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Background: Acute hemorrhagic conjunctivitis (AHC) is a highly contagious eye disease 
caused by enterovirus type 70 (E70) and Coxsackievirus A24 variant (CA24v) with no 
clinically approved treatment. The antiviral activity of methylene blue (MB; a WHO essen-
tial medicine) against AHC viruses was investigated using human corneal epithelial cells 
(HCEC).
Methods: Time and concentration-dependent MB accumulation by HCEC was determined 
colorimetrically and MB inhibition of virus production of 5 E70 and 3 CA24v AHC 
epidemic isolates in HCEC was determined by micro-plaque assay. AHC virus cytopathy 
inhibition by MB was detected by reductions in virus-induced caspase-3 activity and poly-
meric DNA fragments.
Results: MB uptake by HCEC was rapid and concentration dependent. MB inhibition of 
E70 and CA24v production was concentration dependent. AHC virus yields were signifi-
cantly lower (50 to >10,000 fold) in HCEC pre-treated with 0.25–1% MB than in placebo 
controls (p’s ≤ 0.01). MB pre-treatment significantly inhibited virus-induced caspase-3 
activation and DNA fragmentation (p’s<0.01). Virus-infected cells accumulate oxidized 
MB and MB application up to 6 h after infection inhibited virus production and virus- 
induced HCEC cytopathy.
Conclusion: The results suggest MB treatment prior to and shortly after infection can 
inhibit AHC virus production and caspase-mediated HCEC cytopathy. The results support 
the therapeutic potential of ophthalmic solutions containing MB against AHC virus infection 
during epidemics.
Keywords: Coxsackievirus A24, eye, infection, enterovirus 70, epidemic, caspase, apoptosis

Introduction
Acute hemorrhagic conjunctivitis (AHC) is a highly contagious picornaviral eye 
infection characterized by a short incubation period (6–12 h) followed by an acute 
onset of symptoms (over 3–5h).1 Bilateral AHC is common and characterized by 
foreign body sensation, profuse tearing, itching, lid edema, and erythema, but may 
also include chemosis (subconjunctival fluid accumulation), photophobia, and sub-
conjunctival hemorrhage.2 Infection of the corneal epithelium occurs in up to 60% 
of epidemic AHC cases.3–5 The acute ocular symptoms are caused by enterovirus 
70 (E70) and Coxsackievirus A24 variant (CA24v)-induced caspase-mediated cell 

Correspondence: Marlyn P Langford  
Department of Ophthalmology, Louisiana 
State University Health Sciences Center, 
1501 Kings Hwy/PO Box 33932, 
Shreveport, LA 71130-3932, USA  
Tel +1 (318) 675-5018  
Fax +1 (318) 675-6000  
Email mlangf@lsuhsc.edu

submit your manuscript | www.dovepress.com Clinical Ophthalmology 2020:14 4483–4492                                                                 4483

http://doi.org/10.2147/OPTH.S275762 

DovePress © 2020 Langford et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Clinical Ophthalmology                                                                        Dovepress
open access to scientific and medical research

Open Access Full Text Article

C
lin

ic
al

 O
ph

th
al

m
ol

og
y 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-8673-976X
mailto:mlangf@lsuhsc.edu
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


death of conjunctival and corneal epithelial cells.1,2,6 AHC 
usually resolves in 10–14 days as serum antibody titers 
rise.2,7

Outbreaks due to sporadic cases or spread by infected 
travelers can quickly become explosive reaching epidemic 
proportions over a few weeks. Acute hemorrhagic conjunc-
tivitis (AHC) is transmitted primarily through hand-to-eye- 
to-hand contact. Overcrowded housing, poor sanitation, 
high humidity, and school/factory exposure facilitate spread 
during outbreaks with high transmission rates in families.2 

Epidemics and pandemics have occurred worldwide since 
the first epidemics reported in 1969–1971 in Accra, 
Indonesia, Singapore, and Hong Kong.8–10 Within the past 
5 years, epidemics have occurred in China, Central and 
South America.11–14

Vaccine or therapeutic clinical trials have not been 
reported. Precautionary actions are employed currently to 
inhibit transmission, mass hysteria, and economic loss dur-
ing epidemics. Home remedies and topical corticosteroids 
are discouraged as they can predispose an already compro-
mised cornea to secondary infections and toxicity.15,16

