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Abstract: Infectious keratitis is a vision-threatening microbial infection. The increasing antimicrobial
resistance and the fact that severe cases often evolve into corneal perforation necessitate the develop-
ment of alternative therapeutics for effective medical management. Genipin, a natural crosslinker,
was recently shown to exert antimicrobial effects in an ex vivo model of microbial keratitis, highlight-
ing its potential to serve as a novel treatment for infectious keratitis. This study aimed to evaluate the
antimicrobial and anti-inflammatory effects of genipin in an in vivo model of Staphylococcus aureus
(S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) keratitis. Clinical scores, confocal microscopy,
plate count, and histology were carried out to evaluate the severity of keratitis. To assess the effect
of genipin on inflammation, the gene expression of pro- and anti-inflammatory factors, including
matrix metalloproteinases (MMPs), were evaluated. Genipin treatment alleviated the severity of
bacterial keratitis by reducing bacterial load and repressing neutrophil infiltration. The expression of
interleukin 1B (IL1B), interleukin 6 (IL6), interleukin 8 (IL8), interleukin 15 (IL15), tumor necrosis
factor-α (TNF-α), and interferon γ (IFNγ), as well as MMP2 and MMP9, were significantly reduced
in genipin-treated corneas. Genipin promoted corneal proteolysis and host resistance to S. aureus
and P. aeruginosa infection by suppressing inflammatory cell infiltration, regulating inflammatory
mediators, and downregulating the expression of MMP2 and MMP9.

Keywords: genipin; infectious keratitis; matrix metalloproteinases; pro-inflammatory cytokines; corneal
collagen crosslinking; corneal crosslinking in infectious keratitis; bacterial keratitis; anti-inflammatory

1. Introduction

Infectious keratitis is an infection of the cornea, the optically clear tissue that covers
the front of the eye. It is the fourth leading cause of blindness globally and is responsible
for ~5% of all cases and 10% of avoidable visual impairment in developing countries [1–3].
According to the World Health Organization, approximately 4.2 million people have cornea-
related blindness or visual impairment [4]. With an annual estimate of 1.5–2.0 million cases
of monocular blindness caused by corneal opacity, which is primarily caused by infectious
keratitis, it is considered an ophthalmologic emergency. It has recently been recognized
as a “neglected tropical disease” [5,6]. Significantly, vision impairment and blindness are
associated with decreased educational and employment prospects, increased risk of death,

Int. J. Mol. Sci. 2023, 24, 6904. https://doi.org/10.3390/ijms24086904 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24086904
https://doi.org/10.3390/ijms24086904
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1099-3184
https://orcid.org/0000-0003-2257-8981
https://orcid.org/0000-0003-2641-604X
https://doi.org/10.3390/ijms24086904
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24086904?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 6904 2 of 18

and possess an enormous global health, social and economic burden causing annual costs
of at least US $244 billion [4,5,7].

The major risk factors of infectious keratitis include contact lens wear, ocular trauma,
post-corneal surgery (such as keratoplasty), and systemic diseases (diabetes, immunosup-
pression), among others [8–11]. It can be caused by various microorganisms, including
bacteria, fungi, parasites, and viruses [3,5,12]. Bacterial keratitis is the most common type
of corneal infection [8,9,13–15]. The most reported causative bacteria include Staphylococcus
aureus (5–36%; S. aureus) and Pseudomonas aeruginosa (5–24%; P. aeruginosa) [5,16].

Severe infectious keratitis is caused by various virulence factors, such as bacterial
toxins and enzymes produced during infection, and an overwhelming host immune in-
flammatory response that can contribute to severe tissue damage [16,17]. For instance,
ongoing recruitment of neutrophils and other inflammatory cells results in excessive se-
cretion of oxidants, proteolytic enzymes such as matrix metalloproteinases (MMPs), and
inflammatory mediators that attack and damage the host structures [18,19]. Several studies
have detected a cytokine storm-like phenotype in patients with corneal inflammation that
compromise corneal transparency and induce swelling and neovascularization [20]. For
example, interleukins (ILs) IL1B, IL6, and IL8 were reported to be significantly elevated
in patients with bacterial keratitis [21–23]. Tumor necrosis factor-α (TNF-α) has been as-
sociated with the immunopathogenesis of uveitis, herpetic stromal keratitis, and corneal
response to injury [24–27]. Therefore, a balanced host response to infection is vital in
managing infectious keratitis, and effectively regulating the cytokine storm is critical to
prevent tissue perforation and preserving vision.

Broad-spectrum topical antimicrobial treatment is the gold standard [2]. However,
visual outcomes are often poor, secondary to corneal melting, scarring, and perfora-
tion [14,28,29]. In cases of severe unresponsive keratitis, corneal transplantation is often
the last therapeutic alternative; yet this is associated with increased risks of graft rejec-
tion/failure [30,31]. Organ shortage, with only one in 70 patients worldwide having access
to it, is an additional universal problem [32]. Medical management and treatment of corneal
infections are challenging, often with little success, the etiology of which is multifactorial.
The increasing trend of antimicrobial resistance further compounds clinical management,
and recent studies have highlighted antimicrobial resistance in ocular infections [28,33–37].
Consequently, there is an urgent need to develop novel, unconventional therapeutic ap-
proaches to treat and manage infectious keratitis.

Genipin, a natural crosslinking agent, has received significant attention because of its
biocompatibility, stability, and safety [38–43]. “Genipin is a naturally occurring iridoid com-
pound extracted from the Gardenia jasminoides Ellis plant” [44]. Genipin has been reported
to have various pharmacological actions, such as antimicrobial [45,46], anticancer [47–49],
anti-inflammatory [50,51], hepatoprotective [48], and neurotrophic effects [52]. Its great
potential as a natural crosslinking agent for biomaterials was first noted when genipin
was compared to glutaraldehyde and demonstrated comparable crosslinking ability but
significantly lower toxicity [53–55]. While it is well-known that genipin can link free amino
groups of lysine or hydroxylysine residues of different polypeptide chains via monomeric
or oligomeric crosslinks in collagen, this mechanism is complex and not fully understood
yet [40,42,54,56,57].

Previously, we demonstrated the effects of corneal genipin crosslinking in ex vivo
and in vivo models with minimal toxicity [45,58,59]. Several studies on sclera have also
shown successful stiffening and biocompatibility in different animal models [55,60–64],
supporting the prospect of sclera genipin crosslinking for the treatment of glaucoma and
myopia. In addition, genipin has anti-inflammatory [44,50,63,65], antioxidant [52,66], and
antibacterial/ antifungal properties [45,46]. Genipin has also been shown to delay corneal
stromal melting and increase tissue resistance to enzymatic digestion [67].

In the present study, we sought to evaluate genipin for treating and managing bacterial
keratitis using an in vivo model of S. aureus and P. aeruginosa corneal keratitis, with a partic-
ular focus on its effect in regulating the host immune response to infection. To address this,
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the clinical signs of infection, tissue morphology, bacterial cell viability, growth, infiltration
of immune cells, and secretion of several inflammatory mediators at the site of infection
were examined. Our study demonstrated that genipin has the potential to increase tissue
resistance and halt corneal melting and perforation, and, importantly, modulate the host
inflammatory response in response to bacterial infection. This highlights the unexploited
potential of genipin to stimulate the resolution of infection-associated inflammatory re-
sponse in infectious keratitis, which in combination with its antimicrobial and crosslinking
properties, makes it a strong candidate as a potential novel therapeutic algorithm for the
treatment and management of infectious keratitis and other ocular inflammatory diseases.

2. Results
2.1. Genipin Alleviates the Severity of Bacterial Keratitis—Improved Management of
Descemetocele and Corneal Perforation after Topical Genipin Treatment

Approximately six hours after bacterial inoculation with either S. aureus or P. aeruginosa
and before the rabbits received any treatment, all infected corneas demonstrated signs of
bacterial keratitis, and the mean slit-lamp examination (SLE) score was not statistically
different between the groups. The average clinical scores at different time points of the
induced keratitis for each treatment group are presented in Table 1.

Table 1. Average slit-lamp examination (SLE) score at 6 h, 24 h, and 48 h of experimental groups (n = 5
per experimental group).

Microorganism
SLE Score Post-Inoculation ± SE

6 h 24 h 48 h

S. aureus + vehicle 8.05 ± 1.01 23.5 ± 1.60 20.7 ± 2.16
S. aureus + genipin 9.95 ± 1.40 17.1 ± 2.42 * 15.7 ± 0.85 *

P. aeruginosa + vehicle 5.69 ± 0.45 18.13 ± 0.92 27.25 ± 0.48
P. aeruginosa + genipin 6.0 ± 0.71 14.44 ± 0.50 * 24.88 ± 0.52 *

* Statistically significant, p < 0.05.

In the S. aureus keratitis study, severe keratitis was developed in the vehicle-treated
group, characterized by chemosis, corneal infiltrate, and stromal melting with hypopyon
(Figure 1a). In addition, corneal perforation occurred in one of the five cases of vehicle-
treated eyes. The pathological changes and disease severity of the genipin-treated group
were milder with less infiltrate, chemosis, and ocular surface inflammatory changes
(Figure 1a). There was a significant difference in signs of infection and the average clin-
ical scores between the vehicle-treated eyes versus the genipin-treated eyes after 24 h
(p = 0.0852, Table 1, Figure 1b) and 48 h post-inoculation (p = 0.0629, Table 1, Figure 1b).

