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Abstract
PURPOSE—This brief review examines both basic science and clinical studies to evaluate the
potential impact on the health of the corneal endothelium of mitomycin C (MMC) usage during
photorefractive keratectomy (PRK).

METHODS—The mechanism of action and consequences of MMC are reviewed within the context
of in vitro, animal, and clinical studies and a hypothesis of how this vital cell layer responds to MMC
at both the cellular and clinical levels is formed.

Mitomycin C (MMC) was proposed to be an effective modulator of the wound healing response
after corneal stromal ablation as early as 1991.1 Since then, MMC usage has expanded
significantly within the field of refractive surgery, especially during photorefractive
keratectomy (PRK), for prevention of recurrence of corneal haze and as prophylaxis to prevent
initial haze development.2 Despite the growing popularity of MMC usage during refractive
procedures, there has been inconsistency in the conclusions of studies regarding the impact of
MMC on the corneal endothelium. Because of the non-regenerative nature of the human corneal
endothelium, it is imperative to understand how this vital cell layer responds to potential
stressors at both the cellular and clinical levels. This brief review examines both basic science
and clinical studies to evaluate the potential impact of MMC usage during PRK on the health
of the corneal endothelium.

MECHANISM OF ACTION OF MITOMYCIN C
Mitomycin C is an antibiotic derived from Streptomyces caespitosus and is generally classified
as a DNA alkylating agent. Cellular toxicity after MMC exposure can occur from MMC-
induced insults such as the generation of free radicals or DNA monoadducts; however, the
most significant effects are due to the accumulation of covalent DNA interstrand cross-links.
3 A brief explanation of the mechanism of action of MMC is essential to understand the
potential impact of MMC used during PRK on the corneal endothelium.
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MMC Activation by Enzymatic Reduction
Mitomycin C by itself is non-reactive with DNA and after entering the cell must undergo
bioreductive enzymatic activation. Numerous intracellular enzymes can activate MMC such
as NAD(P)H:quinone oxidoreductase 1 (NQO1), which is present throughout all layers of the
cornea.4 Intracellular bioreductive activation results in the production of an unstable
intermediate with high alkylating activity and formation of a covalent monoadduct with DNA.
Subsequently, this activated MMC will form a second alkylating center, which completes the
DNA cross-link. The result is a covalent bond between two complementary strands of DNA,
which if not removed, prevents DNA replication and transcription. These MMC–DNA cross-
links occur within the minor groove of DNA causing relatively little DNA duplex distortion.
The location of adducts is guanine specific and cross-links are located at opposing sequences
of 5′-CpG-3′ (CpG).3

Processing and Repair of DNA Interstrand Cross-links
Specific recognition factors of the MMC-induced interstrand cross-link are not well defined,
but may occur when DNA replication and/or transcription is blocked within the cell.
Importantly, the MMC-induced interstrand cross-link may not be easily repaired in non-
replicating mammalian cells because a stalled replication fork typically serves as the signal for
initiating DNA repair. Although detailed repair mechanisms in mammalian cells have not been
fully elucidated, interstrand cross-link repair is believed to involve a complex combination of
nucleotide excision repair, DNA double strand break repair via homologous recombination or
non-homologous end joining, and/or translesion DNA synthesis.5–7 One of the intermediates
in interstrand cross-link repair, the DNA doublestrand break, is known to be a potentially lethal
lesion. Such breaks can be visualized as γ-H2AX nuclear foci.8,9

Consequences of MMC-induced DNA Interstrand Cross-links
Cytotoxicity of MMC-induced interstrand cross-links is most severe in cells undergoing active
proliferation, although the details of the responses are specific to the cell type. The presence
of a DNA interstrand cross-link during replication induces a stalled replication fork triggering
multiple signaling pathways for cell cycle arrest, repair, or apoptosis. Initial responses to MMC-
induced interstrand cross-links include a strong activation of p53 and genes downstream.10,
11 Longer term consequences of such interstrand cross-links include increased apoptosis,
cellular senescence, and premature aging.12

REVIEW OF BASIC SCIENCE AND ANIMAL STUDIES
The effects of MMC exposure on corneal endothelium have been studied in both in vitro and
animal models and have generated informative data about MMC corneal penetration and
endothelial toxicity. In three separate studies, the corneal penetration of a single topical
application of MMC has been observed during protocols emulating PRK. Using high-
performance liquid chromatography (HPLC), Torres et al13 demonstrated the presence of
MMC in hen aqueous humor after a single 0.02% intraoperative application during PRK. Song
et al14 also used HPLC to demonstrate the presence of MMC in both cornea and aqueous
humor after a single 0.02% MMC application in a rabbit model of epithelial debridement. Our
recent study used a bioassay to demonstrate significant MMC concentrations at the depth of
the corneal endothelium after a single topical 0.02% application in ex vivo goat corneas.15 It
is clear from these studies that refractive surgery procedures such as PRK that involve the
mechanical removal of the corneal epithelial barrier, excimer laser stromal ablation, and
subsequent MMC treatment, expose the corneal endothelium to biologically substantial levels
of MMC. Length of exposure and MMC concentration in the endothelium and aqueous are
directly related to the amount of MMC applied to the anterior surface.13,14
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Surprisingly, despite the widespread use of MMC during refractive surgery, only a few studies
have specifically focused on the effects of MMC on the corneal endothelium at the cellular
level. Although many more studies describe the keratocyte response to MMC, the response of
the corneal endothelium should not be inferred from those results. An early 1991 study by
McDermott et al16 using four pairs of ex vivo human corneas found few changes in mean
swelling rate or corneal endothelial ultrastructure after perfusion with 20 μg/mL MMC but
found significant irreversible changes at 200 μg/mL. Later in vitro studies have shown dose-
dependent toxic effects of MMC on corneal endothelial proliferation.17,18 Perhaps the most
cited study demonstrating MMC toxicity to corneal endothelium was by Chang19 in 2004,
using a rabbit model of mechanical epithelial debridement followed by 0.02% MMC
treatments. Over a 2-week period, MMC resulted in dose-dependent apoptosis of the
endothelium resulting in increased corneal thickness and decreased corneal clarity.19 Our
recent study15 demonstrated that even a small and brief dose of MMC significantly alters
corneal endothelial DNA, producing significant potential downstream effects. Using MMC
concentrations and exposure times that the corneal endothelium is most likely to encounter
during intraoperative treatment, we found significant DNA cross-linking and persistent DNA
doublestrand breaks in goat corneas ex vivo.15 The proportion of apoptotic cells significantly
increased in MMC-treated cells; however, this number was smaller than the proportion of cells
that had DNA doublestrand breaks. Thus, MMC appears to generate living cells with an
accumulation of unrepaired DNA damage. Most important, we found that very brief exposures
and low concentrations of MMC consistently induced changes in the corneal endothelial
monolayer.15 Thus, it is highly likely that a single topical application of MMC alters corneal
endothelial DNA generating downstream effects on cell viability. It remains to be determined
what the long-term fate of these DNA cross-links and double strand breaks is and if the same
phenomenon occurs in the in vivo setting.