Based upon the inhibition of poliovirus by methylene 
blue (MB),17 the effect of MB on E70 and CA24v infec-
tion of human corneal epithelial cells (HCEC) was inves-
tigated in vitro. MB was rapidly taken up by HCEC and 
intracellular MB inhibited E70 and CA24v virus produc-
tion. Moreover, MB inhibited HCEC cytopathy mediated 
by AHC virus activation of caspase-3 and endonuclease 
(DNA fragmentation). The results suggest that low MB 
concentrations exhibit antiviral activity and advocate 
short-term judicious use of ophthalmic solutions contain-
ing MB to inhibit AHC during epidemics.

Materials and Methods
Cell Culture and Reagents
Transformed human corneal epithelial cells (HCEC) were 
a gift from Dr. Zan Pan (Department of Ophthalmology, 
Dyson Vision Research Institute, Weill Cornell Medical 
College, New York, NY).18 [As the HCEC line used was 
not purchased from an accredited commercial source, the 
use of the human cells was sought and approved by our 
institutional ethics committee.] The HCEC were main-
tained in Dulbecco’s minimum essential medium 
(DMEM) (Corning Mediatech, Inc., Manassas, VA) sup-
plemented with 10% newborn bovine calf serum (GE 
Healthcare Life Sciences, Hyclone Laboratories, Logan, 
UT). Experiments were performed in confluent HCEC in 

Costar® 6-well culture plates or 96-well cell culture cluster 
plates (Corning Incorporated, Corning, NY) utilizing 
DMEM supplemented with 2% newborn calf serum and 
antibiotics (Penicillin-Streptomycin-Neomycin Solution, 
Sigma-Aldrich, St. Louis, MO).

AHC Viruses (E70 and CA24v Isolates)
Five E70 and 3 CA24v epidemic isolates were evaluated in 
this study. The E70 prototype J670/71 isolated in Hokkaido, 
Japan was provided by Dr. Reisaku Kono (Central Virus 
Diagnostic Laboratory, National Institutes of Health, 
Tokyo, Japan).9 Epidemic isolates of E70 from Morocco 
(R20/71), Karachi, Pakistan (1604/81), Honduras (V1250/ 
81), and Key West, Florida (KW97) were obtained from 
Dr. Kenneth Dimock (Department of Biochemistry, 
Microbiology and Immunology, University of Ottawa, 
Ottawa, Ontario, Canada).19–22 Prototype CA24v (SEC24/ 
70), Brunei (3751/75), and Singapore (75,308/75) CA24v 
isolates were generously supplied by Dr. Margaret Yin- 
Murphy (Department of Bacteriology, University of 
Singapore, Singapore).23–25 AHC virus stocks were propa-
gated in HCEC, the culture media harvested into Eppendorf 
centrifuge tubes, the cell debris pelleted by centrifugation 
(5,000×g for 5 min), the supernatant harvested, aliquoted, 
and stored in an ultra-low freezer (−80°C; Revco, Kendro 
Laboratory Products, Asheville, NC).

MB Solution
Stock MB solution was made by adding 0.3 g MB (Sigma) 
to 30 mL of 95% ethanol diluted up to 100 mL in distilled 
water containing 0.01% KOH (BAM R45: Loeffler’s MB; 
https://www.fda.gov/Food/FoodScienceResearch/ 
LaboratoryMethods/ucm062250.htm) and stored in the 
dark. Dilutions (v/v) of the stock MB solution were 
made in DMEM.

MB Accumulation by Confluent HCEC
Triplicate 48 h confluent HCEC cultures were treated with 
1.0 mL DMEM containing 0.25%, 0.5%, or 1% MB. The 
media was removed at times up to 120 min. Unabsorbed 
MB was removed by rinsing cell monolayers 2X with 
1.0 mL volumes of phosphate-buffered saline (PBS; pH 
7.4). Digital images of MB-treated cells were captured 
using a Dell personal computer using CellSens Standard 
microscopy imaging software interfaced with an Olympus 
BX43 light microscope equipped with a DP73 microscope 
digital camera (Olympus Life Science, Olympus America, 
Inc. Center Valley, PA; www.olympus-lifescience.com/en/ 
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software/cellsens/). The cell-associated oxidized MB 
levels were determined by adding 300 µL of cell lysis 
reagent [1.0% sodium dodecyl sulfate; 1.0% Triton 
X-100] (Sigma) to the MB treated HCEC cultures. The 
cells were detached with a plastic spatula, and the suspen-
sion harvested into a labeled Eppendorf tubes and centri-
fuged at 5,000×g for 5 min. Duplicate volumes of each 
clarified lysate (100 µL) were added to replicate 96-well 
microtiter plate wells. The mean optical densities 
(OD620nm) and standard errors from duplicate experiments 
were determined by Multiskan Ascent spectrophotometer 
(Thermo-Fischer, Rockford, IL).

