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ABSTRACT

Purpose: Posterior capsule opacification (PCO) is the most common complication after cataract
surgery, affecting up to 50% of patientd Z/ears posbperatively. Epitheliato-mesenchymal
transition (EMT) is the main pathophysiology underlying PCO. Metforminyua avith an
excellent safety profile used primarily for diabetes, has been shown to suppress EMT. The
objective of this study was to test the effectiveness of metformin in inhibiting EMTim\éino

model of PCO.

Methods: The human lens epithelial céllEC) line HLE-B3 was exposed to transforming growth
factorbeta (TGFb) and fi broblast growth factor (FGF)
of metformin on the following cellular parameters were determined: (1) survival, using a viability
assay ad drug concentrationsangingfrom 0-100 mM; (2) expression of epithelial &6, E
cadherin) andsmestem crhwysresMA, fledodctinimarers vid) Western

blot; (3) morphology, via microscopy and image analysis; (4) and migration, tengound

assay. The presence thie metformin uptake recept&L.C22A1lin the cell line andhe ratio of

active to inadve protein kinase B (pAkt/Aktwere assessed via Western bISLC22A1
expression was confirmed with immunohistochemistry on donos. eéytatistical analysis of
variance(ANOVA) with Tukey posthoc test was done for analysis of cytotoxicity, morphology

and migration data.

Results:Metformin is lethal to half (L&) and allcells at 30 and 80 mM, respectively. A decrease

in viability (P<0.05) was noted at 5 mMi.ompared tantreated cellsEEMT-induced LECs treated



with 1 mM metformin showed increaseda¥6 and Ecadherinand d e c-6MAaaned d
fibronectin expression. LECs treated witletformin also maintained the roundness and circularity
consistent wittanepithelial phenotype. In addition, migration was significantly inhibited with 0.5
mM metformin (P<0.05)The HLEB3 cell line andens ocular epitheliunn donor eyes were

found toexpressSLC22A1, and treatetiLE-B3 cells showed a decreased pAkt/Akt ratio.

Conclusion Metformin inhibits EMT in LECs, decreasing survival and migration and maintaining
the epithelial phenotypelhese indings suggest that metformin entry into the tethrough the
SLC22Al1 receptorand its action mediated via decreased Akt activation. Metformin thus has
potential as an adjunct to treatment. Toxicity to proximal eye tissues and effectiveresmust

be tested to determine dose, route and timiragdafinistration.
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ABSTRACT (FRENCH)

Objectif: L6 Opaci fication de | a capsule post®rieur e
suite © la chirurgie dbéune cataract-6anaées af f ec
sui vant | 6op®r ati on. Un p h-@méeshymae (BEMpestlle® t r ar
principal mécanismesoysacent | 6 OCP. La metformin, un m®di
l es diab®ti gques et ayant un excellent profil t

de | a TEM. Lbdobgstctde w®r icfeitdre et updreouver | 6ef

la TEM dans un modéila vitrod 6 OCP .

Méthodologie: Une lignée de cellules épithéliales du cristallin humain, Hi3: fut exposée a

des facteurs de croissance béta (fpRinsi que defacteurs de croissance de fibroblastes (FGF)

afin déinduire J{amésenchgnmake.iPariaguite, |@speifets de@d metdormin ont

été déterminés selon les parametres suivafitsla survie, utilisant un test de viabilité et des
concentrdons de metforminallantdeDOOmM ; (2) | 6expression de me
E-cadhérine) et mésenchymaukt§MA, fibronectine) mesurée par Westdlot ;| (3) la

mor phol ogi e, par microscopie et analetesdtde doi me
migration. La présence du récepteur de metformin SLC22A1 ainsi que le ratio de protéine kinase

B active (pAkt/Akt) fut vérifiée dans la lignée cellulaire par Westein o t . Léexpress
SLC22A1 fut aussi confirmée par immunohistochimie &g yeux de donneupstmortem Le

test statistique dbédanal yse de pdsthocontéteiefleciuése ( A N

sur | es donn®es dbéanalyse de cytotoxicit®, de



Résultats: La metformin est |étal pour la moitié (LC50) et la totalité des cellules a 30 et 80mM,
respectivement. Un déclin de la viabilité (p<0.05) fut noté a 5mM. En comparaison aux cellules
nortraitées, les cellules épithéliales de cristallin pour lesquelles la TEM a été induituigt e
trait®es avec 0.5mM de metfor min, mobnet E e n t ur
cadh®rine ainsi q u 6 u n eUSWMA enfibronettineo Lres cdllales ltrditées p r e s
avec la metformin maintiennent aussi leur rondeur et lecuwlanité, ce qui est consistant avec un
phénotype de cellules épithéliales. De plus, la migration des cellules fut inhibée de facon
significative avec 0.5mM de metformin (p<0.05). La lignée cellulaire B3Emontre un déclin

du ratio pAkt/Akt lorsquetras avec | a metformin. Enfin, | 086ex
SLC22A1 a été confirmée dans le modele cellulareitro ainsi quein situ avec des yeux de

donneurspostmortem

Conclusion:lLa met formin a | a capaci tdecetlues apithéliddesr | a
de cristallin ; causant un déclin de la survie et de la migration de-celtesit en maintenant leur
phénotype original. En somme, ces résultats suggerent que la metformin entre dans les cellules via

le récepteur SLC22Aletqgeon acti on est m®di ®e par une bai s

met formin pourrait potentiell ement °tre admin
cataractes. La toxicité au niveau oculaire et-péciul ai re ai nsi ettoeninl 6 e f f i
restent "’ d®t erminer afin dé®tablir quelles
recommander.
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INTRODUCTION

A cataract is any opacity of the lens in the eye that, when it becomes clinically significant,
causedlurredvision. It comes from the Greek wokatarraktes meaning waterfalls; the white
opacities observed in the lens were named as such because the ancient Greeks originally thought
that they resulted from humor cascading into the eye from theorain.

Today, cataracts are the most common cause of reversible blindness worldwide, accounting
for 51% of case$.The World Health Organization (WHO) estimates that around 20 million
individuals are affected globalfyand with the aging population worldwide, this number is
expected to increase.

Fortunately, visuatleterioration secondary to cataracts can be remedied through surgical
intervention There are a number siiitableoperaive techniques, but the most common method
is phacoemulsification with subsequent insertion of an artificial intraocular lens (IOL). Briefly,
phacoemulsification is performedaly breaking the cataraaito smaller pieces with ultrasonic
energyfollowed by sibsequent aspiration of these fragmeftsewlOL is theninserted to replace
the focusing power of the extracted lens, and the capsule is polished to remove residual lens
epithelial cell{LECs) and other cell remnarits

Cataract surgery igenerallya safe and effective procedure that almiosmediately
restores visionWithin 2-5 years, however, visual dedimecurs in 2%-40% of patients duto
the development of posterior capsule opacifica(P@O) also called a secondary catar&t.O
is the most common complicatiarf cataract surgefyand manifests as deposits on the posterior
capsule visible on lens retroillumination. Tikeposits affeclight transmission and cause blealr

vision?2
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PCOtreatmentnvolvesthe use of a neodyium yttrium aluminum garneNd-YAG) laser
to perform acapsulotomy. With this procedure, short pulses of laser energy are detivenegh
the I0OL to destroy the posterior capsule and create a clear path foaldgig the central visual
axis. NdYAG capsulotomy is associated with infrequentdmrious adverse events, which include
retinal detachment an@L dislocation, as well as corneal and macular edefitas technology
is also not readily avible in undeveloped and developing countriéghile available in
developed economigs exerts a tremendous financial burden on the health care sy3teus,
strategies to prevent PCO are at the forefront of ophthalmology redearch.

The pathophysiology undging the development of PCiDvolvesthe residuaLECson
the anterior capsulbat,perceivng cataract surgery a® injury, attempt wound healing he cells
thus proliferateand migrate posteriorly to the intact capsubnd secrete proteins form an
extracellular matrix.This collective response is called epidenttainesenchymal transition
(EMT) because¢he LECslose their intrinsic properties and acquire thosmesenchymal cels

EMT is a biological process that is necessary for organogenesis and is a key mediator in
cancer proliferation and metasts! Metformin, a biguanide drug used primarily in the treatment
of diabetes, &is been thrust into the spotlight for its observed activity against different chatters
in vitro andin vivo. Metformin has particularly been noted for its ability to inhibit proliferation
and EMT through a myriad of mechanisms, some of which have also been implinatiee i
development of PCO.

With this synthesis of available knowledge, it is reasonable to ask: can metformin inhibit

PCO?
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This study aims to answer this question by utilizingramitro model of PCO, wherein
LECs from the cell line HLEB3 will be treated with growth factors to induce ENI.The

specific objectives of this study are as follows

(1) The presence of the solute carrier family 22 member 1 (SLC22A1) protein in
the HLEB3 cell line will be determined. SLC22A1 is the cellular uptake
receptor for metformint and its expression will suggest the ability of the cells
to respond to the drug.

(2) The effect oimetformin an cellular hallmarks of EMWill be evaluatedThese
parameteréncludethe following: (a) survival as an index of proliferatio(i)

a decrease in the expression of epithelial proteins in favor of mesenchymal
markers; €) a change towards spinedbapednorphology; andd) an increase
in migratory potentiat®*3

(3) Should metformin be demonstrated to impact cellular outcomes, the latter
experiments in this study will seek to gain insight into its mechanism of action.
This will be accomplished ybidentifying the effect of metformin on the
expression of the&SLC22A1 receptor and on the ratio afictive to inactive
protein kinase BAkt). Akt is a key signaling protein through which metformin
exersits effects!!

4To verify the possi bl e acingka settingalfe t hi s
presence of SLC22A1 in LECs will also determined in anterior sections of

donor eyes.
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Current strategies to prevent PCO focus on IOL design and surgical techmiqu#dss
approachthasnot producedsignificantresults Drugs tested to be successful against P€L©Oh as
chemotherapeutiand antiproliferative agentsare limited by expense, availability or narrow
therapeutic indice$.In comparison, mtformin is a promising candidate drug because of its
establishe@xcellent safety profile and low cdst.

Metformin has never been tested on LECs in the setting of PCO prevention and treatment.
Given the evidence itheliteraturedemonstratinghat metformin inhibits EMT in other cell types
and with the knowledge th#te EMT underlies PCO formation, it is imperative that experiments
testing the effect of metformin on EMT in LECs be conduct&douldin vitro studies be
satisfactory metformincan thereaftebe testedn vivoto determine the besbute and timingpf
administration. Thistudyis therefore essential in laying the groundworktfa possiblelinical

delivery of an effective and efficient intervention against PCO.
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REVIEW OF RELATED LITERATURE

The objective of this study is to evaluate the effect of metformler@EMT inanin vitro
model of posterior capsular opacification (PCTy.better frame this objective in the context of
existing scientific evidencehis chapter will therefore review the following: (1) the anatomy and
physiology of the lens, particularly the epithelium; (2) cataract developmentsamgcal
management; (3) the pathogenesis, experimental models, and prevention and treatment strategies
for PCO; (4)EMT,; (5) the pharmacokinetics and of&nisms of action of metformin; (6) studies

performedon metformin and eye disease; (7) and the link between diabetes and PCO.

