 0.167, and 0.108, respec-
tively), or of neomycin and ofloxacin co-administered
with fluorometholone (P = 0.028 and 0.026, respec-
tively) or of levofloxacin, moxifloxacin, neomycin, and
polymyxin co-administered with prednisolone (P =
0.425, 0.94, 0.077, and 0.198, respectively).

For Streptococcus pneumoniae, the antibacterial
effects of gatifloxacin, levofloxacin, moxifloxacin,
neomycin, ofloxacin, polymyxin, and tobramycin were
not affected when these drugs were combined with
dexamethasone (P = 0.259, 0.046, 0.054, 0.128,
0.091, 0.116, and 0.044, respectively), nor were those
of gatifloxacin, moxifloxacin, neomycin, ofloxacin,

polymyxin, and tobramycin in combination with
prednisolone (P = 0.055, 0.054, 0.081, 0.088, 0.032,
and 0.068, respectively). In all of the remaining combi-
nations tested in these analyses, it was observed that
the effect of the antibiotics was weakened by co-
administering corticosteroids (all P< 0.025). The most
stark example of this loss of effectiveness was with
the combination of ofloxacin and fluorometholone,
in which S. aureus showed a 58.66% survival rate
(P = 0.02).

Pharmacokinetic Interactions

Even when information is available on the pharma-
codynamic interactions between antibiotics and corti-
costeroids, the output predictions will become far
more accurate when there is knowledge of the drug
concentration changes in the cell. Hence, changes in the
intracellular concentrations of antibiotics and corti-
costeroids were evaluated upon their co-administration
in our present analyses. Figure 3 presents the results
of a 48-hour cotreatment with antibiotics and



Corticosteroid-Antibiotic Interactions in Cornea TVST | May 2023 | Vol. 12 | No. 5 | Article 16 | 6

Figure 3. Pharmacokinetic interaction with antibiotics and corticosteroid combinations. Seven antibiotics and four corticosteroids were
treated into human corneal epithelial cells in combination, and intracellular concentrations were measured. Antibiotic concentrations are
indicated in (A) and corticosteroid concentrations in (B). The asterisk indicates that statistical significance was observed using a ratio paired
t-test in the combination treatment group compared to the single treatment group. All experiments were performed independently for a
minimum of three to a maximum of six times. Among the detailed numerical values presented in this graph, the intracellular antibiotic and
corticosteroid concentrations are shown in Supplementary Tables S4 and S5, respectively. G, gatifloxacin; Le, levofloxacin; M, moxifloxacin;
N, neomycin; O, ofloxacin; Po, polymyxin; T, tobramycin; D, dexamethasone; F, fluorometholone; Lo, loteprednol; Pr, prednisolone.

Table. Corticosteroids That Do Not Reduce the Potency of The Indicated Antibiotic When Used in Combination

Gatifloxacin Levofloxacin Moxifloxacin Neomycin Ofloxacin Polymyxin Tobramycin

Pseudomonas aeruginosa Gati-Dexa Levo-Pred Oflo-Dexa Poly-Dexa
Gati-Pred Oflo-Pred Poly-Pred

Staphylococcus aureus Gati-Pred Levo-Dexa Neo-Dexa Oflo-Dexa Poly-Dexa Tobra-Predb

Levo-Pred Neo-Pred Oflo-Pred Poly-Pred
Staphylococcus epidermidis Levo-Dexa Moxi-Dexa Neo-Dexa Oflo-Dexa Poly-Dexa Tobra-Dexaa

Levo-Pred Moxi-Pred Neo-Fluo Oflo-Fluo Poly-Pred
Neo-Pred

Streptococcus pneumoniae Gati-Dexa Levo-Dexa Moxi-Dexa Neo-Dexa Oflo-Dexa Poly-Dexa Tobra-Dexaa

Gati-Pred Moxi-Pred Neo-Pred Oflo-Pred Poly-Pred Tobra-Predb

aThis combination is likely to increase the concentration of tobramycin inside the cell, that stabilizes the antibacterial effects
of the drug.

bThis combination is likely to reduce the concentration of prednisolone inside the cell, which can decrease the effect of
corticosteroid.

corticosteroids (each 100 μM) in HCE cells. With
most of the tested combinations, the intracellular
concentration of the drugs did not fluctuate signifi-
cantly. However, some combinations led to noticeable
changes. Focusing on the antibiotic levels in the cells,
statistically significant changes were observed for the
following two combinations. The concentration of
gatifloxacin decreased by 24.21% when combined with
fluorometholone (P = 0.04) and that of tobramycin
increased by 43.43%when coadministered with dexam-
ethasone (P = 0.02). Significant changes in the inter-
nal cellular corticosteroid levels were also observed.
The concentration of fluorometholone increased by
121.82% when combined with moxifloxacin (P = 0.03)

and that of prednisolone decreased by 43.43% when
cotreated with tobramycin (P = 0.01). The intracellu-
lar concentrations and P values analyzed using a ratio
paired t-test are presented in Supplementary Tables S4
and S5.