MB Concentration-Dependent Inhibition 
of Infection by AHC Virus Isolates
To determine an effective anti-AHC virus inhibitory con-
centration of MB replicate 6-well HCEC cultures were pre- 
treated for 30 min at 37°C with DMEM alone or with 2-fold 
serial dilutions of MB in DMEM. The media was removed 
and the cell monolayers washed 2X with pre-warmed fresh 
DMEM. A low multiplicity infection was performed by 
pipetting 1.0 mL of fresh DMEM containing 1000–3000 
plaque forming units (PFU)/mL of E70 and CA24v onto 
treated and untreated cell HCEC cultures. After 20 
h incubation at 37°C, the DMEM was harvested, clarified 
by desktop centrifugation (10,000×g for 10 min), and fro-
zen (−20°C). Virus quantification was performed by dupli-
cate virus micro-plaque assays as previously described.26 

MB’s inhibitory effect was determined from the differences 
in mean PFU/mL produced in replicate treated and 
untreated cultures in at least 3 experiments. All viral experi-
ments were performed in dim light or complete darkness to 
circumvent the possibility of photo-inactivation.

Inhibition of AHC Virus Production and 
Caspase-3-Mediated Cell Death
To investigate MB inhibition of AHC virus-induced cyto-
pathogenic activity,6 replicate HCEC cultures were pre- 
treated with 0.5% MB (1.0 mL/culture) for 30 min at 37°C, 
the unabsorbed MB was removed, the cells were washed 
twice with 1.0 mL volumes of PBS. Pre-warmed fresh 
DMEM containing 104−5 PFU E70 (J670/71) or CA24v 
(SEC24/70)/mL was pipetted onto MB treated and untreated 
cells and incubated for 6, 12 and 24 h at 37°C. The DMEM 
was removed, clarified, and frozen (−20°C) for virus quanti-
fication. PBS (300 µL) was added to each culture and the 
adherent cells were detached using a plastic spatula, cells 

were pooled with the pelleted cells from the harvested 
DMEM. Following desktop centrifugation (3,000×g for 3 
min), the pooled cell pellet was processed for caspase-3 
activity as previously described.6 Briefly, the pelleted cells 
were lysed in 300 µL cell lysis buffer (50 mM HEPES, 10 
mM CHAPS, 5 mM DTT, pH 7.4) on ice for 20 min, and cell 
extract produced by centrifugation at 15,000×g at 4°C for 10 
min. Caspase-3 activity in 150 µL of the cell extracts was 
determined in triplicate colorimetric caspase-3 assays 
(CASP-3-C, Sigma, St. Louis, MO) according to the manu-
facturer’s instruction. Polymeric DNA fragmentation analy-
sis was performed on the remaining cell pellet and cell 
extract (150 µL) as previously described.6 Accordingly, 
0.25 mL of DNA extraction buffer (50 mM Tris X Cl, 10 
mM EDTA, 0.5% Triton X-100, 0.5% NP-40, pH 7.6) was 
added to the remaining cell lysate. The cell lysate was phe-
nol-extracted and nucleic acids precipitated by ethanol and 
recovered by centrifugation at 12,000×g for 10–15 min. The 
DNA precipitates were washed with 70% ethanol and 100% 
ethanol in succession and air-dried for 5 min. The DNA 
fraction was dissolved in RNase A (Thermo Scientific) diges-
tion buffer (50 mM Tris-HCl, 5 mM EDTA, 60 μg/mL RNase 
A, pH 7.5). Samples were incubated at 37°C for 60 min to 
allow complete RNA digestion. Following electrophoresis 
through 1.2% agarose gel, the DNA bands were visualized 
with ethidium bromide under ultraviolet light, and digital 
images were obtained using a Bio-Rad Gel Documentation 
System and Quantity One software (www.bio.rad.com). 
Parallel caspase-3 levels (units/mL) and DNA densities 
were determined from 2 cultures in replicate experiments. 
The density of the ~300bp DNA band under ultra-violet light 
was determined using a digital scanner (Epson Perfection 
4490 digital ICE Technology, Seiko Epson Corp., Japan). 
The DNA band density profiles were plotted from grey scale 
unit (GSU) density data obtained using free download 
ImageJ software (http://rsb.info.nih.gov/ij/download.html).