The Lens

Galen, the Greek philosopher (2217 AD) who served as physician to the Roman
emperors, wrote imetail about the anatomy and physiology of the eye. Although he wrongly
espoused the theory of extramission, which stated that the eye directed lightways taenable

man to see, he recognized the importance of the lens in Viditmwrites:

Aéthe crystalline | ens is the principal
clearly proved by what physicians call cataracts, which lie between
the crystalline humor and the cornea and interfere with visioh unti

they are* couched. o

Today, it is knavn that the lens is a crystalline, transparent, asymmetric oblate spheroid

located in the anterior segment of the eye, posterior to the iris. It is suspended in place by zonular

17



fibers, which arise from the ciliary epithelium and insert into the lens mpEoe lens can be
analyzed histologically as constituting of three parts: the outermost capsule, the lens epithelium
and the lens substance. The lens capsule is acellular and is composed primarily of structural
proteins and fibronectin. These proteine aecreted by the lens epithelium, a single layer of
cuboidal cells on the anterior capsule. The lens epithelium divides throughout life, with greater
proliferative capacity noted at the equator of the spheroid, and the-feewlgd cells are pushed
inward as they elongatdose organelleand differentiate intavhat are now referred to éiber
cells. Thus, the lens substance has minimal extracellular space, being composed of the newest
fibers at the outer cortex and the oldest fibers at the densely paciieds

Devoid of blood vessels, nerve and connective tissue, the lens relies on nutriticrofinom
the aqueous and vitreous humor. The majority ofagga@nd amino acids come from the aqueous;
these, along witlelectrolytesand proteins up to 70 kiloDaltons (kDa) can enter freely into the
cells. Moreover, the cells also contain various channels and transporters for uptake of other
nutrients. The energgquirement of the cells are met with adenosine triphosphate (ATP) produced
from anaerobic metabolism of glucose via utilization of glugdpbosphate (G6P) through either
the glycolytic or pentose phosphate pathway.

The lens is primarily responsible for the transmission and refraction of light entering the
eye for optimal focusing on the retina. Its refractive power corresponds 4ihinas of the total
optical power of the eye, with ortlird attributed to the cornea. To minimize spherical aberration,
the defocus caused by the greater refraction of light in the periphery, the lens possesses the
following features: the refractive index increases toward€é¢néer secondary to the compacted
fibers; the curvature of both the anterior and posterior capsule increases towards the periphery,

with the anterior capsule greater in curvature than the posterior surface; and the control of pupil

18



size prevents light fra striking the periphery in nemydriatic conditions. The zonular fibers that
support the lens also enable it to change its shape to accommodate vision, maintaining focus even
between near and distant objetts.

Because the lens is continuously subjected to radiation, particularly in the ultraviolet
spectrum (298100 nm), it is imperative that the lehasadequate defense against the generated
free radicals and reactive oxygen species (RO8)this end the lens is equipped with an
antioxidant system that uses enzymes such as superoxide dismutase (SOD) and glutathione
peroxidase to protect itselfThe crystallineproteins, which make up 90% of the protein content
of the lens, have also been hypothesized to enhance its ability to withstand stress througimmediat
of proteinprotein interactions, cytoskeletal remodeling and inhibition of apoptosis.

In view of thefact that the lens epithelium is the most metabolically active part of the lens,

it is worthwhile to consider its molecular biology.

The Lens Epithelium

Resting on a thick basement membrane that is the anterior capsule, the lens epithelium is
charactezed by differences in proliferative potential. The anterior portion is quieseéiié the
cells at the germinative zone of the lens equator have greatest proliferative capacity; putative stem
cells also reside here, although no specific marker has repernted Once the epithelial cells
migrate to the posterior capsule, they differentiate into columnar cells. Inward migration,
meanwhile, results in loss of organelle and nu€lei.

Lens epithelial cells (LECs) are cuboidal and are linked through apicalatkejunction
complexes, which include tight, gap and adherens junctions. These connections are responsible for

maintaining epithelial integrity, as well as modulating gene egpesnd activities like cellular
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proliferation and differentiation. Tight junctions express the usual protein markers of claudin,
occludin andzonula occludend (Z0O1).}” Other protein complexes, such as Par3/6, are crucial in
establising apicatbasal polarity, while PDZ proteirthat share the common structural PDZ
domain (PDZPostsynaptic density proteimrosophila disc large tumor suppress®-1) in the
plasma membrane act as scaffolds for macromolecule assEmBBp junctions contain
connexins for intercellular communication. Cx50, the connexin present in both A&Lfiber
cells, is known to mediate cell proliferation through electrical coupling. Cx50 expression is
upregulated in response to fibroblast growth factor (FGF) through the mitogen activated protein
kinase (MAPK)extracellular receptor kinase (ERK) pathy, as well as through the bone
morphogenetic protein (BMP) pathw#yAdherens junctions are composed of intercellularly
linked cadherins, which are calciutiependent transmembrane proteins. There are different types
of cadherins that predominate depending on the developmental stage of the tkasrhbryo,
during morphogenesis,-Eand Rcadherins are expressed in the lens placode; omgdBerin
remains as the vesicle is formed. Later in lifecdglherin expression is limited to the epithelial
cells, while Ncadherin can be found in both LE@sad fiber cells. The loss of-&dherin is
associated with epitheliab-mesenchymal transition (EMT), and gene mutation studies show
impact in the later stages of this procEsThe cytoplasmic domains of-€adher i n- bi nd
catenin and through this interaction affect cytoskeletal reorganiZatiterestingly, LECs also
highly express intermediate filament proteinstsas vimentin, sometimes used as a marker of
EMT; the intermediate filament proteins interact with the cadherins at the adherens jutictions.
Many transcription factors have been identified in lens induction and morphogenesis. Of
primary importance is the highly conserved Pax6. It is highly expdeissthe ectoderm during

lens induction but is restricted to the epithelium later on, rapidly downregulated during fiber cell
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differentiation. Two alternativelgpliced variants of Pax6 exist: Pax6 and Pax6(5a). While both
promote fiber cell differentiatin, each regulate different gef€ax6(53 has been shown to
activate expression of fibronectin in epithelial cells, driving E¥IThe relationship between Pax6
and transforming growth factdreta (TGFb) i s | ess cl ear . I n t-he dev
b exhibit similar expression patterns. Hapl oi
endogenous TGFb, Ilatten i3 gequirdd ifon the develapmentt ofi kormal lens
epithelium® However, TGFb-induced cataract models have demonstrated reduced Pax6
expression, in concordance with induction of EMT.

Multiple growth factors and signaling pathways have also been demonstrated to regulate
the lens epithelium. Intracellularly, these include the receptor tyrosine kinases (RTKsh TGF
superfamily, Wnt, Notch and SalvadéfartsHippo pathways; matrix interactions areediated
through integrins and matrix metalloproteinases (MMPs). Mitogenic growth factors, such as FGF
and insulin growth factor (IGF), have been shown to promote proldarand differentiation of
LECsin vitro via the MAPK and PI3/Akt (phopatidylinosit@/protein kinase B) pathways. While
growth factors are present in both the aqueous and vitreous humor, there exists an increasing
concentration gradient from anteriordosterior. This explains the quiescent nature of LECs at the
anterior pole; proliferation at the peripheral germinative zones; and differentiation into fiber cells
at the posterior pol®. T h e  \bateninband Notch pathways, meanwhile, are considered
essential for maintaining the LECs, particwatthe stem cells. The TGF pat hway s, wh e
Smaddependent or independent downstream, regulate LEC development; however, as mentioned,
these are also responsible for inducing EMT, leading to the development of anterior subcapsular

cataracts (ASC) and piesior capsular opacification (PCE.
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Theanterior capsule, which is also the LEC basement membrane, consists of collagen IV
and matrix proteins such as laminin, fibronectin, tenascin and proteoglycans. Signaling in the
extracellular matrix (ECM) rely on the integrins, which are transmembranmopyhyteins
necessary for LEC survival. Il ntegrins are upr
smoot h mus$8MARin theddrmation ¢f stress fibet$integrin signaling also induse
the formation of focal adhesion complexes, which aid cell moBilyring EMT, MMPs have
also been noted to be elevated and are thought to dissolve the ECM, therdfayirigcilEC
migration?®

Understanding theamolecular processes governing LEC development and behavior,
especially of LECs, provide insight into the pathophysiology of cataracts and PCO. These will be

considered in the next sections.

Cataracts

A cataract is any opacity in the lens of the eye. Senile cataracts are the most ¢gpgmon
resulting from ageelated decrease in lens transparency. There are diftgpasof agerelated
cataracts depending on their location in the lens: nucleaicaland posterior subcapsular (PSC).
Nuclear cataracts come from an increase in the optical density of the nucleus, followed by changes
in color from clear to yellow to brown (brunescence). Cortical cataracts, meanwhile, result from
the hydration of theortex leading to the development of vacuoles; the formation dikegpaces
that later become opaque; the lamellar separation of the cortex from linear opacities; and the
formation of opacities from the periphery that grow towards the center. Postgbioapsular
cataracts, present singly or in association with other types, begins at the pole and move toward the

periphery. These can present as either granules or vacuoles on the tapsule.
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While genetics mainly influend&eincidence of congenital cataracts, age is the major risk
factor for senile cataracts. Other identified risk factors that may predispose to early cataracts
include systemic diseasesuchas diabetes and hypertension; trauma; sunlight and irradiation;
smoking and alcohol use; toxic substances such as steroids aratctomgganticholinesterases;
and concurrent ophthalmic conditions like myopia and uveitiens transparency depends on
organization of the cells and the arrangement of proteins in the lens substance. The accepted
pathophysiology underlying nuclear cataractogenesis is that ealihdivide and migrate inward,
they lose their organelles, and proteins precipitate and form aggregates. The mechanisms
governing thesechanges however, as well as the other kinds of cataract, are still being
elucidatedt?®