Regarding the P. aeruginosa keratitis study, eyes in the vehicle-treated group displayed
a more vigorous reaction with exacerbated corneal infiltration and intense ocular inflamma-
tion. Specifically, three out of five cases showed corneal perforation, and the appearance of
descemetocele was noted in four of five cases (Figure 1c). In the genipin-treated group, al-
though severe corneal infiltration and inflammatory response in the anterior chamber were
also observed, only one eye out of five presented a descemetocele, and none of the corneas
in this group were perforated. Genipin treatment resulted in a significantly reduced clinical
score compared to the vehicle-treated control at 24 h n = 5, p = 0.0215, Table 1, Figure 1d)
and 48 h post-inoculation (n = 5, p = 0.0014, Table 1, Figure 1d).
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Figure 1. Genipin treatment ameliorates clinical manifestations of bacterial keratitis and regulates
inflammatory cell infiltration. (a,c) Ocular surface observation and examination. Representative
photographs of corneas infected with Staphylococcus aureus (S. aureus) or Pseudomonas aeruginosa
(P. aeruginosa) prior to treatment and 48 h post-treatment with either vehicle solution or genipin.
(b,d) Clinical scores at different times after bacterial inoculation. The data are the mean ± standard
deviation of the mean, n = 5, * Statistically significant, p ≤ 0.05. (e,f) Histological analysis of infected
corneas. Hematoxylin and eosin staining were used to examine the pathological changes at 48 h
post-treatment. Representative images of five corneas per group.

2.2. Decreased Inflammatory Cell Infiltration in Genipin-Treated Eyes

Histopathological analysis of the vehicle-treated corneal tissue sections for both the S.
aureus and P. aeruginosa keratitis showed that the corneal stroma was mainly homogenized
with necrotic lamellae and significant cell infiltration at the site of infection (Figure 1e,f).
Genipin-treated corneas observably showed reduced cell infiltrate and alleviated corneal
edema (Figure 1e,f).
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Moreover, confocal microscope images of the S. aureus and P. aeruginosa infected
vehicle-treated corneas demonstrated the deposition of hyper-reflective, round-shaped
structures within the stroma, presumed to represent a mixture of bacteria and immune
cells such as lymphocytes and plasma cells (Figure 2a). These structures appear irregular
in shape and to a lesser density in the stroma of the genipin-treated corneas. Moreover, fine
string-like structures interspersed between keratocytes appear, which likely correspond
to crosslinked collagen fibers. These data suggest that genipin treatment reduces the
inflammatory cell infiltration at the infected area in a rabbit S. aureus and P. aeruginosa
rabbit model.
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Figure 2. Genipin decreases bacterial growth in the S. aureus keratitis model. (a) Confocal microscopy
images of the corneal stroma of infected corneas with S. aureus and P. aeruginosa treated with either
vehicle solution or genipin at 48 h post-treatment. Genipin treatment demonstrated visible difference
in the number of bacterial and inflammatory cells infiltration in the corneal stroma. No infiltrates
were observed in the control corneas. Scale bar = 50 µm (b) The number of viable bacterial colonies
in the infected corneas, examined by colony-forming unit (CFU) analysis, was expressed as log and
plotted for each treatment group (n = 4 for each experimental group). Error bars represent standard
deviation. * Statistically significant (p < 0.05).
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2.3. Microbial Log Reduction

To evaluate the antimicrobial effect of genipin, the viable corneal bacterial load was
investigated. For experimental S. aureus keratitis, eyes treated with genipin produced a
significant decrease in the number of colony forming units (CFUs) per cornea compared
to vehicle-treated eyes by almost two orders of magnitude, representing a 99% reduction
in the S. aureus population. Specifically, treatment with genipin resulted in an average
log 3.42 ± 0.65 CFU/cornea compared to the vehicle-treated group, which averaged a
log 5.64 ± 0.93 CFU/cornea (p = 0.0142; Figure 2b). In the P. aeruginosa keratitis, treatment
with genipin did not produce a significant reduction in the number of CFUs per cornea
(Average log 3.01 ± 0.68 CFU/cornea) relative to the vehicle-treated group (Average
log 3.42 ± 0.55 CFU/cornea; p = 0.570, Figure 2b).

2.4. Genipin Regulates the Host’s Immune Response to Infection

To evaluate the role of genipin in the inflammatory response in rabbits with S. au-
reus and P. aeruginosa keratitis, the expression of pro-inflammatory mediators and anti-
inflammatory factors were assessed. The expression levels of cytokines, chemokines,
chemokine receptors, and MMPs were highest following induction of infectious keratitis
with either S. aureus or P. aeruginosa, in comparison to the healthy control, indicating that
bacterial keratitis triggered a host inflammatory response (Figure 3). Of particular interest,
these inflammatory factors’ gene expression levels demonstrated remarkable differences
between genipin-treated and vehicle-treated groups for both keratitis models, S. aureus and
P. aeruginosa keratitis (Figure 3). Specifically, the levels of IL1B, 1L8, and IL15 were found
to be significantly decreased in genipin-treated corneas in the S. aureus (p = 0.005 for IL1B,
p = 0.019 for IL8, p = 0.001 for IL15) and the P. aeruginosa (p = 0.013 for IL1B, p = 0.001 for IL8,
p = 0.001 for IL15) keratitis model. In the S. aureus keratitis study, treatment with genipin
revealed a significant downregulation of IL6, TNFα, and interferon γ (IFNγ) compared to
the vehicle-treated group (p = 0.001 for IL6, p = 0.008 for TNFα, p= 0.025 for IFNγ). The
expression levels of these cytokines were also decreased in the P. aeruginosa keratitis model
in the genipin-treated group as opposed to vehicle-treated corneas; however, they showed
no statistically significant difference. S. aureus and P. aeruginosa infection increased the
expression of IL10, and this elevation of IL10 expression was significantly dampened with
genipin treatment in the P. aeruginosa study (p = 0.025). The expression of IL-1RA was also
significantly attenuated by genipin treatment in the S. aureus (p = 0.001) and P. aeruginosa
(p = 0.002) study.

MMPs have an essential role in tissue remodeling and wound healing. In comparison
to the vehicle-treated group, genipin treatment significantly decreased the expression levels
of MMP9 in both S. aureus (p = 0.013) and P. aeruginosa keratitis (p = 0.022) (Figure 4).
Similarly, the expression values of MMP2 were reduced following treatment with genipin,
but this was only found to be statistically significant in the S. aureus model (p = 0.021)
(Figure 4). No statistically significant difference was noted in the expression levels of
MMP13 between genipin- and vehicle-treated groups (Figure 4).

The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) expression lev-
els were also evaluated (Figure 3). In the S. aureus study, the gene expression levels of
TRAIL significantly increased upon infection, which was diminished by genipin treatment
(p = 0.01). P. aeruginosa infection also decreased the expression of TRAIL in comparison to
the healthy cornea, and this was significantly attenuated with genipin treatment (p = 0.018).



Int. J. Mol. Sci. 2023, 24, 6904 7 of 18Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 3. Genipin decreases the expression of inflammatory cytokines in the S. aureus and P. aeru-

ginosa rabbit corneal keratitis model. Infected corneas were treated with either vehicle solution or 

genipin for 48 h. Total RNA was extracted and the mRNA expression levels of interleukin 1B(IL1B), 

interleukin 6 (IL6), interleukin 8 (IL8), interleukin 10 (IL10), interleukin 15 (IL15), interleukin 1 re-

ceptor antagonist (IL-1Ra), tumor necrosis factor-α (TNF-α), interferon γ (IFNγ) and tumor necrosis 

factor-related apoptosis-inducing ligand (TRAIL) were detected with qPCR. Data are average 

mRNA expression levels relative to GAPDH ± standard deviation. A total of five corneas were used 

for each experimental group and all samples were examined in triplicates. * p <0.05, ** p <0.01, com-

paring bracketed groups. 

MMPs have an essential role in tissue remodeling and wound healing. In comparison 

to the vehicle-treated group, genipin treatment significantly decreased the expression lev-

els of MMP9 in both S. aureus (p = 0.013) and P. aeruginosa keratitis (p = 0.022) (Figure 4). 

Similarly, the expression values of MMP2 were reduced following treatment with genipin, 

but this was only found to be statistically significant in the S. aureus model (p = 0.021) 

(Figure 4). No statistically significant difference was noted in the expression levels of 

MMP13 between genipin- and vehicle-treated groups (Figure 4).  

