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Abstract: Filtering surgeries are frequently used for controlling intraocular pressure in glaucoma patients. The long-term success of
operation is intimately influenced by the process of wound healing at the site of surgery. Indeed, if has not been anticipated and
managed accordingly, filtering surgery in high-risk patients could end up in bleb failure. Several strategies have been developed so
far to overcome excessive scarring after filtering surgery. The principal step involves meticulous tissue handling and modification of
surgical  technique,  which  can  minimize  the  severity  of  wound  healing  response  at  the  first  place.  However,  this  is  usually
insufficient, especially in those with high-risk criteria. Thus, several adjuvants have been tried to stifle the exuberant scarring after
filtration surgery. Conventionally, corticosteroids and anti-fibrotic agents (including 5-fluorouracil and Mitomycin-C) have been
used for over three decades with semi-acceptable outcomes. Blebs and bleb associated complications are catastrophic side effects of
anti-fibrotic agents, which occasionally are encountered in a subset of patients. Therefore, research continues to find a safer, yet
effective adjuvant for filtering surgery. Recent efforts have primarily focused on selective inhibition of growth factors that promote
scarring during wound healing process. Currently, only anti-VEGF agents have gained widespread acceptance to be translated into
routine  clinical  practice.  Robust  evidence for  other  agents  is  still  lacking and future  confirmative  studies  are  warranted.  In  this
review,  we explain  the  importance  of  wound healing  process  during  filtering  surgery,  and describe  the  conventional  as  well  as
potential future adjuvants for filtration surgeries.
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INTRODUCTION

Trabeculectomy and shunt  surgeries  are  the  two most  common filtering operations  performed on glaucomatous
patients. The most widely performed procedure to reduce intraocular pressure (IOP) is trabeculectomy, which is used to
create a channel between the anterior chamber of the eye and the subconjunctival space. This procedure allows the
drainage of aqueous from the anterior chamber through the created channel into the subconjunctival space, thereby
reducing IOP by a filtering bleb [1 - 3]. In shunt surgeries, the bleb is formed in the sub-Tenon’s space around the plate
of the shunt. Formation of a functioning filtering bleb is the cardinal sign of a successful filtering glaucoma surgery. An
incomplete  wound  healing  at  the  site  of  filtering  surgery  is  necessary,  which  is  against  most  other  surgeries  that
complete healing and restoration of normal architecture of the incised tissue would be a preferred outcome.

The failure of glaucoma filtration surgery is usually due to excessive wound healing under the conjunctiva. This
exuberant  scarring  and  resultant  obstruction  is  generally  resulted  from  the  healing  response  to  the  surgical  injury.
Therefore, wound healing suppression is necessary to prevent obstruction of the created channel. So far, many efforts
have been made to control the process of wound healing and improve the outcome of filtering surgeries. The use of
different  groups  of  anti-fibrotic  agents  [5-fluorouracil  (5-FU)]  and  Mitomycin  C  (MMC)  has  become  a  common
practice to increase the success rates of filtering surgeries, and the advantages offered by these agents are accompanied
by unique  complications such  as blebitis, endophthalmitis, late  bleb leakage, and bleb dysesthesia [1, 4]. Additionally,
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filtering blebs treated with these adjuvants may still fail via scarring, and due to their nonspecific mechanisms of action
which  causes  widespread  cell  death  and  apoptosis.  Herein,  we  review  current  wound  healing  modulators,  surgical
techniques, and potential novel therapeutic agents that may improve the outcomes of glaucoma filtering surgery.

WOUND HEALING

Healing pathway can be categorized into four main phases: coagulative, inflammatory, proliferative and remodeling.
A variety of cells and biochemical factors are involved in the wound healing process. In the early stages, the process is
controlled by immediate leakage of plasma proteins, blood cells, and platelets from the incised vasculature, along with
release  of  local  hormones  such  as  prostaglandins,  leukotrienes,  histamine,  and  serotonin.  In  later  steps  of  wound
healing, activated platelets play a fundamental role via the release of a variety of chemicals and growth factors such as
platelet activating factor, serotonin, thrombin, thromboxane A2, Platelet Derived Growth Factor (PDGF), connective
tissue  growth  factor,  Vascular  Endothelial  Growth  Factor  (VEGF),  and  insulin-like  growth  factor.  Cytokines  and
chemokines  including  interleukin-1  (IL-1),  IL-8,  transforming  growth  factor  (TGF-β1  and  β2),  and  macrophage
inflammatory protein are also secreted and serve as potent inflammatory chemo-attractants. At the same time, clotting
factors are activated and the coagulation process progress via a complex cascade [3, 5].