Post-Infection Treatment Experiments
To investigate the uptake of oxidized MB by virus-infected 
cells, 24 h confluent HCEC monolayers in 6-well plate 
cultures were challenged with 100 PFU of E70 and incu-
bated for 18 h to allow the formation of virus niduses (foci 
of <200 cells at all stages of active virus replication). The 
media was removed and fresh media containing 0.5% MB 
was added. After incubation at 37°C for 30 min, digital 
images were captured using an Olympus microscope, digi-
tal camera, and CellSens Standard Microscopy Imaging 
Software (as above). To assess the effects of MB 
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application at times post infection, 24 h confluent HCEC 
cultures were challenged with 104−4.5 PFU of E70 (J670/ 
71) and CA24v (SEC24/70) in 1.0 mL of DMEM. After 
incubation for 30 min at 37°C, the DMEM was removed, 
the cells rinsed with PBS (2X) to remove unabsorbed 
virus, and 1.0 mL of fresh DMEM added to the culture. 
At times through 6 h post virus infection, the DMEM was 
removed, pre-warmed DMEM containing 1% BM was 
added to each culture and incubated for 30 min, the 
media was removed, rinsed with PBS (2X), 1.0 mL of 
fresh DMEM was pipetted onto each culture, and cultures 
were incubated at 37°C in a humidified 5% CO2 atmo-
sphere. After 24 h incubation, the adherent cells were 
detached with a sterile plastic spatula, the DMEM was 
harvested into centrifuge tubes, clarified by centrifugation 
(3,000×g for 3 min), and the supernatant frozen for virus 
quantification. DNA extraction buffer (150 μL) was added 
to the cell pellet and processed for polymeric DNA frag-
ment analysis as described above.6

Statistical Analysis
Significance differences between mean virus yields (PFU/ 
mL) from independent experiments were estimated by 
Student’s t-test performed on a Dell OptiPlex 7040 PC 
equipped with Excel software. The ANOVA test was used 
to analyze differences between caspase-3 levels and DNA 
densities and were performed on an IBM PC XT equipped 
with Epistat statistical software. P-values <0.05 were con-
sidered significant.

Results
MB Accumulation by HCEC
The efficacy of a topical ophthalmic antiviral against AHC 
would depends upon rapidly achieving and maintaining 
therapeutic levels in the conjunctival and corneal epithelial 
cells. Cells containing oxidized MB are blue because the 
positively charged dye binds to negatively charged particles 
such as polyphosphates, DNAs, and RNAs.27 The interac-
tion of MB at different concentrations with 48 h confluent 
HCEC monolayers was monitored in replicate 6-well 
HCEC cultures incubated in media containing 0.25%, 
0.5%, or 1.0% MB for different times through 120 min 
(Figure 1). Variable intracellular levels of oxidized MB 
were detected in confluent HCEC monolayers after 30 min 
incubation with 1% MB, but most of the cells were colorless 
indicative of cell viability/vitality27 (Figure 1A). The time- 
dependent uptake of different concentrations of MB was 

calculated based on the optical density of the HCEC lysates 
(Figure 1B). The increasing concentrations of MB through 
120 min suggest that MB was rapidly taken up by HCEC. 
The results suggest the increase in cell-associated oxidized 
MB was concentration and time-dependent through the 
short adsorption period.