Figure 3. Genipin decreases the expression of inflammatory cytokines in the S. aureus and P. aerug-
inosa rabbit corneal keratitis model. Infected corneas were treated with either vehicle solution or
genipin for 48 h. Total RNA was extracted and the mRNA expression levels of interleukin 1B(IL1B),
interleukin 6 (IL6), interleukin 8 (IL8), interleukin 10 (IL10), interleukin 15 (IL15), interleukin 1
receptor antagonist (IL-1Ra), tumor necrosis factor-α (TNF-α), interferon γ (IFNγ) and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) were detected with qPCR. Data are average mRNA
expression levels relative to GAPDH ± standard deviation. A total of five corneas were used for each
experimental group and all samples were examined in triplicates. * p < 0.05, ** p < 0.01, comparing
bracketed groups.
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Figure 4. The expression of MMPs in the infected corneas was decreased in infected corneas treated
with genipin. Corneas infected with S. aureus or P. aeruginosa were treated with either vehicle solution
or genipin for 48 h. Total RNA was extracted and the mRNA expression levels of MMP2, MMP9, and
MMP13 were evaluated with qPCR. Data are average mRNA expression levels relative to GAPDH ±
standard deviation. A total of five corneas were used for each experimental group and all samples
were examined in triplicates * p < 0.05, ** p < 0.01, comparing bracketed groups.

3. Discussion

Infectious keratitis is an important cause of blindness due to the difficulty of treatment
and progression to corneal ulcers caused by excessive degradation of collagen in the
corneal stroma and perforation requiring cornea transplant surgery as a last resort [68,69].
An essential aspect of the pathogenesis of bacterial keratitis is the host’s inflammatory
response, as uncontrollable and persistent infiltration of inflammatory cells may lead to
delayed corneal wound healing, corneal opacity, and even result in corneal perforation,
and vision loss. Although corneal transplantation is highly successful in low-risk cases,
in the context of an inflamed eye, it has little success rate [5,70,71]. The dramatic increase
in multidrug-resistant microbes is an additional challenge in managing the disease using
antimicrobials, further emphasizing the urgent need for new therapeutic approaches for
keratitis [72]. Therefore, it is necessary to establish new therapeutic strategies that display
antimicrobial and anti-inflammatory properties and protect tissue from enzymatic digestion.
Our previous studies showed that genipin, a natural crosslinking agent, has antibacterial
properties and reduces the colonization and proliferation of S. aureus and P. aeruginosa in
an ex vivo corneal infection model [46]. We also recently demonstrated that genipin is
associated with minimal corneal toxicity, effective crosslinking activities, and, importantly,
that it increases corneal stromal resistance to enzymatic digestion [45,67].

Corneal local response to infection and bacterial toxins includes an inflammatory
process with infiltration of neutrophils, granulocytes, monocytes, and macrophages at the
site of infection for pathogen clearance [68,73–75]. This inflammatory response is associated
with elevated expression of pro-inflammatory cytokines (TNF-a, IL1b, IL1a, IL6) and the
generation of reactive oxygen species that can worsen the injury, alter the normal function
of endogenous macrophages and stem cells by avoiding tissue regeneration and ultimately
affecting corneal transparency and normal tissue structure-function relationship [76–79].
Retarding corneal melting in the setting of infectious keratitis could potentially minimize
the risk of corneal ulceration, melting, and perforation. Thus, this study sought to evaluate
the effectiveness of genipin for the management and treatment of infectious keratitis in
an S. aureus and P. aeruginosa rabbit keratitis model. The ability of genipin to modulate
the host’s immune response to infection was also investigated. To our knowledge, there is
no previous study examining the use of genipin in vivo on an S. aureus and P. aeruginosa
rabbit model of infectious keratitis. Our data revealed that although a two-dose regimen
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treatment of genipin has a limited effect on bacterial cell viability and growth and a higher
dose is required, it plays an essential role in the regulation of the host’s immune response to
infection, a requisite to restrict bystander damage limiting tissue disruption resulting from
an inflammatory response. Most importantly, these data suggest genipin as a potential
means for haltering corneal ulcers, melting, and perforation. Its plausible application as
an adjuvant therapy for the treatment and management of infectious keratitis, therefore,
warrants further future investigation.

To explore the therapeutic potential, genipin was topically applied to infected rabbit
corneas. Genipin treatment versus vehicle-treated control reduced ulcer area, and consis-
tently, clinical scores of genipin-treated corneas were lower than that in vehicle-treated,
indicating that genipin may play a protective role in the progression of bacterial keratitis.
One emphasis of future research is to elucidate the corneal depth penetration properties
of genipin in the healthy and infected cornea and importantly, to better optimize dosage
schedule delivery and application. Moreover, colony-forming unit analysis demonstrated
that the administration of genipin reduced the number of live bacteria in infected corneas
in comparison to the control group. These results support previous studies that showed
the antimicrobial effect of genipin [45,46,65]. Interestingly, our findings demonstrated that
genipin exerts a more significant effect against S. aureus than P. aeruginosa with respect to
eliminating bacterial growth in the cornea. In the S. aureus keratitis study, a two-times
topical administration of genipin significantly reduced the number of viable bacteria in
the infected corneas. In the P. aeruginosa study, although genipin treatment resulted in a
reduction in the viable colonies per cornea, this was not significant. These results disagree
with previous in vitro studies that suggested genipin to be more potent against P. aeruginosa
than S. aureus. One explanation for this is that in an in vivo setting, P. aeruginosa is a more
virulent ocular pathogen that can rapidly progress and cause corneal perforation in just
72 h [80]. Another important point to note is that, in the previous in vitro studies, bacterial
inoculation was carried out in a different experimental approach, namely bacteria inoc-
ulated in scalpel-wounded corneas versus instrastromally injected bacteria in an in vivo
environment [45]. Despite this, the marked reduction in bacterial killing after genipin treat-
ment is notable in both models of infectious keratitis and highlights the need for optimizing
the dosage, frequency, and duration of the therapy for each microorganism. In addition,
further investigations are necessary to fully elucidate the antimicrobial efficacy of genipin,
especially in combination with other antimicrobials. The exact mechanism of action of
genipin remains elusive and future studies are indeed required to more fully understand
how genipin exerts its anti-microbial effects. However, taking into consideration its natural
crosslinking properties [40,42], a plausible microbial killing mechanism is the crosslinking
of various bacterial proteins present at the surface of the pathogen, such as, for example,
peptidoglycan, lipoteichoic acid, and lipopolysaccharide [81]. As a result, this would
interfere with normal cellular processes such as cell division, proliferation, and growth.
Further, interaction of genipin with surface membrane proteins would also likely interfere
with key metabolic functions, rendering bacterial survival and replication impossible.

The host’s inflammatory response plays a vital role in the progression and management
of corneal infectious keratitis. From one point of view, the inflammatory response is
indispensable, in which polymorphonuclear leukocytes, macrophages, and inflammatory
cells are recruited in the infected area and secrete numerous cytokines and chemokines to
attenuate the infection and defend the microorganism [82] to enhance the inflammatory
process and immune cell infiltration. From another point of view, excessive and markedly
persistent inflammation may delay or prevent wound healing and give rise to tissue
perforation and potentiate corneal opacity and vision loss [83]. Tight regulation and
resolution of the host’s inflammatory response, thus, plays an indispensable role in the
management and treatment of infectious keratitis [72,84]. In our study, in vivo confocal
microscopy and histological analysis showed a diminished flux of polymorphonuclear cells
at the site of infection, particularly in the S. aureus keratitis model, suggesting that genipin
reduces inflammatory cells infiltration and ameliorates corneal damage. Consistently,
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previous studies also reported that genipin regulates inflammasome activation and reduces
inflammatory cell infiltration and fibroblast proliferation in wound healing of diabetic
rats [85]. Interestingly, previous studies evaluating the immune events in response to non-
crosslinked and crosslinked liver matrices in a rat model of abdominal wall muscle repair
showed that crosslinking with genipin reduced host immune reactions with moderate of
lymphocyte and neutrophil infiltration [63].

As stated above, an important aspect of the pathogenesis of infectious keratitis is
the secretion of inflammatory cytokines [16,20,67,75,86–88]. Our results demonstrated
that genipin treatment regulates the host cellular and humoral immune response and,
thus, impacts the secretion of inflammatory mediators and factors at the side of infec-
tion. Genipin treatment significantly diminished the expression of IL1β, IL8, IL15, and
IL-1RA in both S. aureus and P. aeruginosa keratitis models. Furthermore, genipin treatment
significantly repressed the production of TNF-α and IFNγ in S. aureus infected corneas.
These results align with previous studies illustrating the anti-inflammatory properties of
genipin [48,50,51,65,85,89]. Wang and colleagues showed that genipin exerts protective
effects on LPS-induced inflammation by repressing LPS-induced TNF-α and IL1β expres-
sion in BV2 microglial cells in brain tissues [50]. This study forms a baseline for future
detailed investigations into the impact of genipin treatment on the regulation of the host
immune response in corneal keratitis. One limitation of this study is the use of solely
one reference gene in the gene analysis experiments [90]. We recognize the requirement
for a quantitative approach to better understand the control of gene expression of these
inflammatory factors and their precise protein levels in the infected cornea. Larger sample
size studies would be needed in the future to assess the gene and protein expression levels
of inflammatory mediators and MMPs at the infected cornea and identify more precisely
the underlying mechanism by which genipin exerts its regulatory influences. Larger sample
size studies would be needed in the future to assess the gene and protein expression levels
of inflammatory mediators and MMPs at the infected cornea and identify more precisely
the underlying mechanism by which genipin exerts its regulatory influences.