The  inflammatory  phase  is  initiated  through  the  influx  of  neutrophils.  Monocytes  differentiate  into  tissue
macrophages that have essential effects on regulation of healing process. Growth factors that are released from tissue
macrophages include TGF-β, PDGF, Fibroblast Growth Factor (FGF), and Epidermal Growth Factor (EGF). Another
crucial inflammatory component, T-lymphocytes has a stimulatory action in early phase and down regulatory action in
late phase of healing. Cytokines secreted from T-lymphocytes include TGF-β, PDGF, interferon-γ, and IL-4 [4, 6].

In proliferative phase, proliferation of epithelial cells begins at the wound margin within a few hours after tissue
injury. Together, angiogenesis and fibroplasia generate a new tissue matrix. Fibroblast is the principal cell type involved
in this process. PDGF and TGF-β are the two key profibrogenic cytokines implicated in the recruitment and activation
of fibroblasts. Next, fibroblasts differentiate into myofibroblasts, which is a more contractile phenotype of these cell
types.  Angiogenesis  typically begins soon after  wound formation.  Pro-angiogenic factors such as fibroblast  growth
factor and VEGF are released from platelets and macrophages. Later, this primitive fibrovascular tissue is evolved into
a  mature  scar  in  the  ultimate  phase  of  wound  healing.  Extra  Cellular  Matrix  (ECM)  degradation  is  mediated  by
plasminogen activators and Matrix Metallo-proteinases (MMPs) via the removal of hyaluronan and fibronectin from the
tissue. Fibroblast cell death by apoptosis is a fundamental event in remodeling phase [3, 5].

It is not fully elucidated why a particular patient ends up in bleb failure. Nevertheless, several risk factors have been
introduced for failure of filtration surgery such as aphakia, younger age, ocular inflammation and neovascular glau-
coma, ethnic origin, previous surgery, extended use of topical anti-glaucoma medications, and possibly diabetes [7 -
13]. The exact mechanisms by which the suggested predisposing factors can cause bleb failure are not fully understood.
The detrimental effects of these factors may be mediated through the observed changes in the aqueous humour and
intraocular environment [14, 15]. Accordingly, it has been shown that the number of fibroblasts and inflammatory cells
are changed in the conjunctiva of eyes with greater risk of failure [16, 17].  Cells and tissues around newly formed
pathways are constantly bathed in the aqueous humour. Therefore, altered aqueous composition may play a crucial role
in the results of filtration surgery [18].

INTRAOPERATIVE WOUND HEALING MODULATION

Intraoperative modulation of the wound healing that starts just after creating the wound is of utmost importance in
controlling postoperative scarring. More meticulous surgical maneuvers, less traumatic tissue handling, and a better
control of intraoperative bleeding minimize exuberant activity of wound healing process, but are usually insufficient for
satisfactory prevention of scar formation [4]. Therefore, intraoperative adjuvants including anti-inflam-matory agents,
anti-fibrotics, anti-VEGFs, and physical spa-cers have been used to achieve maximal control of post-operative wound
healing [3, 5, 19]. In trabeculectomy, releasable sutures could also be used to manage the function of filtering bleb
within a few weeks after surgery.

Surgical Technique

Simple changes in surgical technique have been introduced to enhance the bleb function and minimize bleb-related
complications after filtering surgery. These modifications include single scleral punch sclerostomy, creating a large
scleral  flap  not  cut  to  the  limbus,  tight  adjustable  sutures,  and  a  large  treatment  area  with  anti-fibrotics.  These
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modifications  allows  aqueous  to  flow  more  posteriorly  beneath  the  conjunctiva  and  consequently  improves  bleb
function and morphology [20 - 22].

Anti-Inflammatory Agents

Glucocorticoids,  as  one  of  the  most  popular  anti-inflammatory  agents,  are  frequently  used  to  blunt  the  healing
process after glaucoma surgery [5, 19]. They effectively alleviate postoperative inflammation and the resultant scarring
that can end up in bleb failure [5, 23, 24]. Steroids modify the inflammatory process at several stages of the cascade of
wound  healing  including  reduction  in  concentration,  migration,  and  activation  of  leukocytes,  inhibition  of  growth
factors  secretion  by  macrophages,  blunting  the  reaction  of  immune  system  to  presented  antigens,  blocking
transformation  of  membrane  phospholipids  to  arachidonic  acid,  and  reduction  in  vascular  permeability  [5].

Different steroidal agents have variable anti-inflammatory potency, IOP elevation properties, and ocular penetration
(Fig. 1) [25]. These factors should be addressed when choosing any given steroid in glaucoma patients. For example,
preparations with more lipid solubility are ideal for optimal tissue penetration and enhanced intraocular effect, while are
less appropriate for local conjunctival effect, where less reduced penetration can increase conjunctival concen-tration
[5].

Fig. (1). Anti-inflammatory potency and IOP-elevating potential of different formulations of steroids.