Concentration-Dependent Inhibition of 
E70 and CA24v Isolates
The following experiments were performed to assess MB 
concentration dependent inhibition of AHC virus production. 
Serial MB dilutions or DMEM alone were added to replicate 
HCEC cultures and incubated for 30 min. The media was 
removed, the cells rinsed and the cells infected with 5 E70 
and 3 CA24v AHC epidemic isolates. The mean reductions 
in AHC virus yields after 24 h incubation suggest that 30 min 
incubation of HCEC with 0.07–1% MB can inhibit E70 and 

Figure 1 MB uptake of HCEC. (A) Some cells stain blue (oxidized MB) in a 48 h 
confluent HCEC monolayer after 30 min incubation with 1% MB. (Bar = 50µm). (B) 
Time and MB concentration-dependent uptake by HCEC (OD620 of the cell lysate).
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CA24v virus production by 90% (≥1.0 Log10 PFU/mL; 
p’s<0.01) (Figure 2). Notably, a 30-min incubation of 
HCEC with 0.5% MB prior to infection significantly reduced 
E70 production by >99.9% (mean Log10 reduction of 103.7 to 
106.8 PFU/mL) (Figure 2A). Likewise, 30 min pre-incubation 
with 0.5% MB significantly reduced virus production by the 
3 CA24v isolates (reductions of 102.8 to 104.5 PFU/mL) 
(Figure 2B). By comparison, a 30-min pre-incubation with 
1% MB resulted in a greater inhibitory effect than 0.5% for 
only for 2 isolates; E70 V1250 (Figure 2A) and CA24v 3751/ 
75 (Figure 2B). While AHC virus yield reductions were MB 
concentration-dependent for all E70 and CA24v virus iso-
lates, the results suggest a 30-min pre-treatment of HCEC 
with 0.5% or 1.0% MB resulted in maximal inhibition of E70 
and CA24v virus production.

MB Inhibition of AHC Virus Production 
and Caspase-Mediated Cell Death
AHC virus infection induces caspase-mediated conjunctival 
cell death6 and MB has been reported to inhibit caspases by 
oxidation of cysteine.28 Thus, the inhibitory effect of cell- 
associated MB on virus production, caspase-3 activation, 
and cell death was investigated by incubating replicate 
HCEC cultures with and without MB (1.0% for 30 min) 
before infection with E70 (J670/71; 3000 PFU/culture) or 
CA24v (SEC24/70; 10,000 PFU/culture). After infection, 
the cultures were incubated for 6, 12, and 24 h before the 
media was harvested for virus production and the cells 
harvested for caspase-3 activity and polymeric DNA extrac-
tion (Figure 3). Significantly less J670/71 (101.6−4.0 PFU/ 
mL reduction) and SEC24/70 (≥104.0 PFU/mL reduction) 
were produced in MB-treated than in untreated HCEC at 12 
h and 24 h (p’s<0.01) (Figure 3A). Concomitantly, E70- 
induced caspase-3 activity was significantly inhibited in 
MB treated versus untreated HCEC at 6 h (5.7±3 versus 
12.9±0.3 U/mL; p=0.003) and 12 h (5.5±0.2 versus 17.8 
±1.6 u/mL; p<0.0001) (Figure 3B), but not at 24 
h (p=0.206). CA24v-induced caspase-3 activity was not 
significantly inhibited in MB treated versus untreated 
HCEC at 6 h (5.7±0.74 versus 8.7±0.6 U/mL; p=0.764), 
but was significantly reduced at 12 h (5.7±1.3 versus 18.1 
±0.4 U/mL; p<0.0001) and 24 h (1.7±0.6 versus 2.9±0.5 U/ 
mL; p=0.02). [Note: the lower caspase-3 levels at 24 h in the 
virus control cultures were due to the absence of active virus 
infection; >90% cell death.] MB treatment reduced poly-
meric DNA fragments (ie, virus-induced cytopathy) 
extracted from MB-treated E70 and CA24v-infected 

HCEC cultures (Figure 3C). Accordingly, significant differ-
ences in the 300bp polymeric DNA band density [grey scale 
density units (GSU)] were detected between MB treated 
and untreated E70 infected HCEC at 12 h (20±2 versus 42 