Several mechanisms have been implicated thusgianth factors produced in the
agueous, failure of osmotic regulation, protein modifications and oxidative dtrpksy a role in
cataract formation. Growth factors secreted by the ciliary epithelium, such as FGF atid , TGF
stimulate proliferation and differentiation of the LECs. Interestingly, it was also found that when
there is increased intracellular calciumsdqE&&®) relative to its normal proportion to extracellular
C&*, LEC differentiation is altered and PSCs develop due to disturbances in endoplasmic
reticulum signaling® Lens transparency has been shown to rely heavily on the orientation and
chemistry of the crystallmproteins: modifications such as methylation, acetylation, and glycation
can cause discoloration, and subtractive alterations such as cleavage by calpains can cause
denaturation and precipitatidh. Finally, oxidative stress from light and from decreased
antioxidant enzyme activity result in predominance of ROS in the aqueous, interacting with

proteins and resulting in aggregate opacities, particularly in thexcor
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The effect of cataracts on vision dependtlogir degree, morphology and location. The
most common symptom associated with cataracts is blurringodiocless of visionwhile other
symptoms may include contrast sensitivity reducteonyopic shift(nearsightednessinonocular
diplopia (double vision) glares, shifts in color vision and, rarely, visual field [&ss.
Pharmacological strategies to prevent cataractogenesis have not yet been proven effective in a
clinical setting.Drugs that havepreviously been tested include aldose reductase inhibitors,
ibuprofen, antioxidant supplements such as ascorbatectéetene and vitamin E, and estrogen
replacement therapyLanosterol, ammphipathianolecule produced in the lens and found to be
absent in cases of congenital cataracts, has been shown to decrease opanities tested in
rabbits and dogs. Its effectiveness has yet tosieden clinical trial$3

Cataracts require surgical intervention. It is generally agreed that the primary indication
for surgery is functional visual impairment. Different surgical techniques exist subject to the
available technology and to argo-existing eye pathology. Uncomplicated cataract cases,
however, argenerallymanaged with phacoemulsificatidéollowed byartificial intraocular lens
(IOL) insertion. Phacoemulsification is performed with small incisions on the sclera and cornea,
rangirg from 1.93.2 mm; these are often sekaling and sutureless. A continuous curvilinear
capsulorrhexis is made on the anterior capsule, approximately.3mmin diametey which
should be sufficient to cover the edges of the IOL haptics for propempiacet @i n t he ba.
cortex isthenseparated from the nucleus through hydrodissection, and the epinuclear shell is
marked from the endonucleus through hydrodelineation. The phacoemulsification handpiece
contains an ultrasonic transducer; the mechambaations break the lens nucleus into smaller
pieces or an emulsion, which are afterwards aspirated. The cortex is then irrigated, cleaned and

aspirated, the IOL is inserted, and any external liquids injektezlich as viscoelastics are
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removed completg. Any incisions made are sealed, and checks are performed to ensure there is
no leakagé.

The most common complication of cataract surgery is the deverapohd®CO. Other
complications of cataract surgery can be categorized into intraoperative and postoperative.
Potential ntraoperative complications are numerdust relatively infrequent. These include, in
order of chronologicalincidenceduring surgeryd et ac hmen't of t he Desce
thermal burns; tears during capsulorrhexis; iris prolapse; a trapped nucleus; subluxated lens,
rupture of the posterior capsule, which may also lead to a dropped nucleus. Anterior segment
hemorrhage may also occuraty point, blocking the surgedrs  vAll these complications,
however, can be solved with adjustments in surgical techniquesopsttive complications,
meanwhile, may affect any part of the eye and include the following: wound dehiscence and
leakage epithelial ingrowths; surgical astigmatism; corneal edema and bullous keratopathy;
hyphema; increased intraocular pressure; lens decentration and dislocation; capsular block
syndrome secondary to retained viscoelastics; cystoid macular edema; endapsihalinetinal
detachment.

Despite thisextensivdist of potential complicationscataract surgery is considered to be
very safe and effective. Visiormprovement can occur as early as 24 hours after surgery, and
patients are usually discharged on the same operative day. In an analysis of 90 studies looking at
postoperative visual outcomes and complications, the percentage of eyes with visual acuity of
20/40 was 89.7% and 95.5% for all eyes and for eyes wikisting morbidity, respectively. In

addition, the incidence of sighitreatening complications was less than?2%.

25



Posterior Capsule Opacification (PCO)

The most common peosiperative complication after cataract surgery is the development
of PCO. Al so <cal | ed a tsfinsdecceaseddvisualaatudyraadcréquires P C O
additional interventiori Broadly speaking, PCO develops from the proliferation and migration of
residual LECsafter cataract surgemy response to surgicatduced trauma on the anterior capsule
the main mechanismoverning this pathology is called EMVisual loss is due to two possible
mechani sms: (1) the formation of swollen LEC:ES
posterior capsule and block the visual axis; and (2) the transformation of LECs iffiforabfasts,
which induce contraction and wrinkling of the posterior capsiitee pearls and wrinkled streaks
on the posterior capsule can easily be obseuped retroillumination on skitamp examinatioR?

The timelapse between surgeandPCOdevelopmentaries from months to years. It is
more common in younger individuals, in whom LECs have greater proliferative capacity. The
incidence of PCO varies among studies, with values ranging 268086 in the first 25 post
operative yearsn adults, and nearly 100% in childréh Other identified risk factors for the
formation of PCO include uveitis and traumatic cataracts, while decreased risk has been noted for
hydrophobic acrylic and square@lls. The risk of developing PCO after cataract surgery has not
been found to be influenced by gender or axial lefiyth.

Treatment of PCO necessitates the use of neodymium: yitaiuminumgarnet
(Nd:YAG) laser capsulotomy. This technique utilizes a sstate laser with a wavelength of 1064
nm that breaks down tissues via ionization with at@gargy pulse; this ionizatn results in shock
waves that further disrupt tissue. In most cases, this is an uncomplicated proEkaveeer,
some complications may arise, such as@ute increase in intraocular pressure, which can easily

be managed with glaucoma medications ifessary. Other rare but infrequent adverse events
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include retinal detachment, macular edema, corneal edema, iris hemorrhage and IOL
subluxatiore® In addition to the aforementioned side effects, this typéresfment exerts a
financial burden on theublic health care systeralso, in less developed countries, the technology
is notreadilyavailable®

Prevention of PCO is an active area of research, with the problem being approached
throughvarious strategies, such as improving surgical techniques, IOL matanidldesign and
pharmacologic therapyThere ae general measures that the ophthalmic surgeon can employ to
reduce the risk of developing PCO. These include the following: hydrodissecti@amced
cortical cleanugo ensure that there are no remnants of the lens ¢c@mexring that the 10L is
fixed inside the capsular bag; armteating a surgical opening on the anterior capsule
(capsulorrhexis) that ismaller than the IOL optit Research in IOL materials and design have
brought a consensus that three factors must be maintained. First, the IOL material must be
biocompatible to reduce induction of proliferation. Second, there must be maximum contact
between the IOL optic and thegierior capsule, presumably to leave no space for LECs to migrate
and proliferaté.Finally, an IOL with a square, truncated optic edge also discourages LEC activity
through contact inhibitioR® a metaanalysis of 23 randomized clinical trials confirmed that sharp
edged acrylic and silicone IOLs are superior in lowering incidesfc®CO and Nd:YAG
treatment’

Numerous therapeutic agentssbdeen testenh vitro andin vivoin atempsto discover
a drug that can destroy residual LECs without causing damage to the surrounding ocular tissues.
Different methods of administration have also been employed, such as direct injection to the
anteria chamber, addition of the drug to the irrigating solution, or impregnating the IOL for slow

release. Antmetabolites such as methotrexate, mitomycin, daunomycin dldrduracil and
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antrinflammatories such as diclofenac and cyclooxygenase inhibwdriée effectivein vitro,

have shown to be damaging to the @yevivo**282°Compounds that specifically inhibit key
signaling molecules implicated in the formation of PCO have also been tested Witrinandin

vivo. These include the following: the afitirotic drug pirfenidone against T&dF and *Smad s ;
the antidyslipidemic drug lovastatin against RRoproteosome inhibition, which suppresses
FGF? the disintegrin salmosin to antagonize integfthand ethylenediametetraacetic acid,
caffeic acid phenyl ester (CAPE) in rabbit lenses, nobiletin, and secreted protein acidic and rich in
cysein (SPARC) inhibitors, which interfere with MMP$*3¢ The disadvantage of inhibiting a
single molecule is obvious: the development GfPis a convergence of pathways. Integrins and
MMPs as therapeutic targets are a more holistic approach but inherently increase the risk of
affecting other ocular tissues, resulting in corneal edamavo, limiting clinical applicatiort:

Newer strategies of PC@evention involve interference with epigenetic mechanisms and
nonpharmacological methods such as gene therapy, induction of osmotic changes to destroy
residual LECs, nanomaterials and lens regeneration. Zebularine, a DNA methyltransferase
inhibitor, hasbeen shown to prevent LEC proliferation and migrationvitro.3” Histone
deacetylase inhibitors such as trichostatin A and vorinostat have also been shown to inhibit EMT
in LECs33°The effect of manipulating epigenetic mechanisms, how&asyet to be observed
in other ocular tissuesGene therapies that have been tested thus far and have shown promise
include siRNAs foiSnail, a molecule downstream of the TBF pat hway, as -wel | a
b r e ¢%!'Suicme gene therapy that code for apoptosis, using lentiviruses and adenoviruses,
have also been found to inhibit P@Ovitro and in rabbits, respectively*3Despite these reds|

ethical and biological limitations arise. Gene therapy can induce an immune response, which is
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already in full swingdue tocataract surgery. The difficulty of the technique and the specificity it
requires also render it impractical for a procedureoasmonly performed as cataract surgery.

Initiating cell death through osmotic pressure, whether through hyperosmotic or
hypoosmotic agents, have also been tested with suicceis®, ex vivoandin vivoon LECs**4°
To prevent the effect of éhdrug on other ocular tissues, seatagdsule irrigation of the capsular
bag was performed with conflicting results as to prevention of PCO as a final outcome. A
prospective clinical trial with 17 patients, each serving as their own control and hawngnenl
eye treated, showed no significant difference in reduction of PCO rates 24 months after*8urgery.
Another prospective clinical trial involving 60 patients, with separate treatment and control groups,
found decreased PCO awae24month followup. This, however, was concomitant with increased
endothelial cell los$’ This issue notwithstaling, whether hyperosmotic or hypoosmotic agents
work better has also yet to be conclusively determfned.

Nanomaterials in themselves and as drug delivery systems have also been tested. Zinc
oxide particles, in combination with UVB irradiatiofor instancehavebeen shown to inhibit
LEC proliferation®® A lipid nanoparticle deligry system using genistein, which inhibited LEC
growth through tyrosine kinase block, was demonstratetliver effective sustained relea&e.
Nanofibers designed to coat the inner capsular bag as well as I0L, whether or not impregnated
with drugs, is another potential strategy to be tebted.

Despite the progress made in testing a variety of methods for PCO prayénis the
consensus that meticulous surgical techniques and use of a-edgackeIOL are most effective
clinically. The ideal methodo target LECSs unknown andhas itneverbeen resolved whether
eradication of the LECs are better than mere maamtee of an epithelial phenotypé study

using an in vitro organ culture model has shown that total LEC destruction can lead to problems
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with IOL fixation in the capsular bag. It has been suggested that fibrosis caused by LECs are
essential for preventing IOL dixation, and that there may be an appropriate time for PCO
prevention strategies, between fibrosis and overt PCO forntdtion.