The  greatest  IOP-elevation  potency  has  been  observed  with  dexamethasone  0.1%  (22  mmHg),  followed  by
prednisolone acetate 1% (10), loteprednol etabonate 0.5% (9.2), and fluorometholone 0.1% (6.1) (Fig. 1) [25, 26]. In
open-angle glaucoma, 46%-92% of patients may develop a steroid-induced IOP rise [27]. However, this prevalence
decreases to 17-36% in operated glaucoma patients [28]. The proposed explanation is that in operated eyes a substantial
amount of the aqueous bypasses the trabecular meshwork, the primary site of steroid-induced resistance, through the
created track [19].

Beneficial  effects  of  corticosteroids  could  be  achieved  through  preoperative,  intraoperative,  or  postoperative
administration [5, 19]. Intraoperative steroids may improve the outcome of glaucoma surgery [5, 23, 24]. Steroids could
be administered through sub-Tenon, intrableb, intracameral, or retrobulbar injections [5, 19]. However, most studies
evaluating intraoperative steroids have been retrospective and without a control group [23, 24]. Although the results of
these studies seem promising, future well-designed studies should elucidate the most effective route, preparation, and
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dosage of intraoperative steroids application for glaucoma surgery.

Anti-Fibrotic Agents

Anti-fibrotic agents such as MMC and 5-FU prevent formation of scar through modification of fibroblast activity
and proliferation. These agents have been used successfully as adjunctive therapy for glaucoma surgery over the past
three decades. They are potent but carry risks of sight-threatening complications [5, 19].

5-Fluorouracil

The  anti-proliferative  property  of  5-FU  is  mediated  through  interfering  with  pyrimidine  metabolism  [4,  29].  It
inhibits  DNA  synthesis  by  inhibiting  the  synthesis  of  thymidine  nucleotides,  ending  up  in  cell  death  [29].  It  can
effectively inhibit the fibroblast growth and has shown long-lasting effects on Tenon’s fibroblasts [30]. Experimental
studies on animals revealed that adjunctive 5-FU may prolong bleb survival through reduction in fibroblast proliferation
and scarring [31].

Traditionally, 5-FU has been used promisingly as a regimen of several postoperative subconjunctival injections.
However,  the need for  more postoperative examinations and the discomfort  of  frequent  injections shifted the trend
toward intraoperative direct sponge application of the drug [5, 19]. Currently, most surgeons prefer to use the drug
intraoperatively, and postoperative injections are limited to those with imminent bleb failure [5, 19]. Previous clinical
trials have established the role of adjunctive 5-FU in high-risk as well as low-risk glaucoma surgery candidates [32 -
36]. The most common reported complication is corneal epithelial toxicity and defect, pertaining to the fact that 5-FU is
toxic to all replicating tissues [32, 37]. Uveitis has also been reported more frequently in 5-FU treated eyes than controls
[36]. As a trade-off for bleb survival, bleb leaks also occurs more frequently (9% in 5-FU and 2% in controls) [35].

Fig. (2). Thin avascular bleb after trabeculectomy augmented with mitomycin.

Mitomycin C

MMC is  activated via reduction into an alkylating agent,  and then exerts  its  effect  through DNA cross-linking.
Besides  inhibition  of  DNA  replication,  MMC  can  also  interfere  with  mitosis  and  protein  synthesis  [4].  MMC  can
increase the success of glaucoma surgery via inhibition of fibroblast and endothelial cell proliferations [38]. Different
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aspects  of  MMC  application  including  dosage,  duration  of  application,  and  the  extent  of  the  treated  surface  can
determine the outcome success [5]. It has been shown that intraoperative application of MMC for 2-2.5 minutes yields
the same efficacy compared to more durable application (5 minutes) [39, 40]. However, MMC 0.002% has shown less
effectiveness compared with MMC 0.02% [19, 41]. Eyes with larger area of application have more chance to achieve
and maintain  target  IOP and experience less  scarring of  the  bleb [19,  42 -  44].  Overall,  MMC application leads  to
increased success of operation, lower target IOP, and a need for less medication to achieve target IOP [5, 19]. Its use is
particularly promising in patients at high risk for failure (including combined cataract and glaucoma surgery, previous
cataract surgery, or prior failed trabeculectomy), or those who require very low target IOP [5, 45].

In comparison to 5-FU, MMC is more potent and durable in inhibiting fibroblast proliferation [38, 46 - 48]. An
experimental  study showed that  a  single  application of  MMC induced prolonged growth inhibition for  at  least  one
month, whereas the inhibitory effect of 5-FU disappeared after 7 days [48]. Clinically, the MMC is more efficient than
5-FU in improving the surgical outcome and achieving target IOP, but is associated with higher rates of complications
such as thin avascular blebs (Fig. 2), which carries the risk of hypotony and endophthalmitis [49 - 51]. The advantage of
MMC over 5-FU has been more considerable in high-risk patients [52 - 54]; indeed, previous studies did not report
significant differences in outcomes between the two medications for low-risk glaucoma surgery candidates [55, 56].
Important differences between 5-FU and MMC as an adjunct to filtering surgeries are summarized in Table 1.