Another critical aspect of infectious keratitis is corneal ulceration, defined as the de-
struction of the normal tissue architecture associated with the degradation and melting
of stromal collagen. Besides bacterial collagen degrading enzymes that directly mediate
collagen degradation, corneal epithelial and stromal cells are also responsible for the secre-
tion of MMPs, which largely participate in tissue degradation and remodeling. Increased
proteolytic activity has been reported to be upregulated in patients with corneal melting,
infectious keratitis, and corneal burning and are linked to epithelial barrier dysfunction,
as well as an excessive inflammatory response by the activation of IL6 [63]. Augmented
secretion and activity of MMPs, particularly MMP2 and MMP9, have been proposed to con-
tribute to excessive corneal ulceration and worsening clinical outcomes during P. aeruginosa
infection [18,91]. In this study, genipin treatment significantly reduced the gene expression
of MMP2 and MMP9 and could potentially attenuate excessive tissue degradation by
MMPs. In this context, our previous studies demonstrated that genipin enhances tissue
stabilization and protection from bacterial enzymatic digestion [67,92]. Taken together,
these findings suggest that genipin treatment could ameliorate the destruction of corneal
collagen and structure and contribute to better management of the disease progression and
hence, better clinical outcome.

In conclusion, in this study the effects of genipin in S. aureus and P. aeruginosa infec-
tious keratitis models were evaluated in vivo. Remarkably, genipin treatment was shown
to modulate the host inflammatory response to infection and could potentially halt tissue
degradation, important prerequisites for tissue repair and management. Genipin through
its crosslinking, antimicrobial, and anti-inflammatory action could inhibit the microbial
invasion of the cornea, reduce inflammatory cell recruitment in infected sites, and de-
crease the expression of inflammatory factors, and it is therefore a promising compound,
providing a novel direction for the management and treatment of infectious keratitis.
Data presented here are supportive of the role for genipin in the management of bacterial
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keratitis, with future studies further elucidating its effect as an adjuvant therapy, in com-
bination with other antibiotics, or as a stand-alone therapy, required to fully unravel its
therapeutic potential. Further investigations should be aimed at elucidating the effects of
genipin in combination with other antibiotics and other anti-inflammatory compounds.
Clearly understanding the anti-microbial and anti-inflammatory properties of genipin and
the underlying mechanisms has both significant clinical and scientific implications as it
can lead to the establishment of novel therapeutic approaches for the management and
treatment of corneal keratitis and other ocular inflammatory disorders.

4. Materials and Methods
4.1. Study Design

This study was performed in accordance with the institutional guidelines and tenets
of the Code of Practice for the Housing and Care of Animals Bred, Supplied, or Used for
Scientific Purpose Act 1986. Ethical approvals for this study were granted by the Faculty
of Medicine ethical committee (approval act: 019-212) and by the Faculty of Veterinary
Medicine and Zootechnics ethical committee (approval act: 01- 2021, CB-FMVZ-UN-004-
2021). All the experiments were carried out under veterinary supervision.

New Zealand white rabbits weighing between 2.5–3.5 kg were used in this study. The
rabbits were housed in the Animal Facility of the Faculty of Veterinary Medicine of the
National University of Colombia in a private room. We calculated that the sample size in
each treatment group should be 3 at an alpha of 0.05 and a power of 0.80. The animals
were supervised by qualified personnel, and insulation, temperature, ventilation, noise
control, and natural light in the holding room were granted. After the acclimatization
period (15 days) and before the initiation of the study, the animals were inspected for
any ocular damage or health condition to ensure that they were suitable for inclusion in
the study. In separate experiments, in vivo studies were performed on rabbit eyes with
infectious keratitis caused by either S. aureus or P. aeruginosa. The rabbits were equally
divided into an S. aureus keratitis group (n = 10; male rabbits) and a P. aeruginosa keratitis
group (n = 10; female rabbits). The staphylococcal keratitis group was subdivided into
two groups, to be treated with either genipin (n = 5) or vehicle as a treatment control
(n = 5). Similarly, the pseudomonal keratitis group was subdivided into two groups, one
to be treated with genipin (n = 5) or vehicle (n = 5). Among the five animals that received
vehicle as a treatment, the contralateral, uninfected, and untreated eyes served as a healthy
control (n = 5 for S. aureus group and n = 5 for P. aeruginosa group). Half cornea was
used for bacterial plating in order to estimate the number of viable microbes per cornea.
The other half cornea was then divided into two quarters, one of which was used for
histology and the other for RNA isolation and quantification of the gene expression of
several inflammatory mediators.

4.2. Bacterial Strains

Bacterial strains of S. aureus (ATCC 25923) and P. aeruginosa (ATCC 27853), purchased
from the American Type Culture Collection (Labcare de Colombia Ltd., Cota, Colombia),
were used to constitute corneal infectious keratitis as described previously [46]. Bac-
teria were grown on brain-heart infusion (BHI) agar (Suministros Clinicos ISLA S.A.S,
Bogotá, Colombia) overnight at 37 ◦C and maintained at 4 ◦C. One day before the in vivo
studies and infection of the corneas, one colony was cultured into fresh BHI agar and
incubated at 37 ◦C overnight. On the day of the experiment, a bacterial suspension of
approximately 1.5 × 108 colony-forming units per milliliter (CFU/mL) was prepared using
a 0.5 MacFarland standard.

4.3. Induction of Keratitis and Treatment Regimen

Before surgery, animals were anesthetized with intramuscular doses of ketamine®

(Ketamina 50%, Holliday-Scott S.A., Buenos Aires, Argentina; distributed by Gabrica S.A.S.,
Colombia), and xylazine (Rompun®Xilazina 2%, Bayer S.A., Colombia) (35 mg/kg and
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5 mg/kg). One drop of proparacaine hydrochloride (Alcaine, Alcon, Ft, Fort Worth, TX,
USA) was also topically administered in the eye for corneal anesthesia. The bacterial
keratitis was induced as previously described [46]. Briefly, once animals were anesthetized,
they were placed beneath a stereoscopic microscope, and the left cornea per rabbit was
intrastromally injected with 0.1 mL bacterial suspension containing 1.5 × 107 colony-
forming units using a sterile BD Ultra-Fine Insulin Syringe—30 G 1 cc 1/2 (BD, Farmalisto,
Bogotá, Colombia). The experimental keratitis for S. aureus and P. aeruginosa was allowed
to proceed untreated for 6 h, and after that, topical therapy was initiated. Eyes received
topically two 100 µL doses of genipin, 3.40 mg mL−1 at 6 h and 24 h after bacterial inoculation
or vehicle. Tramadol (5 mg/kg; Genfar, S. A., Colombia) was administered subcutaneously
to the rabbits to manage mild to moderate pain. The animals were sacrificed 48 h after
bacterial inoculation and euthanized by intravenous injection of euthanex® (1 cc/5 kg;
Invet S.A., Bogotá, Colombia), and subsequently, the corneas were harvested using an
aseptic technique.

4.4. Clinical Examination

All the eyes were clinically examined before bacterial inoculation and at 6, 24, and 48 h
post-inoculation. Clinical appearance was evaluated and graded for severity of infection
according to the clinical parameters based on the McDonald–Shadduck scoring system by
two blinded ophthalmologists, as shown in Table 2 [93]. Corneal opacity degree, corneal
opacity area, corneal ulceration, area of initial injury, redness of palpebral conjunctiva,
redness of nictitating membrane, discharge, hypopyon, and chemosis or inflammation
were graded on a scale ranging from 0 (none) to a maximum of 4 (severe). The sum of these
parameters for each eye determined the SLE score of pathological changes.

Table 2. Clinical parameters used in the slit-lamp examination score (McDonald–Shadduck scoring
system).

A. Corneal Opacity Degree Absence 0
Visible Iris 1.5
Iris details indistinguishable 3
Anterior chamber invisible 4

B. Corneal Opacity Area None 0
≤ (not 0) 0.5
>1/4 to <1/2 1
>1/2 to <3/4 1.5
>3/4 2

C. Corneal Ulceration Normal curvature 0
Protrusion or depression 1.5
Perforation 3

D. Area of the initial injury Same or lower 1.5
Higher 3

E. Redness of nictitating membrane Normal 0
Slightly vascular dilation and edema 1
Remarkable vascular dilation and redness of the
entire membrane 2–4

F. Discharge No discharge 0
Any quantity 1
Wet eyelids and eyelashes 2

G. Hypopyon Not observed 0
<1/4 of the corneal radius 1
>1/4 to <1/2 2
>1/2 3

I. Chemosis or inflammation Not observed 0
Clearly with eyelid disturbance 1
Partially closed eyelids 2
Closed eyelids 3
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4.5. Confocal Corneal Evaluation

Infected, control, and treated corneas from the different groups (genipin-treated group
versus vehicle-treated group) were evaluated at 48 h post-induction of bacterial keratitis.
Confocal images were obtained with a Confoscan 4 (Nidek, Fort Lauderdale, FL, USA)
using the 40× immersion objective. Cellular changes, infiltration, and corneal necrosis
formation were evaluated.