Interpretation of Drug Interactions

The antibiotic/corticosteroid combinations that
did not cause weakened antibacterial outcomes are
summarized in the Table. The co-administration of
either fluorometholone or loteprednol with any of
the tested antibiotics produced lower antibacterial
effects in almost cases. Neither dexamethasone nor
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prednisolone affected the effect of the antibiotics in
some combinations. The cellular concentrations were
changed for some combinations. It was found that
Staphylococcus epidermidis and Streptococcus pneumo-
niae could be stably eradicated when a dexamethasone
was co-administered to tobramycin, and the concen-
tration of intracellular tobramycin also increased
when used in combination with dexamethasone. When
tobramycin and prednisolone were used together, it did
not affect the antibacterial outcomes themselves for S.
aureus and S. pneumoniae, but the concentration of
prednisolone decreased in the cell. Fluorometholone
reduced the antibacterial effects of gatifloxacin on all
of the bacterial strains we tested in our analyses and
the concentration of this antibiotic in the cells. The
combination of moxifloxacin and fluorometholone
also negatively affected the antibacterial effects against
all of the bacteria and increased the concentration of
fluorometholone in the cells.

Discussion

In the treatment of various eye diseases, corticos-
teroids are typically used to reduce inflammation and
tissue damage or to preserve vision, so they are often
co-administered with antibiotics. There are, however,
differing views on how corticosteroids may affect the
effect of an antibiotic when used in combination.
Although not an ophthalmic study, a prior report
has indicated that dexamethasone is effective in the
treatment of acute bacteriological meningitis without
increasing side effects during early treatment.21 On
the other hand, corticosteroids have been reported
to increase the infection period of conjunctivitis and
some researchers have thus urged caution in their
use.22 Hence, although there was evidence that corti-
costeroidsmay affect the surrounding environment and
thereby change the effectiveness of an antibiotic, we
sought to examine this directly in our present study as
this had not been done to any great extent previously.

This study investigated the interactions between
adjuvant corticosteroids and antibiotics using an in
vitro system, which has a low risk of bias. Whether
the added corticosteroids weaken the efficacy of antibi-
otics at concentrations above the MIC was investi-
gated. However, it is difficult to determine whether the
efficacy of antibiotics can be truly improved. This is
because the antibacterial effect was measured over a
fixed period of 48 hours, and therefore the experimen-
tal design could not determine whether the antibacte-
rial effect was achieved more quickly due to the use
of adjuvant corticosteroids at concentrations above the

MIC of antibacterial agents. In other words, this study
focused on whether adjuvant corticosteroids weaken
the efficacy of antibacterial agents.

With regard to eye drops combining an antibi-
otic and a corticosteroid, fixed combinations have
several advantages over the use of single components,
including better patient compliance, lower costs, and
reduction of potential washout effects and ocular
toxicity by reducing exposure to preservatives.23–25
Based on our current results, the levofloxacin-
prednisolone and ofloxacin-prednisolone combina-
tions had stable antibacterial effects against Gram-
negative bacteria, and the neomycin-prednisolone,
ofloxacin-dexamethasone, ofloxacin-prednisolone, and
polymyxin-dexamethasone combinations maintained
a stable antibacterial effect against all of the Gram-
positive bacterial strains we tested. In the case of
the commercially available tobramycin and dexam-
ethasone ophthalmic ointment, a fixed combination
medication, we found a reduced antibacterial effect
except in the case of S. epidermidis. Notably, however,
this reduced effect of this preparation was never more
than 10%, and the intracellular tobramycin concen-
tration was found in our analyses to be increased
by 43%. There are complex interactions involved
therefore, and these should be confirmed in further
clinical studies. In clinical practice, neomycin and
polymyxin B sulfates and dexamethasone ophthalmic
ointment are applied with a pressure patch within 1
day after intraocular surgery. In our current analyses
of these medications, we found that the dexametha-
sone reduced the antibacterial effects of neomycin
by 4.95% against P. aeruginosa and by 5.07% in
the case of S. aureus. In addition, dexamethasone
reduced the antibacterial effects of polymyxin on P.
aeruginosa by 5.84%. Overall, therefore, dexametha-
sone did not reduce the effect of the two different
antibiotics toward Gram-positive bacteria. The inter-
action of neomycin and polymyxin contained in
eye drops may also be an important consideration
in this regard. In previous studies, neomycin and
polymyxin showed additive effects against P. aerug-
inosa and S. aureus, and a synergistic effect was
reported for Enterococcus faecalis, which is not used
in this study, but can infect the cornea although with
a low probability (0.9%).18,26 In addition, another
combination eye drop contains 1% prednisolone
acetate, 0.5% gatifloxacin, and 0.075% bromfenac
sodium.26 The gatifloxacin-prednisolone combination
had reduced antibacterial effects except against S.
pneumoniae.