The plethora of pharmacotherapestiested against LECs have been shown to impact one
or more pathways implicated MCOdevelopment and have contributed to a better understanding
of its pathophysiology. EssentiallyuiringPCQ, LECs proliferate, migrate to the posterior capsule
and secretan extracellular matrix. This collective response is called EMT, and available evidence

points to this as the principal mechanism underlying BCO.

EMT

EMT is the process by which epithelial cells lose their intrinsic properties and acquire those
of mesenchymal cells. Characteristics of mesenchymal cells include increased proliferative and
migratory capacity and the secretion of proteins into an extracethalaix. It is atightly regulated
biological process necessary for normal embryogenesis, occurring during gastrulatiahewd
the formation of mesoderdEMT can be pathologic, however, and is implicated in the initiation
of cancer metastasis. In cancer, epithelial tumor cells acquire a mesenchymal phenotype, stray
loose fom the primary tumor and migrate to seed into other sites. The increase ih th@af
favors EMT also favors angiogenesis, enabling cancer spr&MT also follows tissue injury
and contributes to fibrosis and healiig.

The key pathways mediating EMT have been established after numenrat® andin
vivo studies. Epithelial cells have apbasal polarity and are linked together by tight junctions
through zonula occludens and claudins, adherens junctions througgdhErins, and

desmosome¥. Epithelial cell markers, therefore, includecEdherin, occludins and cytokeratins.
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One of the earliest events in EMT is the disassembly of tight junctions alongside the disxuption
cell polarity and cytoskeletal reorganizatiSithe loss of Ecadherin and the upregulation of N
cadhenn is also considered a hallmark of EMT, althoughléneis not sufficient* Likewise,
dissolution of desmosomes is a manifestation of EMT; its timing and role in the chronology of
EMT, however, has yet to be terminated.

Accompanying disintegration of epithelial connectigthe expression of mesenchymal
cytoskeletal proteinsu ¢ h  as vSMAemdtincreaset deposition of extracellular matrix
proteins like collagens and fibronecfiExtracellular matrix proteins in particular are essential for
interacting with integrins and forming focal adhesion complexes that facilitate cell migfation.
The elevation in matrix metalloproteinases also benefit cell mobility and migration to the other
tissues®

The alterations in gene expression are mediated by at least three families of transcription
factors, including the Snail family, ZEB family and basic hétigp-helix (bHLH) family>’
Epigenetic changes include nification of histone proteins and DNA promoter regions with
microRNAs>® Posttranslational modification of proteins such as methylation, acetylation,
phosphorylation, glycosylation, hydroxylation and SUMOylatiemhance the diversity of the
proteome expression profile and renders it difficult to target a native protein for therapeutics.

In the midst of these challengésereis a generatonsensusnthe inducers and pathways
involved. TGFb has been identified as the -ppramartyhd r
bone morphogenic protein (BMP) receptors, activating both Stepdndent and Smad
independent pathwaysOther growth factors, such as FGF, activate many$AD pathways
in crosstalk. Activation of the RASErk-MAP kinase pathway propagates the activation of

transcription factors towards downregulation of epithelial proteins and upregulation of
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mesenchymal proteirf§. The INK MAP kinaséhasalso been shown to be required for FG&F
induced EMT py primarily affectingthe cytoskeletal reorganization in EMTRho-like GTPases,
which hydrolyze guanosine triphosphate (GTP) and which are composed of the Rho, Rac and
Cdc42 subfamilies, are also activated in EMT. The effector kinase is ROCK, the activity of which
is cytoskeletal reorganizan, particularly the formation of actin stress fib&Jyrosine kinase
receptors are also stimulated, particularly the phospatidgitol3 kinase/protein kinase B
(PI3/Akt) pathway’® Akt is a central regulator of downstream mechanisms involved in cell
survival, cell size control via the molecule mechaaistiget of rapamycin (mTOR), proliferation
and migratiorf?

Crosstalks with the NFe B, Notch and Wnt pP®38thwaysncaleas
inflammation, highlightingits importance in fibrosis and canrNotch signaling is highly
localized, ocurring between cells with Notch receptors and specific ligands of Delta orliRelta
(Serrate or Jagged) configurations. Activation of the Notch pathway has been associated with
increase in Snail and in Smad3 expression, thereby indirectly promotingd®EME. canonical
Wnt pathwayisa b i t r at e dcatenimjwhithlisylsoa gomponent of the adherens junction
and links Ecadherin to the cytoskeletétAct i vati on of Wnt r-eatenin ts i n
in the cytoplasm, allowing it to complex with transcription factors that also upregulate Smads 2

and 456

EMT in the Pathophysiology ofPCO
An increase in inflammatory cytokines and growth facteasbeen observetbllowing
cataract surgery. Tumor necrosis facitpha (TNFU) and prostagl andins, f

the tissue responge injury®’ TGFb , parti cul ab 2whichissleeddy highly T GF
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expressed in the aqueous, becomes activated from its latent form and exists in elevated amounts
postoperatively®® Interestingly, TGFb 2 a | o n e skiwe effect ond EQupplifeatiotf.In
combination with FGF, however, which is also elevated in the aqueous after surgery, LECs
proliferate’® Other growth factors that have Ipeilentified to promote EMT in LECs include
epithelial growth factor (EGF), insulin growth factor (IGF; plateletderived growth factor
(PDGF) and connective tissue growth factor (CTGEY.Integrins likewise are essential in the
development of PCO; they are regulated by the intdginn k ed ki nase (FLK),
subunit of integrin and to another growth factor receptdenascin C, an extracellular matrix
protein that interacts with fibronectin, is also elevated and is critical for #mdyced EMT in
the lens epitheliur?

A multitude of pathways are activated in EMT to bring about the cellular outcomes seen in
PCO: LEC proliferation, transdifferentiation into mesenchymal cells, formation of actin stress
fibers, matrix remodelling and LE®igration (Figure 1). These pathways involve the Smad and
nonSmad pathways; Wnt, Rho, Ras and Notch; and further downstream, PI3K/Akt, MAPK and
ERK1/2.4’6'12’13’75’76

Epigenetic changes are also mediated through increases in histone deadgtilAsss),
particularly flom isoforms | and I#° The CD44/hyaluronan pathway is also activated in EMT; in
anex vivoexperiment, a dosdependent rise in LEC proliferation and subsequent PCO formation
was noted alongside an increase of hyaluromah@D44’’ Viscoelastics used to maintaihet
anterior chamber during surgery contain hylauronan. One study compared the rates of PCO in
cataract surgery patients in whom an air bubble was injected and in whom viscoelastics were used,;

a higher occurrence of PCO was noted in the I&tt&s minimal amounts of viscoelastic may be
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retained after surgery, the effect of the various kinds of viscoelastics and viscodispersives on the

incidence of PCO may be worthwhile investiggtt

Cow ) | TeRB | [
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CD44/hyaluronan
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Figure 1. Schematic diagram of the key inducers and mechanisms involved in

EMT during PCO developmentTGFb i s t he pri mary mol
pathways. All these converge to promote LEC proliferation; mesenchyme
transdifferentiation; the formation of stress fibers, which are contractile actin filamel

bundles; and matrix remodelifig.

With identicalpathways involved in the pathogenesis of EMT in cancer and tissue fibrosis
and inPCOdevelopment, it is no surprise that drugs that have been used effectively in cancer have
also been tested for the treatment and prevention of P@as both logical and timely to look at

metformin,which isrecently in the spotlight for its value in fighting EMT in canger.
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Metformin

Metformin is a biguanide drug that belongs to the class of nitreones. It was originally
extracted fronthe French lilagGalega officinalisplant and was historically used in the Middle
Ages to treat polyurialToday, t is the firstline treatment for diabetes mellitus; other clinical
indications include management of polycystic ovarian syndrome (PCOS8)etabolic syndrome,
and diabetes prevention in higisk populations. Metformin has an excellent safety profile. The
most common adverse side effects are diarrhea and dyspéissimost serious adverse effect,
lactic acidosis, is very rare, with an incidence of 4.3 cagesy 100,000 patiefnfears’®

Metformin exists in regular and extendezlease tablets. It is primarily taken orally and is
absorbed in the intestine through the plasma mangbmonoamine transporter (PMAT) located
on the luminal side of the enterocytes. Other receptors present on the brush border, specifically the
solute carrier 22 (SLC22) family of receptors, which include organic cation receptors (OCT), may
also mediate imstinal absorption. The hepatic uptake of metformin is through the
OCT1/SLC22A1 and OCT3/SLC22A3 receptors, which are present on the basolateral membrane.
Renal uptake, meanwhile, is through OCT2/SLC22A2, wiidbcated mostly at the basolateral
side ofthe distal tubules. Metformin is not metabolized and is renally excreted, with-lidnalf
5 hours. Elimination is thought to be likewise through the PMAT receptors on the apical border of
the renal epithelial celf€. Several polymorphisms of the gene coding for the SLC family of
receptors have been identified with differences in response to metfrmin.

Its effectiveness in diabetes is due mainly to its abiligaately decrease hepatic glucose
production, mostly through a mild and tséent inhibition ofits primary targetthe mitochondrial
respiratorychain complex 1 This decrease in hepatic energy status activates the adenosine

monophosphatactivated protein kinase (AMPK), which then suppresses gluconeogenesis during
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cellular stres® The metabolic action of metformin is mediated through the phosphorylation of
tuberous sclerosis complex 2 (TSC2), a GTPase thatolyggs the Rheb protein. The
Rheb/mTOR pathway is then block&dlthough metformin can act on mTORIependently of
AMPK and TSCZ2*

Traditionally, medicine has considered concomitant diabetes to be associated with a worse
prognosis and outcome in cancer patiénta. 2005, however, an epidemiological study of more
than 11,000 patients diagsed with diabetewho weretaking metformin showed an overall
reduced rate of cancer. tlhus theorized that thiss because upstream of AMPK the tumor
suppressor liver kinase B1 (LKB1) was activalgcthe drug® The indirect effects of decreased
sydemic glucose and increased insulin sensitivity in vivo, contributing to the overall health, was
also deemed advantageous to patients with cancer. This observation of reduced cancer incidence
in diabetic patients taking metformin was confirmed in a prdsgecohort stud{’ The decrease
in cancer incidence ranged from%&0% in multiple cancers, such as of the breast, pancreas,
kidney, prostate, malignantetanoma, endometrium, cervix, colorectum, stomach, thyroid, liver
and lungt®889The majority of subsequent studies have shown that-teng metformin use is
necessary for this benefitHowever, a windowof-opportunity clinical trial in nordiabetic
patients with breast cancer showed that stesrh metformin may be of benefit as neoadjunct
therapy®