Fig. (3). A summary of current wound healing modulation techniques for trabeculectomy.

Anti-VEGF Agents

Besides its established role in angiogenesis, VEGFs also provokes the migration of fibroblasts and inflammatory
cells [57]. In addition, VEGFs concentration in aqueous humor is considerably increased after glaucoma surgery [58,
59].  Based  on  these  observations,  anti-VEGFs  may  have  potential  anti-scarring  properties  in  glaucoma  surgery.
Experimental  and  clinical  studies  have  shown promising  outcomes  for  anti-VEGF agents  as  an  adjunct  to  filtering
surgeries [5, 19, 60]. Some studies claimed an equal efficacy of anti-VEGF agents with that of 5-FU or MMC. Others
suggested synergistic effects for combined application of anti-VEGF agents and 5-FU [61]. However, robust evidences
about the efficacy of anti-VEGFs compared to anti-fibrotic agents are lacking and future confirmation through well-
designed studies is warranted.
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Due to widespread availability, nonspecific inhibition of all VEGF isoforms, and lower cost, bevacizumab was the
most used agent in previous studies [5, 19]. It has been suggested that selective VEGF inhibitors such as pegaptanib
(which inhibits VEGF165) may not be as effective as nonselective agents, because Tenon’s fibroblast proliferation is
mainly  mediated  via  VEGF121  and  VEGF189  isoforms  that  are  not  inhibited  by  pegaptanib  [62].  Intraoperative
bevacizumab  can  be  delivered  through  intravitreal,  intracameral,  or  subconjunctival  injections.  Subconjunctival
injection of bevacizumab (1.25 mg or 2.5 mg) at the conclusion of surgery was the most popular rout of administration
in previous reports [5, 19].

As  an  adjunct  to  glaucoma  surgery,  anti-VEGF  agents  are  particularly  promising  in  cases  with  neovascular
glaucoma, where they may have additional advantages of reducing postoperative hyphema, and regression of angle
neovascularization [5, 19, 63-65]. If possible, intravitreal route should be considered in these conditions, because the
drug remains more durably within ocular tissues and also directly treats the baseline pathology which usually resides in
the retina (for example proliferative diabetic retinopathy or retinal vein occlusion) [5, 19, 63, 64]. Intracameral route has
the advantage of delivering substantial amount of anti-VEGF agent to both angle vessels and conjunctival bleb with a
single injection.

Despite acceptable ocular safety profiles, there are concerns regarding systemic side effects of ocular anti-VEGFs
therapy. These agents may marginally induce vascular attacks in susceptible patients. However, current literature is
controversial regarding this issue, and further studies are warranted [66, 67]. Table 2 summarizes the advantages and
disadvantages of each adjuvant class.

Physical Spacers

Spacers are biodegradable materials that are implanted beneath the conjunctiva during trabeculectomy. Besides their
potential role as a reservoir for antiscarring agents, they mechanically separate conjunctiva from the episcleral surface
for a while until resorption of implant, and hence prevent development of adhesions between the two surfaces [68, 69].
Ologen implant and amniotic membrane are among the most studied spacers.

The Ologen implant is a porcine-derived disc-shaped biodegradable collagen matrix, which has been used to inhibit
exuberant scarring after trabeculectomy [69]. Several studies have compared its safety and efficacy with that of MMC;
some reported equal efficacy [70 - 72], but others claimed inferior outcomes [73 - 75]. Current evidence is inadequate
and well-designed trials are required before establishing its use as an adjunct to trabeculectomy [69].

A recent randomized controlled trial reports that the use of amniotic membrane in adjunct with trabeculectomy has
been safe with IOP-lowering outcomes similar to that of MMC, and with less complications [76]. Moreover, addition of
amniotic membrane transplantation to MMC application in trabeculectomy for refractory glaucoma cases showed lower
postoperative average IOPs, greater success rates, and less complications compared to trabeculectomy with MMC alone
[77].

POSTOPERATIVE WOUND HEALING MODULATION

Wound healing is a life-long process, and therefore a long-term modulation of healing process after operation is
necessary to achieve optimal outcomes. The early postoperative period is the most important phase, and interventions to
prevent imminent failure are usually performed at this stage [4]. Identification of the responsible causes of failure is
essential for proper management. For example, if internal obstruction is not relived promptly, permanent adhesions
between the conjunctiva and episclera can occur [78]. A variety of mechanical and pharmacological interventions have
been applied postoperatively to prevent failure.