Figure 2 MB concentration-dependent inhibition of AHC viruses. Pre-treated of 
HCEC cultures for 30 min with different concentrations of MB resulted in dose- 
dependent inhibition of (A) 5 E70 and (B) 3 CA24v production. [Each point is the 
mean calculated Log10 PFU/mL inhibition for each virus isolate in 3 parallel HCEC 
experiments assayed in duplicate. Mean virus yield inhibitions of ≥1.0 Log10 PFU/mL 
are high significant; P’s<0.01.]
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Figure 3 MB inhibition of AHC virus production, caspase-3-mediated cell death with DNA fragmentation. (A) Virus production in E70 and CA24v infected MB treated and 
untreated (VC) HCEC at times post infection [Mean Log10 PFU/mL ±SEM from 3 experiments assayed in duplicate]. (B) MB inhibition of caspase-3 activation in E70 and 
CA24v infected HCEC at times post infection. [Mean (±S.D.) caspase-3 levels (units/mL) from replicate experiments assayed in duplicate]. (C) A representative agarose gel 
showing (inverted image) the ethidium bromide-binding polymeric DNA fragments extracted from E70 and CA24v infected HCEC. (D) Mean densitometric quantification of 
the 300bp DNA bands (boxed area) from 3 experiments.
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±5 GSU; p<0.001) and 24 h (39±18 versus 77±22 GSU; 
p=0.03). Similarly, lower levels of polymeric DNA frag-
ments were extracted from MB treated than untreated 
CA24v infected HCEC at 12 h (27±2 versus 47±6 GSU; 
p=0.003) and 24 h (32±18 versus 90±22 GSU; p=0.01) 
(Figure 3D). [Note: DNA fragmentation occurs down-
stream of caspase activation, higher DNA levels are 
expected at 24 h with low or no caspase-3 activity.] Taken 
together, the results suggest MB pre treatment significantly 
inhibited AHC virus replication and caspase-mediated 
HCEC death through 24 h.

MB Applied Post Infection Inhibits AHC 
Virus Production and HCEC Death
The following studies were performed to evaluate the antiviral 
effect of MB applied during AHC virus infection. Only a few 
cells of a control 24 h confluent HCEC monolayer contained 
oxidized MB after 30 min incubation with 0.5% consistent 
with high vitality and viability (Figure 4A). In contrast, oxi-
dized MB was associated with niduses of E70 infected HCEC 
after 30 min incubation (Figure 4B). Notably, oxidized (blue) 
and reduced (colorless) MB was detected in niduses of cells at 
different stages of the virus replication cycle (Figure 4C). 
In addition, the antiviral activity of MB applied at times up 
to 6 h post infection reduced E70 and CA24v production by 
101.8−4.0 PFU/mL (p’s<0.01) (Figure 4D). Concomitantly, MB 
applied up to 6 h post infection reduced E70 and CA24v- 
induced cytopathy; ie, polymeric DNA formation (Figure 4E 
and F). The results suggest post infection application of low 
concentrations of MB can significantly inhibit virus production 
and corneal epithelial cell cytopathy.

Discussion
The rapid onset (3–5 h) of AHC symptoms 6–12 hr post 
exposure coincides with death of virus-infected conjuncti-
val and corneal cells resolving in 3–5 days while the signs 
of inflammation resolve in 10–14 days.1,2 An effective 
topical antiviral ophthalmic solution should inhibit both 
E70 and CA24v and be non-toxic, rapidly active, and dur-
able (providing protection for 12–24 h from endogenous 
and exogenous virus infection). A topical antiviral that also 
exerts anti-inflammatory activity could have the added ben-
efit of decreasing AHC symptoms. Here we show that MB 
inhibits the AHC virus production and corneal cell cytopa-
thy mediated by virus-induced caspase-3 and endonuclease 
activation. Accordingly, 0.5–1.0% MB pre-treatment maxi-
mally inhibits productive infection of HCEC by multiple 

E70 and CA24v isolates. Moreover, the results are consis-
tent with the uptake of MB by corneal cells in vivo,27 

demonstrate AHC virus-infected cells take up MB, and 
suggest MB applied before and up to 6 h post enteroviral 
infection effectively inhibits virus replication and entero-
virus-induced cytopathy.