In vitro andin vivo studies on metformin and its effect on cancer cells have shed light on
its possible mechanisms of action against tumor proliferation, migration and invasion. Metformin
can exert its effect on éhcell cycle through an AMPidependent manner via inhibition of mMTOR
activation® It can stall cell replication by decreasing cyclin D1 and through AMPK

phosphorylation of p53, leading to apoptddi&Metformin can also induce senescence in cancer
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stem cells and can inhibit tyrosine &se activity. Also through its activity on AMPK, metformin
exerts pressure on the PI3/Akt/mTOR pathway, leading to decreased cell suiwiaaldition,
independent of AMPK, metformin also inhibits the mTOR pathway via inhibition of the RAG
family GTPase$? Apoptosis may also be induced through upregulation oftbeth arrest and

DNA damage inducible gene 153 (GADDJ%d through activation of the mitogen activated
protein kinase (MAPK) pathwalf.Upstream of the MAPK pathway are Ras and, Rafvnstream
effectors include the JNK/p38 and ERK1/2 kinases, which impact binding of transcription factors
such as dun, Fos, ighal transducer and activator of transcriptiofSIAT3) and the cAMP
response element binding (CREB) protein, to genes that control growth, proliferation and
differentiation®>%

Aside from its effec on cancer celproliferation and survivalmetformin has also been
shown to specifically inhibit EMT. It does so by repressing production of transcriptional factors
ZEB1, TWIST1 and SLUG, all of which are highly associatéth EMT induction® Moreover,
metformin induces upregulation of DICER1, a ribonuclease enzyme involved in microRNA
synthesis. This correlates with an increase in the tumor suppressive peRd/Aand mMiRNAS6
and a decrease in the oncogenic miRNA181a, thereby prevergiagdhisition of mesenchymal
characteristics by cancer stem céflélterations in candidate miRNAs specific to various cell
types hae also been identified. In pancreatic cells, for instance, metformin has been shown to
attenuate migration and invasion by deregulating miRNAs that interfere with the Notch signaling
pathway necessary for mediating the inflammatory response to cytokkeesTNFU%%°
Metformin has also been shown to rescue expressioitatikerin and inhibit vimentin expression

in epithelial cells in TGFb-induced EMT? In addition, metformin decreasedlaar migratory
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ability in vitro via regulation of Rho kinase and matrix metalloproteinases and affects
mesenchymal transdifferentiat i -catenimgathway’dy sf unc
The majority of the preliminary experimesinto metformin effectiveness and mechanisms
of action, however, use supraphysiol@jidoses that are 1000 times greater than whednbe
observed in the blood. This is why caution is warranted in interpreting and extrapolating data for
clinical trials;not all promising laboratory studies have thus translated into investigations in human
subjectst®? Presently, metformin is being tested in clinical trials lfloeastcancer, cutaneous
melanoma, pancreas, endometrium, colorectum, blood, head and neck, brain and ovaries. An
overview of the ongoing clinical trials that aim to telsé tefficacy of metformin across the
multitude of cancers indicate this restraint: metformin is touted as either an adjuvant therapy in
both primary and metastatic disease or as a preventive drug fenigkgiopulations. Dosages are
well-within the estalished range, which is up to 3000mg/day in adults, and treatments may last
anywhere from 1 week &everalyears. Primary endpoints include biochemical markers of disease

progression, disease control, treatment response and rectinsmead diseaskee survival®®

Metformin and the Eye

The lterature on metformin and the eye is sparse. While metformin is primarily used for
diabetes and while good blood glucose control is essential to prevent ocular conmgljcatias
always been presumed that the effect of metformin on the eye is secondary to itslgiveoseg
effect. Studies on the effect of metformin on angiogenesis on the eye, however, have revealed
mechanisms of action different from AMPK activatidrimary human retinal microvascular
endothelial cells (RVECS) treated with metformin concentrations ranging fréth riM had

decreasedddl viability, proliferation, migration, and capillary formatian 5mM1° In a study on
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oxygeninduced retinopathy in mice, it was observed that intraperitoneal injection fafrmigt
decreased angiogenesis not by decreasing production of the inducer vascular endothelial growth
factor (VEGF) but by reducing expression of its receptor, FLI1RY..

Metformin has also been shown to confer a protective effect on the lens in streptozocin
induced diabetes in rats, despite a mild increase irenagmatic glycosylation of proteins in the
lens1® A case report associated metformin use with a sudden blood glucose decrease in a diabetic
patient, which resulted in acute blurry vision and fifiiled cortical cracks in the lens. It was
hypothesized that this complication was due to osmotic regulation in response to the hypotonic
extracellular fluid. The symptoms resolved with return of vision to normal and stabilization of
glucose levels after 3 monthsraetformin use®

An epidemiological retrospective cohort study considering more than 15p@&Mhts
diagnosed with diabetes noted that 5893 (3.9%) developed open angle glaucoma{OAG).
Previous stu@s have associated increased risk of developing glaucoma in diabetic patients,
although these did not consider levels of glycosylated hemoglobin (HbAL1C) or class and quantity
of medications being administered. The study found that after adjusting fauodlirig factors,
including other diabetic medications being taken, patients who took the highest doses of metformin
had a 25% reduced risk of OAG relative to those who took no metformin. Further analysis showed
that every 1g increase in metformin hydrochitle use was associated with a 0.16% reduction in
OAG risk This benefit was present even when taking HbA1C levels into account, suggesting that
metformin exerts its effects through mechanisms independent of its ability to lower diffcose.

Other ocular diseases in which metformin has been tested include uveitis and
retinoblastoma. Endotoximduced uveitis was performed in rats through injection of

lipopolysaccharide (LPS), after which metformin was injected intraperitoneally imetienent
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group. Analysis of the aqueous humor in the rats treated with metformin revealed a significantly
decreased number of inflammatory cells and cytokines compared to the control group. Metformin
was also found to prevent the expression of-€@ndto activate AMPK in the ciliary body and
in the retina. These findings suggest that metformin may play a role in limiting inflammation in
uveitis 19 Studies on retinoblastoma, meanwhile, have not been as sucdesatub experiments
on the cell lines WERI and Y79 have revealed that metformin can inhibit growth and proliferation
through the AMPK/mTOR pathway and activation of autophagy. However, this effect was not
observed with xenografted Y79 tumors in nude mice whesiplogic doses of metformin were
used!®®

That metformin can affect various processes in the eye is no sugsrisetformin
administered orally and distributed systemically, can cross the -bi@d barriet'® An
ophthalmic formulation of metformin also exists for pharmacokinetics research; it was found that
a 7.85 mM preparationad a penetration efficiency of 0.058% across the cornea and into the
anterior chamber. Thus, the maximal concentration of metformin was found in the aqueous 30
minutes after a single instillation, corresponding to a concentration of 0.108 nniél/ifie
known distribution of the principal receptor for cellular uptake, SLC22A1/OCT1, also explains
the effect of metformin on specific eye tissues. SLC22A1/0®@a4 demonstrated to be present
in the cornea, in the iris and ciliary body, andhia bloodretina barrief*

No studies have begrerformed to dateo ascertain the presence of the SLC22A1/0OCT1

receptor in the lens.
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Diabetes and PCO

With metformin as the initial treatment of choice in diabetes, it is reasonable to examine
the incidence of PCO in diabetic versus {babetic patients. Mitiple studies have been
performed to this end, but to datesults have been inconclusive. The difficulty in performing
such analyss lay in the following: the differences in surgical techniques and IOLs used; the lack
of standardization in quantitatifgCO, including wrinkling of the anterior capsule and time to
follow-up; the failure to consider factorsuch as diabetes control and medications being
taken!12113

A previousstudy ha looked at the rates of Nd: YAdser capsulotomy as a surrogate
outcome for the incidence of PC®greater incidence of capsulotomy being performed in diabetic
patients when compared to healthy contvads founef!4 although thigesultwas later criticized,
as the procedure is more commopkrformedin diabetic patients who require more frequent
ophthalmic screening foretinopathy:!®> Other related risk factors have also been analyzed
between diabetic and natiabetic patients, including the incidence of anterior capsule wrinkling
and the degree of pesperaive inflammation. Studies have reported an increased risk of anterior
capsule contraction in diabetic patieht&!'’ While a subsequent study found no correlation
between anterior capsule contraction and P&G@he methods employed for evaluating PCO,
particularly in the periphery, was appraised to be inaccttiFeirthermore, because diabetes is
considered to be a microvascular disease and to manifest increased capillary permeability, it was
theorized that diabetic patients would have greaterquastative inflammation. A prospice
study on diabetic patients without retinopathy who had undergone cataract surgery found that,
compared to controls, themgas no mean difference between cells and flares in the anterior

chamber up to day 28 pesperatively!'®
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Later studies evaluated PCO usigheimpflug videophotographwhich is a sltlamp
with modified optics to enable visualization of the entire anterior segttfetfferent scoring
systems were also utilized, alone or in combination with videophotogr&@pigyprospective study
comparing 26 diabetic and nalmabetic patients who received hepasurface modified
polymethylmethacrylate IOL implants concluded that at 2 yearsqpesttively, the rate of PCO
after phacoemulsification wéswer in diabetic péients. This finding was thought to be secondary
to the inherent low proliferative capacity of LECs in diabetic patients due to accumulation of
sorbitol and other advanced glycosylation prodét€ulture of primary LECs obtained from
patients after cataract surgery corroborated that LECs from diabetic patients have a lower
proliferative potentiat??

Another prospective casmntrol study that had 42 patients in each group and that secured
follow-up until 1 year after surgery showed that over this short period, patients with diabetes had
a greater chance of developing PE&®The results of this study were later contested due to the
noted patient dropout rate and the high standard deviation in the data for the diabeti&?grioeip.
results of this study, however, were confirmed in another prospectiveaatsel study with 100
patients per group. Each subject had the same IOL inserted: 6.0 mm in diameter, with a soft acrylic
optic andmodified C polymethylmethacrylate loapsfter 1.5 years of followup, PCO was found
to be increased in patients with diabetdough HbA1C status and degree of retinopathy did not
correlate with the severity of the PCO in diabetic pati&fits.

Finally, a fourth prospective casentrol study, this time with 75 patients for each group,
concluded that at 4 years, there was no differemd¢ba incidence rate of PCO between groups.
The length of time since diagnosis of diabetes, however, correlated with an increased risk, although

the degree of retinopatfdjd not*?*
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In all these studies, no stratified analysis was done to evaluate the effect of any
medicatiod whether insulin, metformin or the other ahtiperglycenic agentd on PCO

development.