Steroids and Non-Steroidal Anti-Inflammatory Agents

Different  routes,  dosages,  and  duration  of  postoperative  steroid  therapy  have  been  tried  with  variable  effects.
External signs of inflammation such as conjunctival injection may guide tapering the dosage of topical steroid [78]. In a
randomized,  prospective  trial,  Starita  et  al.  [79]  showed  that  success  rates  of  glaucoma  filtering  surgeries  were
significantly improved with postoperative topical steroids but not with additional oral steroid. In two studies with 5 and
10 years of follow up after trabeculectomy the beneficial effects of topical steroids persisted in long-term [80, 81].
Reports regarding the possible beneficial effects of oral steroids are contradictory and current literature does not support
using oral steroids in the perioperative period [80 - 82].

Non-steroidal  Anti-inflammatory  Agents  (NSAIDs)  act  by  inhibition  of  the  cyclo-oxygenase  enzyme  and  also
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inhibit platelet function and clot formation [5]. Gwin et al. [83] found no difference in IOP levels, bleb survival, or bleb
morphology  between  the  two  groups  of  trabeculectomy  in  28  rabbits  treated  postoperatively  with  either  topical
diclofenac  or  prednisolone  acetate  [83].  However,  in  a  clinical  trial  on  patients  with  trabeculectomy  operation,  no
beneficial effects of diclofenac were observed compared to the prednisolone acetate in terms of the final follow up IOP,
the number of anti-glaucoma medications, and adverse events [84]. The number of patients in this trial was limited to 26
and follow-up was too short (6 months). So, further evidence is needed to make a conclusion about the true role of
NSAIDs after glaucoma filtration surgery [5].

Table 1. Comparison of 5-FU application vs MMC as adjunctive therapy for glaucoma surgery.

  5-Fluorouracil Mitomycin C

Composition [4] Fluorinated pyrimidine analogue Antibiotic agent derived from the soil fungus
Streptomyces caespitosus

Mechanism of action [4, 18] Interferes with the synthesis of thymidine nucleotides
Inhibits DNA synthesis

Cross-links DNA
Inhibits protein synthesis

Target cells [37] Fibroblasts Fibroblasts
Endothelial cells

Potency [4, 45] Less More
Durability [4, 45] Less More
Application [4] Usually multiple postoperative injection

Intraoperative application
Single intraoperative application

Use as adjunctive [44] Less frequent (7%) More frequent (68%)
Bleb associated complications [4R]a Less More

Other side effects [4, 18]
Corneal epithelial toxicityb

Conjunctival erythema
Uveitis

Scleritis
Scleromalacia

Corneal endothelial cell loss
aIncluding bleb leak, hypotony, hypotony maculopathy, and late-onset endophthalmitis.
bIntraoperative application decreases corneal complications by eliminating the need for postoperative injections.

Radiation

Single application of β-radiation has significant anti-proliferative effects on human Tenon’s fibroblasts in vitro [85].
In contrast to anti-metabolites, fibroblast migration and contraction are not inhibited, but extracellular matrix production
is altered [86]. The radiation is applied at the end of surgery using a self-sterilizing Strontium-90 applicator [87]. The
main disadvantages of radiation are the possibility of keratopathy and cataract formation [5]. Clinical studies failed to
show any benefit from radiation for IOP reduction after trabeculectomy in low-risk patients [88, 89], while radiation has
shown some promise in high-risk groups [87].

Digital Ocular Compression and Focal Compression

Digital ocular compression can be applied to the inferior sclera or cornea and superior sclera posterior to the scleral
flap through the lids [90]. To apply digital massage over the inferior cornea or sclera, the patient is asked to look up,
and constant, moderate digital pressure is applied for 5 to 10 seconds. In the case of massage through superior eyelid
posterior to scleral flap the patient is asked to look inferiorly. After digital massage the eye should be examined for
potential complications, including corneal abrasions, hypotony, flat anterior chamber, hyphema, iris incarceration into
the sclerostomy, and choroidal effusion or hemorrhage [90]. Ocular massage is suitable for patients who are physically
capable of performing it and who had a beneficial response to the initial massage by the physician.

Suture Lysis and Releasable Suture Removal

Laser suture lysis or releasable suture removal in the early postoperative period can adjust the filtration flow in a
controlled  fashion  [91  -  94].  Suture  lysis  and  release  of  releasable  sutures  should  be  performed  in  a  conservative
stepwise manner. To avoid overfiltration and a flat anterior chamber removal or cutting of only one suture at a time is
advised [95].  The timing of suture release is critical.  In the case of surgery without anti-metabolites suture lysis or
removal is performed within the first 2 weeks after surgery [78]. However, the golden time of effective intervention
could be extended to several months after operation augmented with anti-fibrotics [96].