On the basis of our in vitro interaction data, we
believe that the ophthalmologist can easily become
aware of the interactions between antibiotics and
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corticosteroids at a glance. Because this study dealt
with clinical topics through laboratory analyses, there
were some notable limitations that must be considered.
In the first instance, the analyses were performed on
a very large number of combinations, so the exper-
iments were not repeated many times, which neces-
sarily reduces the reliability of the statistical analy-
sis. Of note in particular, although the same pattern
appeared for the average intracellular drug concentra-
tions in each experiment shown in Figure 3, there were
quite a few statistically insignificant results when the
deviation was large. In addition, too many combina-
tions make it very difficult to interpret only the statisti-
cally significant analyses. Four types of bacteria identi-
fied in Korean patients were evaluated in our current
report. However, the characteristics of these strains
may not reflect those of all bacteria of the same species
that cause corneal infections worldwide. The validity
and reliability of our current findings will therefore be
increased by future studies of other strains. We note
also that it is difficult to fully reproduce complex inter-
actions in the body using in vitro systems, and the
activities of hormones and neurotransmitters are also
difficult to measure this way. In addition, the three-
dimensional structures and interaction of cellsmay also
not be reliably reproduced in vitro, so that again the
entirety of the system in vivo will not be fully reflected.
Hence, it should be considered that the results of this
present study may not reflect the actual disease situa-
tion.

Nevertheless, we believe that our results which
incorporate pharmacodynamic and pharmacokinetic
interactions between antibiotics and corticosteroids,
can be applied to further in vivo studies and will
eventually be helpful in clinical practice. We expect that
reference to our results will enable more detailed and
accurate design when clinical studies are conducted in
the future.

Conclusion

This study investigated the interactions between
seven antibiotics and four corticosteroids against
four types of bacteria that commonly cause human
corneal infection by measuring the antibacterial
effects and intracellular concentrations of the drugs.
Fluorometholone and loteprednol significantly
reduced the effect of all of our tested antibiotics
when used in combination. Dexamethasone and
prednisolone did not change antibacterial effects
in some of the combinations. There were also four
combinations in our hands that produced changes in

the intracellular drug concentrations, some of which
may well have affected the antibacterial outcomes.

Acknowledgments

The authors thank Jeon Han Park and Kyungwon
Lee (Department of Microbiology and Laboratory
Medicine, respectively) at Yonsei University College
of Medicine for providing four bacteria (Pseudomonas
aeruginosa, Staphylococcus aureus, Staphylococcus
epidermidis, and Streptococcus pneumoniae) used in
this study.

Supported by the National Research Founda-
tion of Korea (NRF) grants funded by the Korean
government (MSIT) (2019R1F1A1062468 and
2021R1F1A1062702) and a grant (2022IL0032) from
the Asan Institute for Life Sciences, Asan Medical
Center, Seoul, Korea.

Disclosure: H. Lee, None; S.M. Kim, None;
M.I. Rahaman, None;D.J. Kang, None;C. Kim, None;
T. Kim, None; S.W. Kim, None

* HL and SMK contributed equally to this work.

References

1. Alfaro CL. Emerging role of drug interaction stud-
ies in drug development: the good, the bad, and the
unknown. Psychopharmacol Bull. 2001;35:80–93.

2. Ishiguro A, Sato R, Nagai N. Development of
a new Japanese guideline on drug interaction
for drug development and appropriate provi-
sion of information. Drug Metab Pharmacokinet.
2020;35:12–17.

3. Leibowitz HM, Kupferman A. Drug interaction in
the eye. Concurrent corticosteroid-antibiotic ther-
apy for inflammatory keratitis. Arch Ophthalmol.
1977;95:682–685.

4. Kim DH, Stark WJ, O’Brien TP, Dick JD. Aque-
ous penetration and biological activity of moxi-
floxacin 0.5% ophthalmic solution and gatifloxacin
0.3% solution in cataract surgery patients. Oph-
thalmology. 2005;112:1992–1996.

5. Irvine SR. A newly defined vitreous syndrome
following cataract surgery. Am J Ophthalmol.
1953;36:599–619.

6. Kessel L, Tendal B, Jorgensen KJ, et al. Post-
cataract prevention of inflammation and mac-
ular edema by steroid and nonsteroidal anti-



Corticosteroid-Antibiotic Interactions in Cornea TVST | May 2023 | Vol. 12 | No. 5 | Article 16 | 9

inflammatory eye drops: a systematic review. Oph-
thalmology. 2014;121:1915–1924.