This review of available literature can be summarized as follows: (1) EMT is the main
pathophysiologic mechanism underlying PCO; (2) metformin has been shown to inhibit EMT in
cancer; (3) there exists a gap in knowledge lan dffect of metformin on the lens. Withis
rationale established, it is useful to restate the primary objective of this research: to determine the
effectiveness of metformin in an vitro model of PCO. The methodology that follows seeks to

address thiguestion.
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MATERIALS and METHODS

The development dPCO necessitates the proliferation, differentiation and migration of
theresidual LECss they acquire the properties of mesenchymal déils.collective response is
calledEMT. Other characteristics observed are the loss of phenotypic epithelial markers and the
increased expression of mesenchymal proteins, both of which are concomitant with the acquisition
of aspindk cell shape.

This study utilized am vitro model of PCQin whichimmortalizedLECs from the HLE
B3 cell line were exposdd transforming growth factdseta (TGFb) and f i br obl ast
(FGF) for EMT induction'?® The expression of solute carrier family 22 member 1 (SLC22A1),
also known as organic cation transporter 1 (OCT1), was determined in cell line extracts. SLC22A1
is the receptor that is most commonly associated with the cellular uptakeetédrmin
Afterwards the effect ofa range ofmetformin concentrationson cell viability, migration,
morphology, and expression of epithelial and mesenchgroédinmarkers vasdetermined in a
series of experiments detailed beldmsights into how metformin might exets ieffects were also
obtained in additional experiments. The effect of increasing metformin on SLC22A1 expression
was demonstrated. The relative proportions of Akt and phosphorylated Akt, proteins in the
signaling pathway known in literature to be primanthpacted by metformin in its action against
cancer cells, were also evaluated. Lastly, to confirm future applicability of the results of this study
in possible subsequeint vivo experimets, the presence of the SLC22Agceptor in the anterior

segment®f donor eyes was demonstrated.
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Cell Culture of Human Lens Epithelial Cells

This cell line was isolated from fetal human lens epithelium and was immortalized with
transformation with the adenovirus-84012¢ Cells were maintained on Minimum Essential
Media (MEM, Gibco® Thermo Fisher ScientifiaValtham,MA, USA) supplemented with 20%
fetal bovine serunFBS)and 50 ug/mL gentamicin (Thermo Fisher Scientific). Cells were kept at
a humidified incubator (3T, 5% CQ). Media was changed everyB8days, and cells were grown
to 70%-80% confluency before passag Cells were monitored daily under an EVOS XL
(Thermo Fisher Scientifigghasecontrast and brightfield microscope.

For each passage, adherent cells were washed with warm phosphate buffered saline (PBS)
and treated with 0.05% trypsin with ethylenediamitratecetic acid (EDTAGibco®, Thermo
Fisher Scientific). Trypsin was neutralized with culture memhataining 20% FBSand cell
suspensions were centrifuged at 1p@fr 5 minutes. The supernatant was decanted, and the cell
pellets were resuspended indine prewarmed mediavith 20% FBS Cell counts were performed
with trypan blue exclusioand using an automated cell countard suspensions were diluted to
the appropriate cell concentration needed for the purpose of the experiment. For cryopreservation
of cells, a concentration of 1x4€ells/mL was used, and cells were stored in 5% dimethylsulfoxide
(DMSO) prior to storage in liquid nitrogen.

A previous study compared proteomes of HRE and freshly isolated lens epithelium and
saw that in the formehere was a significant amount of crystalline proteins expressed. It was also
o b s er v e drystallinavas nbt Aroduced after passagé?1Thus, only cells passaged up to

11 times were used in the succeeding experiments.

Epithelial-to-Mesenchymal Transition (EMT) Induction
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LECs were exposetd a combinatiomf TGFb  aFGE to induce EMT and also because
both growth factors have beelirectly implicated in the formation of PC&?® Postoperatively,
increased levels of both growth factors have been observed in the auetmisThe increase of
FGF occus earlier and has been shown to promote praiion and differentiation of the lens
epithelum, while TGFb | e v e | dateriaftec sumeryndinduce cellular migration and

fibrosis2:10:68

TGFb and FGF were obtained from Thefreeno Fi

(SF) MEM was prepared with the addition of 50 ug/mL gentamNm.anti-fungal agent was

S

used, as was done in previous studfédas this decreases LEC bility.'*TFGb and FGF wer

then dissolved in serufinee (SF) MEM at a concentration of 10 ng/mL and 40 ng/mL,
respectively. Theseconcentratios have been previously usedin vitro PCO modelé? These

componentgonstituted the EMT induction media used for the rest of the experiments.

Metformin Concentrations

Metformin hydrochloride(Cayman ChemicalMIl, USA) was dissolved in PBS to a
concentration of 1440 mM for storage. Fresh working solutions of metformin were made by
preparing 200 mM in EMT medium. The ra@f concentrations of metformin were based on the
minimum (0.1 mMj*° and maximum (100 mMy* used againstancer cells as reported in
literature.

The following corentrations of metformin were initially used for the cytotoxicity assay:
0.1 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, 20 mM, 30 mM, 50 mM, 80 mM and 100 mM. Metformin
used in subsequent experimentsimited to 10 mM, as a significant decrease in the number of

viable cells compared to Skyasnotedinhi gher ¢ onc e n tltrwastimperatige thatO 2 0
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the cell counts across treatments be kept consistent in studies on migration, morphology and

protein expression.

Data Analysis
Data processing and statistical analysis was done using Microsoft Excel (Microsoft

CorporationRedmondWA, USA) and GraphPad Prism (La Jolla, CA, USA).

SLC22A1 Expression in the HLEB3 Cell Line
To check if the HLEB3 cells have the potential to respdndnetformin, the presence of

the SLC22A1 receptor was determined using Wedilern

Cell Culture andProtein Extraction

For this study, 1x10cells were seeded in 4fillimeter culture plates (Corning®) and
grown to 80% confluency. Cells were starved in SF media prior to treatment with eitiber SF
EMT. After incubation for 48 hours, the media was aspirated, and the cells were washed twice
with cold PBS. To lyse the cells, 300 uL radioimmunoprecipitation (RIPA) biBign{aAldrich,
St. Louis, MO,USA) with antiphosphatase and aiptiotease tabletfkoche Basel, Switzerland
was added to each plate. The plates were incubated on ice for d@sniafter which the cells
were detached with cell scrapeiringy precipitates were presumed to be of nucleic acid origin
and were carefully removed to prevent interference in the protein quantification assay. The cell
lysis extracts were then vortexedce briefly for 10 second8 {vatts, Sonic Dismembrator Model
100, Quebec, CAand then incubated on ice for an additional 20 minutes. Extracts were

centrifuged at 13,0@Xrelative centrifugal force, RCF) for 10 minutes &€ 4EC Micromax RE
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Thermo Hectron Corporation, Milford, MA, USA The supernatant was aspirated without

disturbing the cellular debris pelleted. Protein extracts were stor86P@tuntil further analysis.

Protein Quantification

To quantitate the amount of protein in the extracts, the bicinchoninic acid (BCA) assay was
performed using a commercial kit (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific).
Briefly, the process is as followdresh standards of bovine serum alliBSA), ranging from
0-2000 ug/mL were prepareNext, 2 uL of samples and standards were loaded in triplicates on a
96-well plate and5 uL of the RIPA buffer and water were also added, after which the working
reagent (19@L) was added. The working gent was a mix of Reagents A and B in a ratio of
50:1; Reagents A and B containieidinchoninicacid and cupric sulfate, respectively. The plate
was incubated at 6C for 30 minutes (Boekel Scientific, PA, USA) and was read at 562 nm using
aspectrophotometric reader. The standard curve obtained from the dilutions of BSA was’used (R
O 0.99) to quantitate the amount of protein

immediately prior tasodium dodecyl sulfate (SDPplyacrylamide gel elémphoresis (PAGE).

WesternBlot
Gel PreparationBio-Rad TGX StairFree™ FastCast" in 7.5%, 10% and 12% (BiRad,
Irvine, CA, USA) were used ithis study, depending on the molecular weight of the protein of
interest. The resolving and stacking gelerev prepared on 1.5 mm glass plates as per
manufacturerés recommendations, with freshly |
Sample PreparatiorProtein samples were prepared by adding 4x Laemmli buffer (Bio

Rad) awmerdapgtoethanol (Sigma Atath) in a 3:1 ratio. These were afterwards placed in a
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digital dry bath (AccublocR!, Labnet International Ind=dison,NJ, USA) set to 9% for 10
minutes. Two molecular weight ladders were used: theRBio Precision Plus ProtéihAll Blue
Prestained Standard to track subsequent transfer onto membrane, andaimetSsandard (Bto
Rad for visualization on staHfree gels.

SDSPAGE The same amount of protein for each treatment was loaded in each well and
in each gel run. Thenaount of sample loaded ranged from2@ug. The electrophoresis run was
set at a maximum of 70 volts (V) until the proteins were properly stacked, after which the voltage
was increased to a maximum of 100V for adequate separation. The gels were aftertinaatisl
for 1 minute using the ChemiddtMP System and ImagLab software (BidRad).

Membrane TransferProteins were transferred from the gel to the TBlos Turbo™
nitrocellulose blots using the Tra@dot Turbo™ Transfer System (Bi®Rad. The settings for
efficient transfer were as follows: 7 minutes of transfer, with 1.3 amperes (A) of current and
voltage ranging from 225V. Transfer efficiency was documented and images for subsequent
total protein standardization were afterwards obtainatfyusie Chemidd® system.

Membrane BlottingThe membranes were thrice rinsed with 1X Tris buffered saline (8.77g
sodium chloride (NaCl), 2.42 g Tris in 1L distilled deionized water g@@Hwith 0.1% Tween
20 (TBST) for 5 minutes, after which they wetedked with 5% noffat dry milk in TBST for 1
hour and with gentle agitation (Twist Shaker TW3, FinePCR Finemould Precision JIigkQual,
Koreg. The membranes were then incubated overnigfiGatith the primary antibody and with
gentle agitation (VWR @&entific, Radnor PA USA). Afterwards, the membranes were rinsed
thrice in 1x TBST for 5 minutes each time and were incubated with the corresponding secondary
antibody at room temperature for 1 hour and with gentle mixing. Blots were again rinsechthrice i

1x TBST for 5 minutes each time before the addition of the lunpaobxide solution for
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chemiluminescent substrate detection (ECL Prime Western Blotting System, Amerhsam, GE
HealthcareChicago, IL, USA The blots were visualized using the Chemitfcaystem with aute
exposure arranged.

AntibodiesThe mouse monoclonal afr8iLC22A1 (2C5, Novus Biological&ittleton, CO,
USA) was used in a 1:1000 dilution to probe the blot, after which it was targeted with the goat
antrmouse HRHinked IgG (se2005, Sata Cruz,Dallas, TX, USA, 1:1000 dilution). Protein
extracts from the hepatocellular cancer cell line HepG2 and the uveal melanoma cell link OCM
were used as weak and strong positive controls, respectively.