Postoperative Anti-Fibrotics

In cases of imminent filtration failure, subconjunctival 5-FU injection can enhance filtration and avoid failure [13,
33, 34, 97-106]. The greatest beneficial effect of 5-FU injections seems to be in the first 18 months after surgery. A total



Current and Future Techniques in Wound Healing Modulation The Open Ophthalmology Journal, 2016, Volume 10   75

dose of 105 mg, as described in Fluorouracil Filtering Surgery Study, is rarely given today. Lower yet effective doses
are  more  convenient  and  associated  with  less  pain  and  fewer  complications  [4,  35].  In  a  randomized  clinical  trial,
Pakravan et  al.  [107]  compared postoperative MMC 0.02% eye drops for  2  or  4  weeks with  subconjunctival  5-FU
injections for management of bleb failure and found comparable outcomes.

A summary of current wound healing modulation techniques for trabeculectomy is given in Fig. (3).

POTENTIAL ANTI-SCARING AGENTS IN GLAUCOMA SURGERY

The  process  of  wound  healing  of  glaucoma  surgery  depends  on  a  delicate  balance  between  proliferation,
differentiation, motility, and apoptosis of cells involved in the repair process. A variety of growth factors are produced
by the tissues at the site of surgery. The growth factors of aqueous humor and tear play a vital role in regulating these
functions and consequently on the integrity of the wound at the site of surgery. Therefore, blocking the growth factors
involved in the wound healing process may improve the success of the glaucoma filtering surgeries. The following are
the suggested potential future anti-proliferative agents which may eventually be used instead of the current anti-mitotic
agents.

Transforming Growth Factor-β

Transforming Growth Factor-β is a cytokine with many roles in the immune system and plays a major role in the
wound healing response and fibrosis. TGF-β2 stimulates extracellular matrix formation, inhibits proteolytic enzymes,
and mediates immunosuppression [44]. The level of TGF-β in the aqueous humor of glaucoma patients has been found
to  be  significantly  higher  than  in  that  of  normal  individuals  [108].  Release  of  TGF-β  by  most  cells  including
macrophages, sclera, conjunctiva and Tenon’s cells causes fibroblast migration and proliferation and differentiation into
myofibroblast and the synthesis of collagen. Among the three isoforms, the TGF-β2 is the most common isoform found
in  the  aqueous,  and  in  the  conjunctiva  of  scarred  blebs  [109,  110].  Different  methods  of  inhibiting  the  profibrotic
activity of TGF-β as an anti-scarring therapy for glaucoma filtering surgery have been investigated.

Monoclonal Antibodies

TGF-β2  monoclonal  antibody  (CAT-152  or  lerdemi-mumab)  selectively  inhibits  inflammatory  factors  that  are
released when the ocular tissues are damaged during surgery. It acts very specifically which is totally unlike to the more
widespread  effects  of  5-FU  and  MMC.  CAT-152  showed  promising  results  with  reduced  scarring,  and  good  bleb
morphology in an animal  study [111],  but  no significant  effect  on the bleb survival  was observed in  a  randomized
clinical trial on human subjects [112].

Suramin

Suramin is an anti-neoplastic and anti-parasitic agent that inhibits PDGF and FGF besides the TGF-β. In a human
study,  10 glaucoma patients  underwent  trabeculectomy augmented with  suramin and were compared with  10 other
patients who received MMC, and 20 cases without MMC. At 18-month follow-up, suramin-treated eyes outcome was
better compared to no anti-metabolite group and similar to MMC-treated eyes. It was as effective as MMC with regards
to the time to failure of the trabeculectomy bleb and superior to the control group. Although the complications such as
severe hypotony, choroidal detachments, and severe visual loss were less common in the Suramin group, because of the
limited number of patients the safety profile could not be assessed [113].

Tranilast

Tranilast is an anti-allergic and anti-angiogenic agent which exerts its effects through its inhibitory effects on the
release of  histamine.  It  suppresses  collagen synthesis  by fibroblasts  through inhibiting TGF-β1,  and other  chemical
mediators such as interleukin-1b, and prostaglandin E2 [114]. In a clinical trial, a total of 52 eyes of 52 patients received
either saline or tranilast eye drops for 3 months after trabeculectomy. At 2 years, the tranilast group had significantly
lower IOP than controls, with no differences in complications or adverse events. At the end of the first year, the tranilast
group had a larger bleb area, along with a thicker, more vascularized bleb wall [115]. However, no other study has been
put forward to validate these findings.

Antisense Oligonucleotides

An  approach  to  target  the  TGF-β  signaling  pathway  is  the  use  of  microRNA  (miRNA).  MiRNAs  bind  to
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complementary mRNA and result in post transcription gene suppression [116]. Single-dose administration at the time of
surgery in a mouse model of conjunctival scarring and a rabbit filtration surgery model reduced postoperative scarring
[117]. There is no study on human with these agents.