4.6. Histological Analysis

Corneal specimens were fixed in 10% formaldehyde, dehydrated with ethanol, and
processed for paraffin embedding and histologic analysis. Tissue sections (5 µm thick) were
stained by hematoxylin and eosin (H&E) and Gram stains and subsequently imaged using
an Olympus microscope (Olympus, Tokyo, Japan) and a Canon EOS T4i Rebel camera
(Canon Inc., Tokyo, Japan).

4.7. Bacterial Colony-Forming Unit Analysis—Plate Count

Corneal specimens were homogenized in 1 mL of sterile saline solution, and the
homogenate was tenfold serially diluted. Then, 100 µL of each dilution was plated in BHI
agar plates at 37 ◦C for 24 h. Colony enumeration was carried out, and CFU/cornea were
expressed as base 10 logarithms, as described elsewhere [45].

4.8. Quantitative Real-Time Polymerase Chain Reaction

The inflammatory response of infected corneas was investigated by quantitative
real-time polymerase chain reaction (RT-qPCR). A total of five corneal specimens were
isolated per group, immediately immersed in RNA later solution (Thermofisher), and
stored at −80 ◦C until RNA extraction. Total RNA was extracted using the Monarch total
RNA extraction kit (New England, Biolabs, Boston, MA, USA). This was followed by
quantification of the RNA concentration, transcription to cDNA, and amplification using
the Luna One-step RT-qPCR universal kit (New England, Biolabs, Boston, MA, USA), as per
manufacturer’s instructions. RT-qPCR was carried out (iCycler iQ; Bio-Rad, Hercules, CA,
USA) with SYBR green PCR master mix (Bio-Rad). The specific primers listed in Table 3
were designed and validated in terms of efficiency. A computer program (version:2020.2
software; Bio-Rad) was used to visualize the data. The standard curve method was used to
determine relative changes in gene expression levels, with GAPDH serving as the reference,
which did not change significantly in our samples [94]. Experiments were performed
in triplicates.

Table 3. Oligonucleotide Sequences for qRT-PCR.

Gene Forward 5′-3′ Reverse 5′-3′

IL-1RA GAAGTTGTGCCTGTCTTGTGTG CCTCCTGGAAGTAGAACTTGGT
IL-1b TGTTGTCTGGCACGTATGAGCTG CTTCTTCTTTGGGTAACGGTTGGG
IL-6 CTGAAGAACATCCAACACCTGATC CCTAACGCTCATCTTCCTAGTTTC
IL-8 ACACTCCACACCTTTCCATCC CCTACGACAGATCCATGCAGT
IL-10 CCCGATCCTATTTATTTACCGAGC GTTAGAAAGTGTGGTCAGGCACAG
IL-15 CTGTATCAGTGCAGGTCTTCC CCTCCAGTTCCTCACATTCTTTGC
TNF-a CTCCCAGGTTCTCTTCAGCGGTC GTCCAGGTACTCAGGCTGGTTGA
IFN-γ GCCAGGACACACTAACCAGAG CCTCGAAACAGCGTCTGACT
TRAIL CTGATCCTGATCTTCACAGTGCTCC CTACTCTCTGAGGCCCTCTTTCTC
MMP9 TGGGCTTGGATCACTCCTCTG CAGCTTGTTCCCTATCTCGGC
MMP13 CCAGATTTATCCTGATGGGCGTAC CACTTGGGAATAGGCTTCCGC
MMP-2 TGGACCAGAGCACCATCGAG GTGGAGCACCAGAGGAAGCC
GAPDH GCGTGAACCACGAGAAGTATGACAAC CAGTGGAGGCAGGGATGATGTTC
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4.9. Statistical Analysis

The clinical scores and the bacterial CFU data were compared between each treatment
group using the two-sample t-test and the Mann-Whitney U test, respectively. The dif-
ferences in relative gene expression data of all groups were determined using a one-way
analysis of variance (ANOVA). Statistical significance was ascertained at p ≤ 0.05.

Author Contributions: Conceptualization, E.K., M.Y.A., M.H.-B. and C.N.R.; methodology, M.H.-B.,
E.K. and M.Y.A.; validation, E.K., M.Y.A., M.H.-B. and C.N.R.; formal analysis, M.H.-B. and E.K.;
investigation, E.K., M.H.-B., J.A.C.-S., J.A.C.-V., M.Y.A. and M.Y.A.; resources, E.K., M.L.N. and
J.A.C.-V.; data curation, M.H.-B. and E.K.; writing—original draft preparation, M.H.-B., E.K. and
M.Y.A.; writing—review and editing, M.H.-B., E.K. and M.Y.A.; visualization, M.H.-B. and E.K.;
supervision, E.K. and M.Y.A.; funding acquisition, E.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by THE EUROPEAN COMMISSION HORIZON 2020, grant
(793328), Marie Curie Individual Global Fellowship (EK).

Institutional Review Board Statement: The animal study protocol was approved by the Faculty of
Medicine ethical committee (approval act: 019-212) and by the Faculty of Veterinary Medicine and
Zootechnics ethical committee (approval act: 01- 2021, CB-FMVZ-UN-004-2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available upon request.

Acknowledgments: The authors would like to thank Maria Clemencia Cortes Rueda and Jaydi
Acosta Alvarez for their technical support with this project. The authors also express their gratitude
to the Department of Microbiology, Faculty of Medicine, and the Department of Animal Health,
Faculty of Veterinary Medicine and Zootechnics Vivarium, Bogota DC, Universidad Nacional de
Colombia, Bogotá, Colombia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Flaxman, S.R.; Bourne, R.R.A.; Resnikoff, S.; Ackland, P.; Braithwaite, T.; Cicinelli, M.V.; Das, A.; Jonas, J.B.; Keeffe, J.; Kempen, J.H.; et al.

Global causes of blindness and distance vision impairment 1990–2020: A systematic review and meta-analysis. Lancet Glob. Health
2017, 5, e1221–e1234. [CrossRef]

2. Ung, L.; Bispo, P.J.M.; Shanbhag, S.S.; Gilmore, M.S.; Chodosh, J. The persistent dilemma of microbial keratitis: Global burden,
diagnosis, and antimicrobial resistance. Surv. Ophthalmol. 2019, 64, 255–271. [CrossRef] [PubMed]

3. Pascolini, D.; Mariotti, S.P. Global estimates of visual impairment: 2010. Br. J. Ophthalmol. 2012, 96, 614–618. [CrossRef] [PubMed]
4. Steinmetz, J.D.; Bourne, R.R.A.; Briant, P.S.; Flaxman, S.R.; Taylor, H.R.B.; Jonas, J.B.; Abdoli, A.A.; Abrha, W.A.; Abualhasan, A.;

Abu-Gharbieh, E.G.; et al. Causes of blindness and vision impairment in 2020 and trends over 30 years, and prevalence of
avoidable blindness in relation to VISION 2020: The Right to Sight: An analysis for the Global Burden of Disease Study. Lancet
Glob. Health 2021, 9, e144–e160. [CrossRef] [PubMed]

5. Ting, D.S.J.; Ho, C.S.; Deshmukh, R.; Said, D.G.; Dua, H.S. Infectious keratitis: An update on epidemiology, causative microorgan-
isms, risk factors, and antimicrobial resistance. Eye 2021, 35, 1084–1101. [CrossRef]

6. Acharya, N.R.; Agarwal, T.; Alfonso, E.C.; Bagga, B.; Bispo, P.J.; Burton, M.J.; Dart, J.K.; Doan, T.; Fleiszig, S.M.; Garg, P. Infectious
corneal ulceration: A proposal for neglected tropical disease status. Bull. World Health Organ. 2019, 97, 854–856.

7. Köberlein, J.; Beifus, K.; Schaffert, C.; Finger, R.P. The economic burden of visual impairment and blindness: A systematic review.
BMJ Open 2013, 3, e003471. [CrossRef]

8. Khor, W.B.; Prajna, V.N.; Garg, P.; Mehta, J.S.; Xie, L.; Liu, Z.; Padilla, M.D.B.; Joo, C.K.; Inoue, Y.; Goseyarakwong, P.; et al. The
Asia Cornea Society Infectious Keratitis Study: A Prospective Multicenter Study of Infectious Keratitis in Asia. Am. J. Ophthalmol.
2018, 195, 161–170. [CrossRef]

9. Austin, A.; Lietman, T.; Rose-Nussbaumer, J. Update on the Management of Infectious Keratitis. Ophthalmology 2017, 124,
1678–1689. [CrossRef]

10. Li, J.; Ma, X.; Zhao, L.; Li, Y.; Zhou, Q.; Du, X. Extended Contact Lens Wear Promotes Corneal Norepinephrine Secretion and
Pseudomonas aeruginosa Infection in Mice. Investig. Ophthalmol. Vis. Sci. 2020, 61, 17. [CrossRef]