Image AnalysidNo loading control was used ihe Western blots performed, as the Stain
Fred gels allowed for total protein normalization with the use of the Image Lab software. With
this software, a mukthannel image of both the membrane after transfer and the blot after
chemiluminescent detection was created. The molecular weight of the dlamdsrest were
determined using the same overlay of imadéBor this part of the experiment, the presence of
the band specific to SLC22A1 was sufficient, and relative quantification of protein expression was

unnecessary.

Effect of Metformin on Cell Viabili ty (Cytotoxicity Assay)

To assess the effect of metformin on cell survival, the Cell Countin@ K&CK-8)
viability assay was used (Dojindo Molecular Technologies, Kumamoto, Japan). Th8 @s3ay
is a colorimetric test that utilizes the ability of ligells to metabolize, through dehydrogenases, a
watersoluble tetrazolium sa(tvST-8).133

A standard curve for the absorbance of different concentrations of83L&ells, when

incubated with the tetrazolium salt, was first performed. Diffecefitcounts were incubated in
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duplicates in a 96vell plate (Falcon®) as follows: 2.5x4,®.25x10, 2x1¢}, 1.75x10, 1.5x10,
1.25x1d, 1x1d, 7.5x16, 5x1@, 2.5x1G and 0. After 24 hours of incubation toinimize cell
division, the cells were starved for 4 hours in SF medéxt, 10 uL of the WST8 reagent was
added to each well. The plate was incubated & and 5% CQfor 2 hours. Spectrophotometric
reading was done at 450 nm using iafinite M200 Proplate readerand the Tecan-Control
software (Tecanylannedorf,Switzerland) and a standard curve was calculated.

Initial optimization experiments were first performed to determine the number of cells to
inoculate for the cytotoxicity assay. The number ofsctiatresultedin 80% confluence after
allowing attachment for 24 hours was selected. As such, to tesffédotof metformin on cell
viability, 1.5x10 cells (100 uL of 1.5x10cells/mL suspension) were inoculated into each well in
a 96well plate After 24 hours, the cells westarved in Sknedia for 4 hours. This wadtewards
replaced by various treatment media. These included SF; EMT; and the following concentrations
of metformin dissolved in EMT: 0:100 mM. After 24 hours of incubation, 10 uLtbe WSTF8
reagent was added to all wells. The plate was incubated®@t &7 5% C® for 2 hours.
Spectrophotometric reading was dond%s® nm using theameplate reader.

Three replicates were used for each treatment, and three independent expevanents
performed. Wells with only SF media were used as negative controls. Cell counts were calculated
using the standard curve previously obtained. Analysis of variance (ANOVA) with the Tukey post
hoc test was done to determine at which metformin conciemtnatis there a significant decline

in cell viability.
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Effect of Metformin on Cell Death (Acridine Orange-Ethidium Bromide Assay Apoptosis)

Metformin has been shown to induce cell death in tumor cells primarily through
apoptosig34 To confirm this, a fluorescence assay was performed on cells iwvalP@icroplate;
it enables differentiatiobetween apoptosis and rRapoptotic cell death based on nuclear staining,
is easy to perform, and requires no additional steps that may inadvertently cause c&? @ihath.
same amount of cells in each independent experiment (f.5&ll® per well) was plated and
allowed to attach for 24 hours. Treatments of SF, EMT, and representativentrations of
metformin treatment (0.5 mM, 5 mM and 50 mMereadministered after a-Aour starvation
period. Treatment with a high concentration of glucose (25 mM) was used as a positive control for
apoptosig3®

After 24 hours of treatment, the acridine orange/ethidium brof@#EB) assay was
performed as previously described. This protocol was chosen becans#itsethod is designed
to minimize unnecessary induction of cell death and tiudiecin its analysis cells floating in the
culture medid3 The 96well plate was cenifuged in the SorvalM RT6000B Refrigerated
Centrifuge (ThermoFisher Scientifiavith 96-well plate inserts (5 minutes, 1a§)ALCPC) to spin
down dead celldNext, 6 uL of the AO/EBmixture (100 ug/mL AO and EB) was added to each
well in batches, prior to imaging with an Olympus IX81 fluorescence microgdapgo, Japan)
and using TRITC and FITC filters. The wells were imaged within 20 minutes of adding the dye
mixture, as recommenden the protocot®

Acridine orange stains both live and dead cells, but ethidiumibdeostains only cells that
have lost membrane integrity. As such, live and dead cells were stained green-arahged
respectively. The distinction between apoptotic and-aqooptotic cell death was made by

analyzing nuclear morphology. With napoptaic cell death, the cell nuclei were rounded,
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swollen and with indistinct borders and did not have condensed chromatin. With apoptosis, the
nuclei were either pyknotic or fragmente@The total number of cells was counted automatically

using particle analysis in ImageJ (Figure 2).

Figure 2. Counting cells for

the ethidium bromide and
acridine orange assay.Top

row, left-right: original image,

green filter, red filterBottom

row: (left) green filtered image an@ight) red filtered image made binary, with edges outlil
and the interior filled. Total number of particles were counted using particle anialgisisive
of areas that measured only up to 1500 square pixels; this size was optimized to consit
maximal cell surface area. Apapit and norapoptotic cells were counted manually €
differentiated by nuclear size and border appearance. Oadl(tedorange) cells were cmted;

live cells in early apopsis were excludedimages were taken at 10X magnification.

Manual cell counting of apoptotic and rapoptotic cells was done on the digital images

captured for two reasons: Image J cannot discriminate border appearances, and fragmented nuclei
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in proximity may be counted as two cells. Numbers of both apoptotica@rapoptotic cells were
recorded as a percentage of the total number of dead cells visualized in the frame.

At least two independent experiments weayerformed with three replicatesper
experimentAnalysis of variance (ANOVA) with the Tukey pelsbc test wasisedto determine

atwhich concentration of metformin were apoptotic and-apaptotic mechanisms significant

Effect of Metformin on Cellular Shape and SymmetryMicroscopy)

EMT inductionthragh TGFb and FGF has been r terelulared t o
shapeof lens epithelial cellsfrom cuboidal to spindishaped; this is theorized to be secondary to
a reorganization of actin and intermediate filaments of the cytoskél@ioa.effect of different
concentrations of metformin on changes in cellular shape and symneettigareforeevaluated
with microscopy and image analysis

HLE-B3 cells (0.5x10 cells/well) were seeded on a-@ll plate (Falcon® Franklin
Lakes, NJ, USAand grown to 70% confluence. Eight replicates were used for each treatment.
Cells were starved for 4 hours before the following treatments were initiated: SF, EMT and 0.1
10 mM metformin in EMT. Incubation was maintained for 48 hours to allow changeslin cel
morphology to be evident.

After 48 hours, cells were washed with cold PBS twice and were fixed-@oidenethanol
(Fisher Scientific Nepean, ON, Canapléor 10 minutes. Methanol was aspirated, and the wells
were coated with 0.5% crystal viol@isherScientific in 25% methanol. The plate was kept at
room temperature for 10 minutes. The wells were rinsed with distilled water until the dye was

completely washed off, and the plate was left to dry overnight.

54



One image of each wellastaken under brighigld microscopy, 20x magnification, using
the EVOS XL(Thermo Fisher Scientifianicroscope.

Images were saved and processed with Image J (National Institutes of, IBe#tiibsda,
MD). Digital processing was as follows: (1) images were made binary; (@¢risowere dilated
and the (3) eroded; (4) holes inside cells were filled; (5) cells were measured as patrticles, and
only particles with sizes from 5606000 pixels were includetb exclude dirt particles and
overlapping cellsCircularity and roundnessese selected for measurement and were averaged

for all particles measured per imagegure3).
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Figure 3. Digital processing of images captured from EVOS XI(20X). (Left) Original image
of HLE-B3 cells in SF, fixed in methanol and stained with crystal violet. Image was taken
brightfield microscopy.(Middle) Image after binary conversion, dilation, erosion and ¢
filling holes. (Right) Overlay of some of the cellmeasured for morphology using partic

analysis, with cell size limited to a range of E08D00 pixels. Counts excluded cells at the ed

The formula for circularity@), as used by Image J, is as follows:

T owi QPQAWQ i

° Q1 Qd QIO i
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It thus takes into consideration the form and roughness of the perimeter. If the shape is
more circular, the value @ approaches 1. The value ©f however, does not reach 0.1 until the
shape is threatike.'*” Another method of describing the shape of a particle entails the detection
of an ellipse that best approximates the particle. The maximum and minimum axes of this ellipse
are then measured; this is called the aspect ratio (AR). Tipeaeal of AR is referred to, in Image
J, as roundnes®). The value oR approaches 1 as the object is more symmetric, as in a circle,
and moves further from 1 as it assumes the shape of an éflipse.

Both parameters were considered in this study to better describe the general shape and
symmetry of the cells. The mean value€adndR for each group was calculated. ANOVA with
the Tukey poshoc test was done to compare values across treatments. Tdeggendent

experiments with @ replicates were performed.

Effect of Metformin on Cell Migration (Wound Assay)

The effect of metformin on chemokinetic cell migration was studied using the wound
assay. Irthis techniquea scratch is introduced into a ¢oent layer of cells; the natural response
is for cells to heal this scratch through migration. The extent of migration can therefore be
determined by measuring the eflte space after wound induction and after a set time p&fiod.

For this assay, 2x*@ells were seeded per well in two-#ll plates (Costar®Corning,
NY, USA). Cultures were grown to 96100%confluence. Care was taken to ensure that only a
single monolayer of cells was maintained, as sheets of cells could easily be dislodged. Cells were
starved for 4 hours in SF media prior to treatment.

Media was aspirated from the sides of each well. A 20Qipette tip, angled 3Qto the

wells, and a ruler were used to draw a vertical line down the monolayer of cells. Afterwards, the
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wells were carefully washed with prearmed PBS and then aspirated to be free of liquids. Each
well was documented witthree images, spanning the top to bottom, using the EVOS XL
microscope. The condenser was set to phase contrast and images were taken at 4x magnification.

After imaging at 0 hours (wound induction), different media treatments were then given as
follows: SF, EMTand 0.210 mM metformin in EMT.

The plates were incubated for 24 hours, after which the media was removed. The cells were
once again imaged as previously described and were fixed and stained with crystal violet for later
documentationwith the Nikon Eclige Ts2(Tokyo, Japankand using brightfield microscopy
Phase contrast images were processed using Image J (National Institutes of Health). An Image J
macro, the MRl Wound Healing Tool (MRI Redmiftéjwas used for calculating the area of the
cell-free gap at 0 and 24 hours after wound inductidms Tool has previously been validated in
literature'“° Settings included using variance to calculate thefosdl area; a variance filter radius

of 10; a threshold of 50; a radius open of 4; and a minisiaeof 500(ixels (Figure 4).