7. Ni N, Srinivasan M, McLeod SD, et al. Use
of adjunctive topical corticosteroids in bacte-
rial keratitis. Curr Opin Ophthalmol. 2016;27:353–
357.

8. Blair J, HodgeW,Al-Ghamdi S, et al. Comparison
of antibiotic-only and antibiotic-steroid combina-
tion treatment in corneal ulcer patients: double-
blinded randomized clinical trial. Can J Ophthal-
mol. 2011;46:40–45.

9. Srinivasan M, Mascarenhas J, Rajaraman R, et al.
Corticosteroids for bacterial keratitis: the Steroids
forCornealUlcers Trial (SCUT).ArchOphthalmol.
2012;130:143–150.

10. Tong SYC, Davis JS, Eichenberger E, Holland TL,
Fowler VG, Jr. Staphylococcus aureus infections:
epidemiology, pathophysiology, clinical manifes-
tations, and management. Clin Microbiol Rev.
2015;28(3):603–661.

11. Lee JW, Somerville T, Kaye SB, Romano V.
Staphylococcus aureus keratitis: incidence, patho-
physiology, risk factors and novel strategies for
treatment. J Clin Med. 2021;10(4):758.

12. Ting DSJ, Ho CS, Deshmukh R, Said DG,
Dua HS . Infectious keratitis: an update on epi-
demiology, causative microorganisms, risk fac-
tors, and antimicrobial resistance. Eye (Lond).
2021;35(4):1084–1101.

13. Nishida T, Sugioka K, Fukuda K, Murakami J .
Pivotal role of corneal fibroblasts in progression to
corneal ulcer in bacterial keratitis. Int J Mol Sci.
2021;22(16):8979.

14. Tallab RT, Stone DU. Corticosteroids as a therapy
for bacterial keratitis: an evidence-based review
of ‘who, when and why’. Br J Ophthalmol.
2016;100:731–735.

15. Austin A, Lietman T, Rose-Nussbaumer J. Update
on the management of infectious keratitis. Oph-
thalmology. 2017;124:1678–1689.

16. Zhou H, Kimura K, Orita T, Nishida T, Sonoda
K-H. Inhibition by medroxyprogesterone acetate
of interleukin-1β-induced collagen degradation
by corneal fibroblasts. Invest Ophthalmol Vis Sci.
2012;53(7):4213–4219.

17. Hilliam Y, Kaye S, Winstanley C. Pseudomonas
aeruginosa and microbial keratitis. J Med Micro-
biol. 2020;69(1):3–13.

18. Mun Y, Kim MK, Oh JY. Ten-year analysis
of microbiological profile and antibiotic sensitiv-
ity for bacterial keratitis in Korea. PLoS One.
2019;14:e0213103.

19. Kim NH, Park WB, Cho JE, et al. Effects of
phage endolysin SAL200 combined with antibi-
otics on Staphylococcus aureus infection. Antimi-
crob Agents Chemother. 2018;62:e00731–e00818.

20. Laishram S, Pragasam AK, Bakthavatchalam YD,
VeeraraghavanB.Anupdate on technical, interpre-
tative and clinical relevance of antimicrobial syn-
ergy testing methodologies. Indian J Med Micro-
biol. 2017;35:445–468.

21. de Gans J, van de Beek D. Dexamethasone in
adults with bacterial meningitis. N Eng J Med.
2002;347(20):1549–1556.

22. American Academy of Ophthalmology
Cornea/External Disease Preferred Practice
Pattern Panel. Preferred Practice Pattern
Guidelines: conjunctivitis. 2018. Available at:
https://www.aao.org/preferredpractice-pattern/
conjunctivitis-ppp-2018. Accessed December 12,
2018.

23. Russo S, Papa V, Di Bella AD, et al.
Dexamethasone-netilmicin: a new ophthalmic
steroid-antibiotic combination. Efficacy and safety
after cataract surgery. Eye (Lond). 2007;21:58–64.

24. Cunha PA, Shinzato FA, Tecchio GT, Weber SL,
Brasil A, Avakian A. Efficacy and tolerability of
a gatifloxacin/prednisolone acetate fixed combina-
tion for topical prophylaxis and control of inflam-
mation in phacoemulsification: a 20-day-double-
blind comparison to its individual components.
Clinics (Sao Paulo). 2013;68:834–839.

25. Solomon KD, Sandoval HP, Potvin R. Compar-
ing combination drop therapy to a standard drop
regimen after routine cataract surgery. Clin Oph-
thalmol. 2020;14:1959–1965.

26. Booth JH, Benrimoj SI, Nimmo GR. In vitro
interactions of neomycin sulfate, bacitracin,
and polymyxin B sulfate. Int J Dermatol.
1994;33(7):517–520.

https://www.aao.org/preferredpractice-pattern/conjunctivitis-ppp-2018