11. Singh, M.; Gour, A.; Gandhi, A.; Mathur, U.; Farooqui, J.H. Demographic details, risk factors, microbiological profile, and clinical
outcomes of pediatric infectious keratitis cases in North India. Indian J. Ophthalmol. 2020, 68, 434–440. [CrossRef] [PubMed]

http://doi.org/10.1016/S2214-109X(17)30393-5
http://doi.org/10.1016/j.survophthal.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30590103
http://doi.org/10.1136/bjophthalmol-2011-300539
http://www.ncbi.nlm.nih.gov/pubmed/22133988
http://doi.org/10.1016/S2214-109X(20)30489-7
http://www.ncbi.nlm.nih.gov/pubmed/33275949
http://doi.org/10.1038/s41433-020-01339-3
http://doi.org/10.1136/bmjopen-2013-003471
http://doi.org/10.1016/j.ajo.2018.07.040
http://doi.org/10.1016/j.ophtha.2017.05.012
http://doi.org/10.1167/iovs.61.4.17
http://doi.org/10.4103/ijo.IJO_928_19
http://www.ncbi.nlm.nih.gov/pubmed/32056996


Int. J. Mol. Sci. 2023, 24, 6904 15 of 18

12. Grandi, G.; Bianco, G.; Boattini, M.; Scalabrin, S.; Iannaccone, M.; Fea, A.; Cavallo, R.; Costa, C. Bacterial etiology and antimicrobial
resistance trends in ocular infections: A 30-year study, Turin area, Italy. Eur. J. Ophthalmol. 2021, 31, 405–414. [CrossRef] [PubMed]

13. Lin, A.; Rhee, M.K.; Akpek, E.K.; Amescua, G.; Farid, M.; Garcia-Ferrer, F.J.; Varu, D.M.; Musch, D.C.; Dunn, S.P.; Mah, F.S.
Bacterial Keratitis Preferred Practice Pattern(R). Ophthalmology 2019, 126, P1–P55. [CrossRef]

14. Hilliam, Y.; Kaye, S.; Winstanley, C. Pseudomonas aeruginosa and microbial keratitis. J. Med. Microbiol. 2020, 69, 3–13. [CrossRef]
15. Tena, D.; Rodríguez, N.; Toribio, L.; González-Praetorius, A. Infectious Keratitis: Microbiological Review of 297 Cases. Jpn. J.

Infect. Dis. 2019, 72, 121–123. [CrossRef] [PubMed]
16. Lakhundi, S.; Siddiqui, R.; Khan, N.A. Pathogenesis of microbial keratitis. Microb. Pathog. 2017, 104, 97–109. [CrossRef]
17. Jamerson, E.C.; Elhusseiny, A.M.; ElSheikh, R.H.; Eleiwa, T.K.; El Sayed, Y.M. Role of Matrix Metalloproteinase 9 in Ocular

Surface Disorders. Eye Contact Lens. 2020, 46 (Suppl 2), S57–S63. [CrossRef]
18. Miyajima, S.; Akaike, T.; Matsumoto, K.; Okamoto, T.; Yoshitake, J.; Hayashida, K.; Negi, A.; Maeda, H. Matrix metalloproteinases

induction by pseudomonal virulence factors and inflammatory cytokines in vitro. Microb. Pathog. 2001, 31, 271–281. [CrossRef]
[PubMed]

19. Thibodeaux, B.A.; Caballero, A.R.; Marquart, M.E.; Tommassen, J.; O’Callaghan, R.J. Corneal virulence of Pseudomonas
aeruginosa elastase B and alkaline protease produced by Pseudomonas putida. Curr. Eye Res. 2007, 32, 373–386. [CrossRef]

20. Zhang, Y.; Liang, Q.; Liu, Y.; Pan, Z.; Baudouin, C.; Labbé, A.; Lu, Q. Expression of cytokines in aqueous humor from fungal
keratitis patients. BMC Ophthalmol. 2018, 18, 105. [CrossRef]

21. Yamaguchi, T.; Calvacanti, B.M.; Cruzat, A.; Qazi, Y.; Ishikawa, S.; Osuka, A.; Lederer, J.; Hamrah, P. Correlation between human
tear cytokine levels and cellular corneal changes in patients with bacterial keratitis by in vivo confocal microscopy. Investig.
Ophthalmol. Vis. Sci. 2014, 55, 7457–7466. [CrossRef] [PubMed]

22. Ghasemi, H. Roles of IL-6 in Ocular Inflammation: A Review. Ocul. Immunol. Inflamm. 2018, 26, 37–50. [CrossRef]
23. Ghasemi, H.; Ghazanfari, T.; Yaraee, R.; Faghihzadeh, S.; Hassan, Z.M. Roles of IL-8 in ocular inflammations: A review. Ocul.

Immunol. Inflamm. 2011, 19, 401–412. [CrossRef] [PubMed]
24. Keadle, T.L.; Usui, N.; Laycock, K.A.; Miller, J.K.; Pepose, J.S.; Stuart, P.M. IL-1 and TNF-α Are Important Factors in the

Pathogenesis of Murine Recurrent Herpetic Stromal Keratitis. Investig. Ophthalmol. Vis. Sci. 2000, 41, 96–102. [PubMed]
25. Cole, N.; Bao, S.; Willcox, M.; Husband, A.J. TNF-alpha production in the cornea in response to Pseudomonas aeruginosa

challenge. Immunol. Cell Biol. 1999, 77, 164–166. [CrossRef]
26. Kennedy, M.; Kim, K.H.; Harten, B.; Brown, J.; Planck, S.; Meshul, C.; Edelhauser, H.; Rosenbaum, J.T.; Armstrong, C.A.; Ansel, J.C.

Ultraviolet irradiation induces the production of multiple cytokines by human corneal cells. Investig. Ophthalmol. Vis. Sci. 1997,
38, 2483–2491.

27. Bryant-Hudson, K.M.; Gurung, H.R.; Zheng, M.; Carr, D.J. Tumor necrosis factor alpha and interleukin-6 facilitate corneal
lymphangiogenesis in response to herpes simplex virus 1 infection. J. Virol. 2014, 88, 14451–14457. [CrossRef]

28. Egrilmez, S.; Yildirim-Theveny, S. Treatment-Resistant Bacterial Keratitis: Challenges and Solutions. Clin. Ophthalmol. 2020, 14,
287–297. [CrossRef]

29. Prajna, N.V.; Srinivasan, M.; Mascarenhas, J.; Lalitha, P.; Rajaraman, R.; McClintic, S.M.; O’Brien, K.S.; Ray, K.J.; Acharya, N.R.;
Lietman, T.M.; et al. Visual Impairment in Fungal Versus Bacterial Corneal Ulcers 4 Years After Successful Antimicrobial
Treatment. Am. J. Ophthalmol. 2019, 204, 124–129. [CrossRef]

30. Zhang, Q.; Zhao, M.; Xu, M.; Gu, F.; Liu, Q.; Chen, Y.; Zhang, H.; Kijlstra, A. Outcomes of therapeutic keratoplasty for severe
infectious keratitis in Chongqing, a 16-year experience. Infect. Drug Resist. 2019, 12, 2487–2493. [CrossRef]

31. Szentmáry, N.; Módis, L.; Imre, L.; Füst, Á.; Daas, L.; Laurik, L.; Seitz, B.; Nagy, Z.Z. Diagnostics and treatment of infectious
keratitis. Orv. Hetil. 2017, 158, 1203–1212. [CrossRef] [PubMed]

32. Mathews, P.M.; Lindsley, K.; Aldave, A.J.; Akpek, E.K. Etiology of Global Corneal Blindness and Current Practices of Corneal
Transplantation: A Focused Review. Cornea 2018, 9, 1198–1203. [CrossRef] [PubMed]

33. Asbell, P.A.; Sanfilippo, C.M.; Sahm, D.F.; DeCory, H.H. Trends in Antibiotic Resistance Among Ocular Microorganisms in the
United States From 2009 to 2018. JAMA Ophthalmol. 2020, 138, 439–450. [CrossRef]

34. Lin, L.; Duan, F.; Yang, Y.; Lou, B.; Liang, L.; Lin, X. Nine-year analysis of isolated pathogens and antibiotic susceptibilities of
microbial keratitis from a large referral eye center in southern China. Infect. Drug Resist. 2019, 12, 1295–1302. [CrossRef] [PubMed]

35. Cabrera-Aguas, M.; Khoo, P.; George, C.R.R.; Lahra, M.M.; Watson, S.L. Antimicrobial resistance trends in bacterial keratitis over
5 years in Sydney, Australia. Clin. Exp. Ophthalmol. 2020, 48, 183–191. [CrossRef]

36. Peterson, J.C.; Durkee, H.; Miller, D.; Maestre-Mesa, J.; Arboleda, A.; Aguilar, M.C.; Relhan, N.; Flynn, H.W., Jr.; Amescua, G.;
Parel, J.M.; et al. Molecular epidemiology and resistance profiles among healthcare- and community-associated Staphylococcus
aureus keratitis isolates. Infect. Drug Resist. 2019, 12, 831–843. [CrossRef]

37. Galvis, V.; Parra, M.M.; Tello, A.; Castellanos, Y.A.; Camacho, P.A.; Villarreal, D.; Salcedo, S.L.L. Antibiotic resistance profile in
eye infections in a reference centre in Floridablanca, Colombia. Arch. Soc. Esp. Oftalmol. (Engl. Ed.) 2019, 94, 4–11. [CrossRef]