Figure 4. Wound assay images after processing with the MRl Wound Healing ToX). (A, B)
0 hours, upon wound inductiofd) Raw image, phase contraB) After application of the MRI
plugin on Image J. Areas in black are the-trelé area(C, D) After 24 hours(C) Raw image, phas
contrast(D) Notethedecrease in cefree area, indicating that the HLE3 cells have migrated. Cel

were treated only ith serumfree media.
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The percent cellular migration was calculated using the following formula:

P s e s R QO QT QO
PwQa ad QWi o6 Qet——: Wp T
wl Qw

ANOVA with the Tukey posthoc test was done to compare values across treatments. Three

independent experiments with 12 replicates each were performed.

Effect of Metformin on Epithelial and Mesenchymal Markers (WesternBlot)

Western blot was used &ssess the effect of metformin on protein expression. Proteins of
interest in this study included the follavg: the lens epithelial markeral6, which is a
transcription factor that influences differentiation of the epithelium to a lens fibet®dgll;
cadherin, a transmembrane protein part of fogradherens junctions between cells and a marker
of epithelial cellss mo ot h  mu s-8MAE anaactin isoform(thdt promotes contractility
and migration of mesenchymal cells; and fibronectin, a-mgkecular weight glycoprotein that
functions as @ extracellular matrix scaffold and is associated with EMitro.1*! Vimentin was
not used in this study as an analysis of the proteome in freshly culturedndEi@ the HLEB3

cell line showed high expression of this intermediate filament prétein.

Cell Culture, Protein Extraction and Protein Quantification
For this study, 1x1Dcells were seeded in 4fillimeter culture plates (Corning®) and
grown to 80% confluency. Cells were starved in SF media prior to treatment with either SF, EMT,

or 0.1:20 mM metformin in EMTProteins were extracted and quantified as previously described.
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Western Blotting

SDSPAGE and Membran€ransfer Gels and protein samples were prepared as described.
SDSPAGE and membrane transfer were performed as earlier detailed.

Primary Antibodies.Membrane blotting was performed dsscribedpreviously. The
following primary antibodies were used in the following optimized concentrations: a mouse
monoclonal antPax6 (1:500, clone 1C8, ThermoFisher Scientific); a mouse monoclond-anti
cadherin (1:500, clone 4A2, Cell Signaling Technolo@anvers, MA, USA a mouse
monoclonal antiJ}SMA (1:500, clone 1A4, DakoSanta Clara, CA, USA and a rabbit
monoclonal antfibronectin (1:500, ab32419, Abca@ambridge, UKp

SecondaryAntibodies.For mouse antPax6 and atUSMA ant i bodi es, t ho
mouse IgGHRP linked secondary antibody (005, Santa Cruz) was used in a 1:1000 dilution.
Meanwhile, the antiE-cadherin primary antibody was probed with the horserantise IgG HRP
linked antibody (#7076, Cell Signaling) with a 1:2000 dilution. The rabbitfammtnectin was
targeted with the goat antabbit HRRlinked IgG (#7074, Cell Signaling) using a 1:1000 dilution.

Image Analysislmage analysis was conducted using Image Lab as described previously.
The multichannel image was created and total protein niizaten was automatically performed
by the software. Blative quantitation of the amount of target protein in each treatnrent
comparison to the first lane (SF), was then obtaursdgthe measuredensitometric volumes.

Reproducibility Two independent experiments using SF, EMT, and EMT treated with O
20 mM of metformin was performed on cells plated oAt culture dishes. Western blots
probing for a specific protein were performed at least twice on samples in each independent

experiment.
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Effect of Metformin on SLC22A1 Expression(Western Blot)

Following the observed outcome in LECs treated with fonetin alongside EMT
induction, the effect of metformin on the expression of the SLC22A1 uptake receptor was
evaluated. This was done throwgtesterrblot, utilizing the identical protein extracts analyzed in

earlier experiments and with the same protocol as previously described.

Effect of M etformin on the Phosphorylation of Akt (Western Blot)

Metformin is known to exert its antiimor actionthrough many mechanisms. The main
mechanism is primarily associated with the inhibition of the mammalian target of rapamycin
complex (MTORC), which is responsible for the proliferation of cancer cells. This pathway is
indirectly activated by phosphorylateAkt (protein kinase B). As such, the relative ratio of
phosphorylated Akt (pAkt) to Akt was determined among different treatment concenttations.

Western blots were performed according to the method described above. The primary
antibodies used were the following: a polyclonal rabbit-Akti (#9272, Cell Signaling, 1:500
dilution) and abbit antipAkt (#9271, Cell Signaling, 1:500 dilution), the latter specific for pAkt
phosphorylated at the Ser473 residue. The secondary antibody used in both instances was the goat
antirabbit HRRIlinked IgG (#7074, Cell Signaling, 1:1000 dilution).

Themembranes were initially probed with pAkt and then Akt. A mild stripping procedure
was performed as follow$? Blots were rinsed for 5 minutes four times with TBST and were
afterwards incubated in stripping buffer twice for 20 minutes per time and with gentle agitation.
The stripping buffer was prepared with 7dlgcine, 0.5 g SDS and 5 mL Tween 20 dissolved in
500 mL ddHO, with pH adjusted to 2.2. Stripping of the primary antibody was confirmed adequate

with ECL detection after reprobing with the secondary antibody. Ponceau red (Sigma Aldrich) was
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also used t@onfirm minimal stripping of the proteins on the membrane. After each checkpoint,
the membranes were washed for 5 minutes four times with TBST, blocked with 5zt moitk

in TBST for 1 hour, and thenH@obed with the primary antibody.

Expression of SIC22A1in the Lens Tissue (Immunostaining)

To substantiate the possibility that the results of the previous experiments will be applicable
in vivo, it was necessary to verify the expression of SLC22A1 in fixed lens tissue. This was
accomplished througimmunostaining.

Four anterior segment sections of normal human eyes, routinely processed and embedded
in paraffin, were obtained from the Henry C. Witelson Laboratory Archive (Montreal, Quebec,
Canada). These were baked overnight &CqBoekel ScientificFeastervillePA, USA) and then
subsequently for 1 hour at ®7 to ensure adherence of the tissues to the sfideomated
immunohistochemistry was done using the \d@at Benchmark machine perh e manuf act ur
recommended protocol (Ventana Medical 8ys$, Tucson, AAJSA). Processing of the barcoded
slides included baking, solvefree deparaffinization and CCI (T+iEDTA buffer pH 8.0)based
antigen retrieval. The slides were incubated afterwardsthéhmouse monoclon&G primary
antibody againssLC22A1(2C5, Novus Biological¥ at a dilution of 1400for 30 minutes at 3T,
followed by the addition of an avidin/streptavidin enzyme conjugate comphex.ultraView
Universal Detection KitVentanaMedical Systemswas utilized as a chromogenic subtg;
slides were then counterstained with hematoxyterus sections were used as negatarols
and thecornea present in the same slides were used as positive controls. The slides were evaluated
by two pathologists in the laboratory and were afterwards scanned for documentation using the

Aperio AT2 (Leica Biosystem3&Vetzlar,Germany).
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RESULTS

Expressionof the SLC22A1 receptor in HLE-B3

Since this was the first study conducted on how metformin can possibly affect LECs, it
was essential to determine if the HIBB cell line could in fact respond to the drug. Western
blotting with revealed a 4KRDa band in HHE-B3 extracts treated with eith&F or EMT media
(Figure 5). This band corresponded to the SLC22A1 receptor, reported in literature to be
responsible for the cellular uptake of metforffiThis suggested that the HLES cells were
capable of metformin uptake, and that metformin may exert its effects through intracellular

mechanisms.

50 kDa

[ ]

- e - —— 40 kDa
37 kDa

@ b (o (@

Figure 5. SLC22Alis expressed irthe HLE-B3 cell line.
(@) SF; (b) EMT; (c) the uveal melanoma cell line OCM
(d) the hepatocellular cancer cell line HepG2. HepG2 is

known to weakly express the SLC22A1 receptor.
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Effect of Metformin on Lens Epithelial Cell Viability

The results of the CCI8 viability assay showed that metformin, at increasing
concentrations, could be cytotoxic to LECs (Figure 6). EMT treatment resulted in a calculated
survival rate greater than 100%, signifying that there were more cells after Zadfidigatment
than what was originally plated. This suggested not only improved viability but also proliferation,

as was expected from exposureto H6F and F GF .
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Figure 6. Metformin was cytotoxic to LECs. The lethal concentration that decreased
counts by 50% (L&) was 30 mM metforminThe drug was completely cytoticxat 80 mM.
There was an increase in survival rate in caitsmgp in EMT media (SF vs. EMT ompared
to SFand EMT, there was a significamntecreas€P<0.05) in the survival rate @klls treated
with 20 mM and 5 mM metformin respectively As such, all sbisequent experimen
determinng the effect of metformin on other cellular parameters were designed to

treatment to 10 mM.
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Effect of Metformin on Lens Epithelial Cell Death

To confirm that metformin reduced viability by inducing apoptotic cell death in LECs, as
has been reported in literature for other cell typéshe ethidium bromidecridine orange
fluorescence assay was utilized. This assay could differentatiy on a 96well culture plate
between apoptotic and n@poptotic cell death through featurdghe stained nuclei. Cells treated
with EMT medium had lower rates of cell death when compared to SF (Figure 7). In all
representative concentrations of metformin used, there was a greater percentage of nuclei bearing

features of apoptosis (Figure 7)chuas distinct borders, fragmation and pyknosis (Figure 8).
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Figure 7. Metformin induced cell death primarily by apoptosis. At 50 mM metformin,
majority of the dead cells (40%) had pyknotic or fragmented nuclei. Metformin also th
nonapoptoticcell deathat thisconcentrationalthough to a lesser degree. Compared to SF,-

wasdecreased cell death in the cells treated with the EMT medium.
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Nuclei of other cells undergoing necrosis, meanwhile, were larger, rounder and had
indistinct bordersKigure 8), as described the literature® Percentages of apoptotic and non
apoptotic cell death were only significant at 50 mM metformin (P<0.05); these were comparable
to LECs treated with high glucose as a positive contfilile the same number of cells were
initially inoculated into each welthere is an obvious abundance of-fede space with increasing
concentrations of metformin. This is most likely due to the dissolution of nichai cells that
had earlier perished and were not captured at the observational timepoint.

With this tecmique,cells in early apoptosis could also be identified on the basisgiit
green nuclear staining and condensed chromatia.major limitation of this method was that it
did not discriminate among other mechanisms ofajpoptotic cell death, such mscroptosis and
pyroptosist*® Regardless, this technique proved us@futonfirming that metformin decreased

viability of LECs through induction of cell death primarily through apoptosis.
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Figure 8. AO/EB Assay(10x). Green and red nuclei represent viable andahle cells,
respectivelyTherearemore fragmented nucl&ith increasing metformigoncentrationNote
the appearance of the nucleus in a necrotic(edllte arrowhead, EMTand the fragmente

nucleusin an apoptotic celjwhite arrow, 50 mM)
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