Table 2. Comparison of 3 different classes of intraoperative adjunctive medications for glaucoma surgery.

  Main Indication Advantages Disadvantages

Sub-Tenon Steroids Primary trabeculectomy Are available and inexpensive Reduce
postoperative inflammation

May induce IOP rise in steroid-responders May not be
as effective as anti-fibrotics

Anti-Fibrotics High-Risk patients Imminent
failure Very effective Associated with thin bleb and bleb-related

complications

Anti-VEGF Agents Neovascular glaucoma Primary
trabeculectomy

Maximum ocular safety Reduce
postoperative hyphema and

inflammation

May induce systemic vascular attacks in susceptible
patients May promote avascular blebs

Decorin

Decorin  is  a  naturally  occurring  TGF-β  inhibitor,  useful  in  diminishing  the  conjunctival  scarring  response  in
surgery. The IOP at the second week in a rabbits who received subconjunctival decorin after trabeculectomy surgery
was significantly lower and the histologic study also showed decreased extracellular matrix deposition. It appeared to
have a clinically safe profile and in the biomicroscopic and histologic studies no sign of toxicity and inflammatory
response  were  seen.  The  authors  suggested  that  this  naturally  occurring  compound  may  be  potentially  safer  than
monoclonal antibodies against TGF-β because of immunologic reaction to CAT152 [118]. There is no human study on
decorin.

Signal Pathway Inhibition

Inhibitions  of  TGF-β  receptor  kinases  and  of  downstream  through  which  TGF-β  exerts  its  inflammatory  and
proliferative effects in wound healing are other potential therapeutic targets in glaucoma filtering surgery. Activation of
TGF-β2 receptor initiate the transcription machinery of the cell [119]. SB-431542 is a potent inhibitor of the TGF-β1

receptor  kinase,  the  ALK5.  It  showed  an  inhibitory  effect  on  the  differentiation  of  Tenon’s  fibroblast  cells  into
myofibroblast. In vivo studies of low and high doses of this agent showed that its IOP lowering effect was greater than
placebo, but not more than MMC [120].

Lovastatin

Lovastatin is a lipid lowering agent which blocks the effects of TGF-β through interference of the Rho-signaling
pathway [121]. The inhibitory effect of this agent on Tenon’s fibroblast and collagen production suggests this agent as a
safer, more specific target of wound modulation in glaucoma surgery. There is no study on these agents as adjuncts to
filtering surgery.

Pirfenidone

Pirfenidone is an agent that has shown its anti-fibrotic potential in proliferation, migration, and collagen contraction
of  human  Tenon’s  fibroblast.  It  exerts  its  downregulating  effects  on  TGF-β  and  a  series  of  cytokines  including
Connective Tissue Growth Factor (CTGF), PDGF, and Tumor Necrosis Factor (TNF) [122]. In an animal study, the
rabbits’ eyes underwent trabeculectomy and received postoperative pirfenidone drops and the results were compared
with the group that had trabeculectomy with and without MMC. Similar to MMC, pirfenidone, led to larger and higher
blebs compared to control group and prolonged the bleb survival [123].  No trial  has been conducted on humans to
evaluate the effect of pirfenidone on glaucoma surgery.

Rho-Associated Protein Kinase Inhibitor

The  Rho  subfamily  of  small  GTPases  has  major  role  in  cell  adhesion,  motility,  and  migration.  Rho-associated
protein kinase I  (ROCK I),  has  been identified as  a  Rho effecter.  ROCKs regulate  focal  adhesions and stress  fiber
formation  in  cultured  fibroblasts  and  epithelial  cells.  Topical  Y-27632,  an  inhibitor  of  ROCK,  reduced  scar  tissue
formation  in  a  rabbit  model  of  glaucoma  filtration  surgery.  Y-27632  exerts  its  effect  through  inhibiting  trans-
differentiation  of  human  Tenon’s  fibroblasts  into  myofibroblasts  [124].
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Matrix Metalloproteinase Inhibitors

The MMPs are enzymes that degrade extracellular matrix, and their over-expression is associated with excessive
scarring in the eye [125]. MMPs inhibitors have inhibitory effect collagen contraction, cell migration, and collagen
production, at concentrations not associated with cellular toxicity [126]. In an experimental model of glaucoma surgery,
the  use  of  ilomastat  (MMPs  inhibitors)  significantly  reduced  scar  formation,  with  retention  of  normal  tissue
morphology. In other words, the effect was equivalent to MMC, but without the deleterious side effects of MMC [127,
128]. There is no data on these agents in human glaucoma surgery.