38. Hobbs, C.A.; Koyanagi, M.; Swartz, C.; Davis, J.; Maronpot, R.; Recio, L.; Hayashi, S.M. Genotoxicity evaluation of the naturally-
derived food colorant, gardenia blue, and its precursor, genipin. Food Chem. Toxicol. 2018, 118, 695–708. [CrossRef]

http://doi.org/10.1177/1120672119896419
http://www.ncbi.nlm.nih.gov/pubmed/31875683
http://doi.org/10.1016/j.ophtha.2018.10.018
http://doi.org/10.1099/jmm.0.001110
http://doi.org/10.7883/yoken.JJID.2018.269
http://www.ncbi.nlm.nih.gov/pubmed/30381686
http://doi.org/10.1016/j.micpath.2016.12.013
http://doi.org/10.1097/ICL.0000000000000668
http://doi.org/10.1006/mpat.2001.0470
http://www.ncbi.nlm.nih.gov/pubmed/11747375
http://doi.org/10.1080/02713680701244181
http://doi.org/10.1186/s12886-018-0754-x
http://doi.org/10.1167/iovs.14-15411
http://www.ncbi.nlm.nih.gov/pubmed/25324281
http://doi.org/10.1080/09273948.2016.1277247
http://doi.org/10.3109/09273948.2011.618902
http://www.ncbi.nlm.nih.gov/pubmed/22106907
http://www.ncbi.nlm.nih.gov/pubmed/10634607
http://doi.org/10.1046/j.1440-1711.1999.00805.x
http://doi.org/10.1128/JVI.01841-14
http://doi.org/10.2147/OPTH.S181997
http://doi.org/10.1016/j.ajo.2019.03.010
http://doi.org/10.2147/IDR.S204025
http://doi.org/10.1556/650.2017.30821
http://www.ncbi.nlm.nih.gov/pubmed/28758436
http://doi.org/10.1097/ICO.0000000000001666
http://www.ncbi.nlm.nih.gov/pubmed/29912039
http://doi.org/10.1001/jamaophthalmol.2020.0155
http://doi.org/10.2147/IDR.S206831
http://www.ncbi.nlm.nih.gov/pubmed/31190918
http://doi.org/10.1111/ceo.13672
http://doi.org/10.2147/IDR.S190245
http://doi.org/10.1016/j.oftal.2018.07.003
http://doi.org/10.1016/j.fct.2018.06.001


Int. J. Mol. Sci. 2023, 24, 6904 16 of 18

39. Xiao, W.; Li, S.; Wang, S.; Ho, C.T. Chemistry and bioactivity of Gardenia jasminoides. J. Food. Drug. Anal. 2017, 25, 43–61.
[CrossRef]

40. Wang, C.; Lau, T.T.; Loh, W.L.; Su, K.; Wang, D.A. Cytocompatibility study of a natural biomaterial crosslinker–Genipin with
therapeutic model cells. J. Biomed. Mater. Res. B Appl. Biomater. 2011, 97, 58–65. [CrossRef]

41. Neri-Numa, I.A.; Pessoa, G.M.; Paulino, B.N.; Pastore, G.M. Genipin: A natural blue pigment for food and health purposes.
Trends Food Sci. Technol. 2017, 67, 271–279. [CrossRef]

42. Yan, L.P.; Wang, Y.J.; Ren, L.; Wu, G.; Caridade, S.G.; Fan, J.B.; Wang, L.Y.; Ji, P.H.; Oliveira, J.M.; Oliveira, J.T.; et al. Genipin-cross-
linked collagen/chitosan biomimetic scaffolds for articular cartilage tissue engineering applications. J. Biomed. Mater. Res. A 2010,
95, 465–475. [CrossRef]

43. Song, W.; Tang, Y.; Qiao, J.; Li, H.; Rong, B.; Yang, S.; Wu, Y.; Yan, X. The Short-Term Safety Evaluation of Corneal Crosslinking
Agent-Genipin. Ophthalmic. Res. 2019, 62, 141–149. [CrossRef] [PubMed]

44. Koo, H.J.; Song, Y.S.; Kim, H.J.; Lee, Y.H.; Hong, S.M.; Kim, S.J.; Kim, B.C.; Jin, C.; Lim, C.J.; Park, E.H. Antiinflammatory effects
of genipin, an active principle of gardenia. Eur. J. Pharmacol. 2004, 495, 201–208. [CrossRef]

45. Koudouna, E.; Huertas-Bello, M.; Rodriguez, C.N.; Consuelo Henao, S.; Navarrete, M.L.; Avila, M.Y. Genipin in an Ex Vivo
Corneal Model of Bacterial and Fungal Keratitis. Transl. Vis. Sci. Technol. 2021, 10, 31. [CrossRef]

46. Avik Khan, A.; Gallah, H.; Riedl, B.; Bouchard, J.; Agnes Safrany, A.; Lacroix, M. Genipin cross-linked antimicrobial nanocomposite
films and gamma irradiation to prevent the surface growth of bacteria in fresh meats. Innov. Food Sci. Emerg. Technol. 2016, 35,
96–102. [CrossRef]

47. Hong, M.; Lee, S.; Clayton, J.; Yake, W.; Li, J. Genipin suppression of growth and metastasis in hepatocellular carcinoma through
blocking activation of STAT-3. J. Exp. Clin. Cancer Res. 2020, 39, 146. [CrossRef]

48. Shanmugam, M.K.; Shen, H.; Tang, F.R.; Arfuso, F.; Rajesh, M.; Wang, L.; Kumar, A.P.; Bian, J.; Goh, B.C.; Bishayee, A.; et al.
Potential role of genipin in cancer therapy. Pharmacol. Res. 2018, 133, 195–200. [CrossRef] [PubMed]

49. Wang, N.; Zhu, M.; Tsao, S.W.; Man, K.; Zhang, Z.; Feng, Y. Up-regulation of TIMP-1 by genipin inhibits MMP-2 activities and
suppresses the metastatic potential of human hepatocellular carcinoma. PLoS ONE. 2012, 7, e46318. [CrossRef] [PubMed]

50. Wang, J.; Chen, L.; Liang, Z.; Li, Y.; Yuan, F.; Liu, J.; Tian, Y.; Hao, Z.; Zhou, F.; Liu, X.; et al. Genipin Inhibits LPS-Induced
Inflammatory Response in BV2 Microglial Cells. Neurochem. Res. 2017, 42, 2769–2776. [CrossRef]

51. Yu, S.X.; Du, C.T.; Chen, W.; Lei, Q.Q.; Li, N.; Qi, S.; Zhang, X.J.; Hu, G.Q.; Deng, X.M.; Han, W.Y.; et al. Genipin inhibits NLRP3
and NLRC4 inflammasome activation via autophagy suppression. Sci. Rep. 2015, 5, 17935. [CrossRef] [PubMed]

52. Liu, J.; Yin, F.; Zheng, X.; Jing, J.; Hu, Y. Geniposide, a novel agonist for GLP-1 receptor, prevents PC12 cells from oxidative
damage via MAP kinase pathway. Neurochem. Int. 2007, 51, 361–369. [CrossRef] [PubMed]

53. Manickam, B.; Sreedharan, R.; Elumalai, M. ‘Genipin’—The natural water soluble cross-linking agent and its importance in the
modified drug delivery systems: An overview. Curr. Drug Deliv. 2014, 11, 139–145. [CrossRef] [PubMed]

54. Oryan, A.; Kamali, A.; Moshiri, A.; Baharvand, H.; Daemi, H. Chemical crosslinking of biopolymeric scaffolds: Current knowledge
and future directions of crosslinked engineered bone scaffolds. Int. J. Biol. Macromol. 2018, 107 Pt A, 678–688. [CrossRef]

55. Levy, A.M.; Fazio, M.A.; Grytz, R. Experimental myopia increases and scleral crosslinking using genipin inhibits cyclic softening
in the tree shrew sclera. Ophthalmic Physiol. Opt. 2018, 38, 246–256. [CrossRef] [PubMed]
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71. Urbańska, K.; Woźniak, M.; Więsyk, P.; Konarska, N.; Bartos, W.; Biszewski, M.; Bielak, M.; Chorągiewicz, T.; Rejdak, R.
Management and Treatment Outcomes of High-Risk Corneal Transplantations. J. Clin. Med. 2022, 11, 5511. [CrossRef] [PubMed]

72. Sharma, N.; Kaur, M.; Titiyal, J.S.; Aldave, A. Infectious keratitis after lamellar keratoplasty. Surv. Ophthalmol. 2021, 66, 623–643.
[CrossRef] [PubMed]

73. Ratitong, B.; Marshall, M.E.; Dragan, M.A.; Anunciado, C.M.; Abbondante, S.; Pearlman, E. Differential Roles for IL-1alpha and
IL-1beta in Pseudomonas aeruginosa Corneal Infection. J. Immunol. 2022. [CrossRef]

74. Guo, L.; Wang, Z.; Li, J.; Cui, L.; Dong, J.; Meng, X.; Zhu, G.; Li, J.; Wang, H. MCC950 attenuates inflammation-mediated damage
in canines with Staphylococcus pseudintermedius keratitis by inhibiting the NLRP3 inflammasome. Int. Immunopharmacol. 2022,
108, 108857. [CrossRef] [PubMed]