REVIEW OF CLINICAL STUDIES
In contrast to the relatively small number of laboratory studies described above, a larger number
of clinical reports have focused on the effects of a single intraoperative dose of MMC during
refractive surgery on the corneal endothelium. Whereas a majority of the basic science studies
reported significant corneal endothelial toxicity after MMC exposure, the clinical studies have
been less conclusive in their evaluation of corneal endothelial effects. Corneal endothelial cell
loss has been the major endpoint of these studies carried out by statistical comparisons of pre-
and postoperative endothelial central density measurements with occasional use of ultrasound
pachymetry.

The initial studies investigating this phenomenon generally reported that MMC treatment
during PRK has no measurable effect on corneal endothelial central density. These include a
few retrospective20 and prospective studies.21,22 Lee et al20 examined 1011 eyes in a
noncomparative retrospective study and determined that endothelial density was not affected
by 0.02% MMC treatments ranging from 30 seconds to 2 minutes during PRK after 3, 6, and
16 months. Goldsberry et al21 found no changes in density or morphology after 1 year in 16
eyes treated with 0.02% MMC for 12 seconds. Diakonis et al22 followed 15 eyes after PRK
with 0.02% MMC for 15 seconds and compared this to epi-LASIK in the fellow eyes. They
found a decrease in endothelial density at 1 and 3 months after surgery, however, it was not
statistically significant.22

In contrast, clinical studies associating MMC use with significant corneal endothelial loss are
fewer in number and more recent than those reporting no effect. Two recent studies found
significant decreases in endothelial central density after PRK with MMC.23,24 Nassiri et al,
23 in a nonrandomized, prospective study of 162 eyes, determined that intraoperative 0.02%
MMC caused significant corneal endothelial cell loss over a 6-month period that was correlated
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with the duration of MMC exposure during PRK. In a prospective study of 18 eyes, Morales
et al24 found that 0.02% MMC exposure of 30 seconds caused significant cell loss at 1 and 3
months.

Although the results from PRK studies do not agree as to a detrimental effect of MMC treatment
on corneal endothelial density, the potential for significant MMC toxicity on the corneal
endothelium has been well documented in other ocular procedures. Avisar et al25 found that a
5-minute 0.02% MMC treatment on bare sclera after pterygium resection led to significant
postoperative endothelial cell loss up to 3 months postoperatively. A case report by
Mohammadpour et al26 described irreversible focal corneal decompensation after filtering
surgery with MMC. Mietz et al27 reported two cases of bullous keratopathy after
trabeculectomy with MMC. Continued MMC treatment in the form of repeated drops after
phototherapeutic keratectomy resulted in permanent corneal edema as reported by Pfister.28

These case reports validate the potential for MMC-induced corneal endothelial damage across
various settings.

EXPLANATION OF POSSIBLE DIFFERENCES AND FUTURE RESEARCH
Based on the established mechanism of MMC action, in vitro and animal studies, and reports
of endothelial cells loss after MMC in non-PRK treatments, it is apparent that MMC has the
intrinsic potential to damage the corneal endothelial DNA under conditions of current clinical
use. How can this vulnerability be consistent with the number of clinical reports that describe
little or no loss of endothelial central density? Our recent study showed that in goat corneas,
the number of cells exhibiting long-term DNA damage by MMC greatly outnumbered the cells
undergoing apoptosis in response to clinical concentrations of MMC.15 If similar DNA cross-
linking is occurring in human eyes we might expect, ultimately, to see increased apoptosis in
the monolayer of those cells that are unable to tolerate further DNA damage. However, the
profoundly quiescent nature of the human endothelium may lead to less cell death in the short-
term as a result of these insults. Thus, the corneal endothelium may simply “silently”
accumulate this DNA damage without an immediate pathological response. It remains to be
determined how the corneal endothelium will eventually respond to such MMC-induced DNA
damage over a period of years or decades. Considering unequivocal data demonstrating
irreversible DNA damage in endothelium at MMC concentrations now used clinically, it will
be important to initiate follow-up studies of treated individuals to identify any potential long-
term effects.
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