Saratin

Saratin prevents platelet adhesion and intimal hyperplasia in both animal and human models [129, 130]. The only in
vivo  study  on  saratin  has  been  conducted  on  rabbits.  The  rabbits  had  glaucoma  filtering  surgery  and  received
intraoperative topical saratin or intraoperative topical saratin plus two postoperative injections or MMC, and the results
were compared with control group (balanced salt solution). Bleb elevation and survival in the group that received intra-
and postoperative saratin were comparable to MMC, but without clinical toxicity. The intraoperative topical saratin
alone did not improve bleb survival compared to controls. Saratin did not cause bleb avascularity and tissue thinning,
which is a common finding in MMC treatment [131].

Paclitaxel

By stabilizing the microtubules of the mitotic spindle, paclitaxel, inhibits cell division and also decreases rates of re-
stenosis after coronary stent implantation. It has promising effect in the treatment of malignant solid tumors such as
ovarian, breast cancer, and non-small cell lung cancer [132]. In vitro studies revealed inhibitory effect of paclitaxel on
the  proliferation,  migration,  and  collagen  production  of  cultured  human  Tenon’s  fibroblasts  [133].  Intraoperative
subconjunctival application of the paclitaxel in an animal glaucoma filtering surgery revealed an effect comparable to
intraoperative MMC [134]. No study on humans is available yet about the effect of paclitaxel on glaucoma filtering
surgery.

Placenta-Derived Growth Factor

Placenta-derived  Growth  Factor  (PIGF)  is  a  major  member  of  the  VEGF  family,  which  is  a  ligand  for  VEGF
Receptor-1 (VEGFR-1) that enhances the angiogenic response of VEGF [135]. PIGF transcripts have been detected in
placenta,  heart,  lung,  thyroid  gland  and  skeletal  muscle.  PIGF  only  acts  on  pathological  angiogenesis  [136]  and
inflammation [137], and has no role in physiological angiogenic processes. Previous results showed an upregulation of
PlGF  in  aqueous  humor  of  glaucoma  patients  [138,  139].  In  a  mouse  model  of  trabeculectomy  surgery,  a  single
intracameral  injection  of  anti-PIGF antibody  increased  bleb  survival,  bleb  area,  and  also  a  significant  reduction  in
postoperative proliferation, inflammation and angiogenesis during the first two postoperative weeks [139]. Sirulimus
(rapamycin), a macrolide, reduces the response of inflammatory cells to certain cytokines and inhibits PIGF mediated
fibroblast stimulation. In an in vivo study Sirulimus loaded films were able to prolong the success of filtering surgery
[140].

Caffeic Acid Phenethyl Ester

Caffeic Acid Phenethyl Ester (CAPE) is a biologically active component of propolis from honeybee hives which has
potent  anti-inflammatory  and  antioxidant  properties.  It  has  been  shown to  reduce  ocular  inflammation  and  corneal
vascularization [141, 142]. The inhibitory effect of CAPE on inhibition of corneal neovascularization in an animal study
on rats was comparable to that of topical dexamethasone. Regarding the major role of neovascularization on the wound
healing CAPE may be a potential agent for modulating of the wound healing in glaucoma filtering surgeries [142]. Its
anti-inflammatory and anti-proliferative effects might be mediated through inhibiting nuclear factor kappa B [143].

CONCLUSION

Glaucoma  filtration  surgery  is  an  efficient  and  widely  used  surgery  for  patients  with  medically  uncontrolled
glaucoma. Unfortunately, scarring at the site of operation, which is the natural process of wound healing, can easily
obstruct the filtration site and results in surgical failure. Although the mechanisms of scar tissue formation after filtering
surgery  are  not  fully  understood,  it  is  clear  that  excessive  proliferation  of  Tenon’s  and  conjunctival  fibroblasts,
differentiation of these fibroblasts into myofibroblasts, and uncontrolled production of extracellular matrix play a major
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role  in  the  process.  In  order  to  modulate  the  healing  process  at  the  site  of  filtering  surgery,  the  above-mentioned
mechanisms should be targeted.  MMC is  still  the most  common anti-fibrotic  agent  used during filtering surgery in
routine clinical practice. Although MMC is very effective in controlling the postoperative scarring, it causes widespread
cell death and apoptosis, which may lead to vision-threatening complications. Therefore, we still need novel treatments
in this regard. Such treatments will arise from a greater understanding of the associated biological processes and the
modulators  designed  to  manipulate  their  effect.  None  of  the  suggested  wound  healing  modulators  so  far,  has  the
capacity to arrive in clinical practice, except the anti-VEGFs, which are not as effective as MMC. Future methods of
wound modulation may move towards genetic manipulation of cells involved in scar formation [144]. Someday we may
be able to predict the risk of scar formation after glaucoma surgery in patients based on their own genetic profiles. The
ultimate  goal  to  be  reached  in  the  glaucoma filtering  surgery  is  complete  regeneration  without  scaring  and  vision-
threatening side effects.
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