75. Peng, L.; Zhong, J.; Xiao, Y.; Wang, B.; Li, S.; Deng, Y.; He, D.; Yuan, J. Therapeutic effects of an anti-IL-6 antibody in fungal
keratitis: Macrophage inhibition and T cell subset regulation. Int. Immunopharmacol. 2020, 85, 106649. [CrossRef]

76. Zhang, Y.; Li, G.; Zhang, X.; Lin, L. ROS-scavenging glyco-nanoplatform for synergistic antibacterial and wound-healing therapy
of bacterial keratitis. J. Mater. Chem. B 2022, 10, 4575–4587. [CrossRef]

77. Reinstein Merjava, S.; Kossl, J.; Neuwirth, A.; Skalicka, P.; Hlinomazova, Z.; Holan, V.; Jirsova, K. Presence of Protease Inhibitor 9
and Granzyme B in Healthy and Pathological Human Corneas. Biology 2022, 11, 793. [CrossRef]

78. Karmakar, M.; Katsnelson, M.; Malak, H.A.; Greene, N.G.; Howell, S.J.; Hise, A.G.; Camilli, A.; Kadioglu, A.; Dubyak, G.R.;
Pearlman, E. Neutrophil IL-1beta processing induced by pneumolysin is mediated by the NLRP3/ASC inflammasome and
caspase-1 activation and is dependent on K+ efflux. J. Immunol. 2015, 194, 1763–1775. [CrossRef]

79. Fukuda, K. Corneal fibroblasts: Function and markers. Exp. Eye Res. 2020, 200, 108229. [CrossRef]
80. Sagerfors, S.; Ejdervik-Lindblad, B.; Soderquist, B. Infectious keratitis: Isolated microbes and their antibiotic susceptibility pattern

during 2004-2014 in Region Orebro County, Sweden. Acta Ophthalmol. 2020, 98, 255–260. [CrossRef]
81. Silhavy, T.J.; Kahne, D.; Walker, S. The bacterial cell envelope. Cold Spring Harb. Perspect Biol. 2010, 2, a000414. [CrossRef]
82. Guo, L.; Dong, W.; Fu, X.; Lin, J.; Dong, Z.; Tan, X.; Zhang, T. Tripartite Motif 8 (TRIM8) Positively Regulates Pro-inflammatory

Responses in Pseudomonas aeruginosa-Induced Keratitis Through Promoting K63-Linked Polyubiquitination of TAK1 Protein.
Inflammation 2017, 40, 454–463. [CrossRef]

83. Palomar, A.P.D.; Montolío, A.; Cegoñino, J.; Dhanda, S.K.; Lio, C.T.; Bose, T. The Innate Immune Cell Profile of the Cornea Predicts
the Onset of Ocular Surface Inflammatory Disorders. J. Clin. Med. 2019, 8, 2110. [CrossRef] [PubMed]

84. Chen, M.; Rong, R.; Xia, X. Spotlight on pyroptosis: Role in pathogenesis and therapeutic potential of ocular diseases.
J. Neuroinflammation 2022, 19, 183. [CrossRef] [PubMed]

85. Chen, X.Y.; Jiang, W.W.; Liu, Y.L.; Ma, Z.X.; Dai, J.Q. Anti-inflammatory action of geniposide promotes wound healing in diabetic
rats. Pharm. Biol. 2022, 60, 294–299. [CrossRef]

86. Afzal, M.; Vijay, A.K.; Stapleton, F.; Willcox, M. Virulence Genes of Staphylococcus aureus Associated With Keratitis, Conjunctivitis,
and Contact Lens-Associated Inflammation. Transl. Vis. Sci. Technol. 2022, 11, 5. [CrossRef]

87. Hazlett, L.D.; Jiang, X.; McClellan, S.A. IL-10 function, regulation, and in bacterial keratitis. J. Ocul. Pharmacol. Ther. 2014, 30,
373–380. [CrossRef]

88. Iannotta, M.; Belardo, C.; Trotta, M.C.; Iannotti, F.A.; Vitale, R.M.; Maisto, R.; Boccella, S.; Infantino, R.; Ricciardi, F.; Mirto, B.F.; et al.
N-palmitoyl-D-glucosamine, a Natural Monosaccharide-Based Glycolipid, Inhibits TLR4 and Prevents LPS-Induced Inflammation
and Neuropathic Pain in Mice. Int. J. Mol. Sci. 2021, 22, 1491. [CrossRef]

89. Yang, H.; Yue, Y.; Li, Y.; Su, L.; Yan, S. Geniposide attenuates dextran sulfate sodium-induced colitis in mice via Nrf-2/HO-1/NF-
kappaB pathway. Ann. Palliat. Med. 2020, 9, 2826–2836. [CrossRef] [PubMed]

90. Kozera, B.; Rapacz, M. Reference genes in real-time PCR. J. Appl. Genet. 2013, 54, 391–406. [CrossRef] [PubMed]
91. Kernacki, K.A.; Fridman, R.; Hazlett, L.D.; Lande, M.A.; Berk, R.S. In vivo characterization of host and bacterial protease

expression during Pseudomonas aeruginosa corneal infections in naive and immunized mice. Curr. Eye Res. 1997, 16, 289–297.
[CrossRef] [PubMed]

92. Gharaibeh, A.M.; Saez, V.; Garcia, N.; Bataille, L.; Alió, J.L. Optimizing Genipin Concentration for Corneal Collagen Cross-Linking:
An ex vivo Study. Ophthalmic Res. 2018, 60, 100–108. [CrossRef] [PubMed]

http://doi.org/10.1016/j.intimp.2010.01.011
http://doi.org/10.3892/ijmm.2018.4027
http://doi.org/10.1167/tvst.10.9.25
http://doi.org/10.1038/s41598-021-04418-x
http://doi.org/10.1016/j.jtos.2021.09.005
http://doi.org/10.3892/etm.2020.9057
http://doi.org/10.3390/jcm11195511
http://www.ncbi.nlm.nih.gov/pubmed/36233379
http://doi.org/10.1016/j.survophthal.2020.11.001
http://www.ncbi.nlm.nih.gov/pubmed/33217327
http://doi.org/10.4049/jimmunol.2200110
http://doi.org/10.1016/j.intimp.2022.108857
http://www.ncbi.nlm.nih.gov/pubmed/35597123
http://doi.org/10.1016/j.intimp.2020.106649
http://doi.org/10.1039/D2TB00667G
http://doi.org/10.3390/biology11050793
http://doi.org/10.4049/jimmunol.1401624
http://doi.org/10.1016/j.exer.2020.108229
http://doi.org/10.1111/aos.14256
http://doi.org/10.1101/cshperspect.a000414
http://doi.org/10.1007/s10753-016-0491-3
http://doi.org/10.3390/jcm8122110
http://www.ncbi.nlm.nih.gov/pubmed/31810226
http://doi.org/10.1186/s12974-022-02547-2
http://www.ncbi.nlm.nih.gov/pubmed/35836195
http://doi.org/10.1080/13880209.2022.2030760
http://doi.org/10.1167/tvst.11.7.5
http://doi.org/10.1089/jop.2014.0018
http://doi.org/10.3390/ijms22031491
http://doi.org/10.21037/apm-20-279
http://www.ncbi.nlm.nih.gov/pubmed/32787366
http://doi.org/10.1007/s13353-013-0173-x
http://www.ncbi.nlm.nih.gov/pubmed/24078518
http://doi.org/10.1076/ceyr.16.4.289.10686
http://www.ncbi.nlm.nih.gov/pubmed/9134316
http://doi.org/10.1159/000487950
http://www.ncbi.nlm.nih.gov/pubmed/29804113


Int. J. Mol. Sci. 2023, 24, 6904 18 of 18

93. Altmann, S.; Emanuel, A.; Toomey, M.; McIntyre, K.; Covert, J.; Dubielzig, R.R.; Leatherberry, G.; Murphy, C.J.; Kodihalli, S.;
Brandt, C.R. A quantitative rabbit model of vaccinia keratitis. Investig. Ophthalmol. Vis. Sci. 2010, 51, 4531–4540. [CrossRef]

94. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucl. Acids Res. 2001, 29, e45. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1167/iovs.09-5106
http://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886

	Introduction 
	Results 
	Genipin Alleviates the Severity of Bacterial Keratitis—Improved Management of Descemetocele and Corneal Perforation after Topical Genipin Treatment 
	Decreased Inflammatory Cell Infiltration in Genipin-Treated Eyes 
	Microbial Log Reduction 
	Genipin Regulates the Host’s Immune Response to Infection 

	Discussion 
	Materials and Methods 
	Study Design 
	Bacterial Strains 
	Induction of Keratitis and Treatment Regimen 
	Clinical Examination 
	Confocal Corneal Evaluation 
	Histological Analysis 
	Bacterial Colony-Forming Unit Analysis—Plate Count 
	Quantitative Real-Time Polymerase Chain Reaction 
	Statistical Analysis 

	References