While enterovirus photoinactivation (200 J/cm2) and dis-
infection by MB has been reported,29,30 the mechanism by 
which intracellular MB inhibits AHC enterovirus infection of 
HCEC is not clear. While the level of oxidized MB taken up 
by HCEC in vitro was time and concentration dependent, 
greater numbers of MB (blue) cells noted in older and 
infected HCEC monolayers. The greater numbers of MB 
observed in older cultures suggests lower levels of cell vital-
ity/viability, since MB decolorization is directly proportional 
to cell vitality.27 The differential distribution of oxidized MB 
in epithelial cells within the nidus of virus-infected cells is 
consistent with MB binding to AHC enteroviral RNA as 
noted with other enteroviruses.29 The observation that some 
cells exhibiting viral cytopathogenicity were colorless 
(reduced MB) suggests inhibition of virus-induced oxidative 
stress (oxygen-free radicals). Accordingly, MB has been 
reported to bind to nitric oxide synthetase and oxygen-free 
radicals.31–33 As in these studies, MB’s inhibition of enter-
ovirus-induced cytopathy likely involves inhibition of enter-
ovirus-induced executioner caspases,28 as well as 
mitochondrial dysfunction,33 but other unidentified cellular 
or enteroviral proteins interactions cannot be ruled out.

Topical MB application stains conjunctival and corneal 
epithelial cells and has been used to test conjunctival and 
corneal epithelial cell viability.27 Nonprescription topical 
ophthalmic medications containing MB are commonly 
used internationally for various complaints of ocular dis-
comfort and redness. Marchenko34 reported a clinically 
significant effect with an ophthalmic solution containing 
zinc sulfate, diphenhydramine hydrochloride, naphazoline 
hydrochloride, and MB (300 ng/mL) in patients with 
chronic allergic conjunctivitis, blepharo-conjunctivitis, or 
contact lens induced giant papillary conjunctivitis follow-
ing treatment (3 times daily for 15–30 days). Brownstein 
et al35 reported 6 patients with a spectrum of adverse 
ocular reactions, following prolonged daily use (4 months 
to 8 years) of nonprescription topical ophthalmic medica-
tion composed of MB, naphazoline hydrochloride or 
nitrate, and amylocaine hydrochloride, that were presum-
ably due to at least one of the ingredients. Intraocular 
application is highly discouraged due to iris epithelial 
and corneal endothelial cell toxicity.36
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Figure 4 MB applied post AHC virus infection. (A) Oxidized BM (blue) in 24 h confluent monolayer incubated with 0.5% MB for 30 min (control) and (B) oxidized MB 
associated with 2 niduses of E70 infected HCEC. (C) Higher magnification showing differential MB staining within a nidus of E70 infected cells. Note several blue to colorless 
(arrows) HCEC within the nidus of viral cytopathology (Bar=50µm). (D) Virus yields after 24 h incubation from HCEC cultures infected with 300 PFU E70 or 1000 PFU 
CA24v and treated 30 min with 0.5% MB at times post infection. [Mean Log10 PFU/mL (±SEM) from 2 experiments assayed in duplicate (*p’s≤0.01; **p≤0.001)]. (E) 
Representative agarose gel of 2 experiments showing the polymeric DNA fragment profiles extracted from HCEC treated with MB at times post E70 or CA24v infection. 
(F) Mean grey scale density of the 300bp DNA (boxed area) bands in 2 agarose gels showing reduced virus-induced polymeric DNA fragment levels up to 6 h post MB 
treatment.
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Based upon MB’s uptake by virus-infected HCEC, 
antiviral activity against AHC virus production, inhibition 
of virus-induced cytopathy, and neuroprotective 
potential,37 it is expected that topical MB will inhibit 
AHC virus infection and provide post infection symptom 
relief. Taken together, our results support the cautious use 
of ophthalmic solutions containing 0.25–1% MB. Further, 
a twice a day application during AHC infection may prove 
beneficial in reducing bilateral infections, virus-induced 
cell death/inflammation, and transmission to at risk per-
sons during explosive AHC epidemics. However, unma-
naged long-term prophylactic use of MB ophthalmic 
solutions against AHC infection by individuals unaware 
of the possible side effects (asymptomatic blue discolora-
tion of the conjunctiva) due to improper or prolonged 
overdose application is strongly discouraged.

In conclusion, MB has potent in vitro antiviral activity 
against the enteroviruses that cause AHC. Moreover, post 
infection application of MB protected against virus pro-
duction and induction of caspase-mediated corneal cell 
cytopathy suggesting it may decrease ocular symptoms 
and inflammation. Clinical investigations are needed to 
determine the therapeutic efficacy of ophthalmic solutions 
containing MB against AHC, but the current results may 
be taken to support the judicious use of ophthalmic solu-
tions containing low MB concentrations to treat AHC 
during epidemics.
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