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Abstract: Glaucoma is the leading cause of irreversible blindness globally. With an aging population,
disease incidence will rise with an enormous societal and economic burden. The treatment strategy
revolves around targeting intraocular pressure, the principle modifiable risk factor, to slow progres-
sion of disease. However, there is a clear unmet clinical need to find a novel therapeutic approach
that targets and halts the retinal ganglion cell (RGC) degeneration that occurs with fibrosis. RGCs
are highly sensitive to metabolic fluctuations as a result of multiple stressors and thus their viability
depends on healthy mitochondrial functioning. Metformin, known for its use in type 2 diabetes, has
come to the forefront of medical research in multiple organ systems. Its use was recently associated
with a 25% reduced risk of glaucoma in a large population study. Here, we discuss its application to
glaucoma therapy, highlighting its effect on fibrotic signalling pathways, mitochondrial bioenergetics
and NAD oxidation.

Keywords: glaucoma; metformin; lamina cribrosa; fibrosis; AMPK; TGF-f3; bioenergetics; mitochon-
drial function; signalling pathways; NAD

1. Introduction

Glaucoma is the leading cause of irreversible blindness worldwide, affecting more
than 70 million people, with primary open angle glaucoma (POAG) accounting for 74% of
cases [1,2]. It is more common in the older population, with a global prevalence of 3.5% in
people over 40 years old and an adjusted odds ratio of 1.73 per decade age increment [3].
Glaucoma prevalence is projected to increase to over 110 million by the year 2040 as a result
of longer life expectancy and a subsequently aging population [3].

Whilst age is the most commonly associated risk factor for POAG, it is of course
non-modifiable [4-6]. Therefore, current glaucoma treatment paradigms revolve around
targeting the main modifiable risk factor, intraocular pressure (IOP) [7]. Whilst lowering
IOP has proven to be an effective measure in managing glaucoma, progression still occurs
in over half of patients with optimal medical and surgical management, albeit at a slower
rate [8,9]. Many patients are unable to achieve adequate target pressures or tolerate the IOP-
lowering medications [10,11]. Furthermore, normal tension glaucoma (NTG), in which IOP
lowering regimens are less efficacious, accounts for a large proportion of glaucoma cases,
between 30-39% of Caucasian glaucoma cases and 52-92% of Asian glaucoma cases [12,13].
Thus, exists an unmet clinical and public health need to develop a disease modifying agent
to prevent or further slow the progression of glaucoma.

Metformin, a biguanide derivate commonly used in patients with type 2 diabetes, has
come to be a front-runner recently in addressing this need, following a line of publications
linking its use in a diabetic population with reduced incidence of POAG [14,15]. The
cellular mechanism through which metformin is acting to combat glaucoma is not yet
understood but likely involves effects on the pathogenesis of fibrosis and mitochondrial
bioenergetic dysfunction in glaucoma. This review aims to identify and examine some of
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these processes and postulate mechanisms through which metformin may be of vital use
as a treatment adjunct in glaucoma in the wider population.

2. Primary Open Angle Glaucoma

POAG is an chronic, multifactorial optic neuropathy characterized by progressive loss
of retinal ganglion cell (RGC) axons resulting in gradual loss of peripheral vision [1,16].
The trabecular meshwork (TM), a fenestrated structure located within the iridocorneal
angle, is the main pathway for aqueous humour drainage and its dysfunction is largely
responsible for IOP elevation [17,18]. The lamina cribrosa (LC), a mesh-like connective
tissue structure at optic nerve head through which unmyelinated RGC axons pass as they
exit the eye, is a key site of RGC axonal injury in POAG [19,20]. Abnormally elevated
intraocular pressure results in mechanical distortion and stretching of RGC axons at the LC,
thus impeding axoplasmic transport, reducing ocular perfusion and leading to visual field
loss [21-24]. This involves several pathological features such as cupping of the optic nerve
head, excessive accumulation of extracellular matrix (ECM) in the LC and TM and upreg-
ulation of pro-fibrotic cytokine transforming growth factor 3 (TGF-f3) and extracellular
matrix genes, collagen 1a1 (COL1a1) and a-smooth muscle actin (x-SMA) [25-29].

2.1. Fibrosis

Fibrosis is the final common pathway of most chronic inflammatory conditions and
is defined by the accumulation of excess ECM components leading to pathological tissue
destruction and impaired organ function [30]. Fibrosis is involved in the pathogenesis
of many systemic and degenerative diseases involving multiple organ systems. It occurs
when normal tissue repair, involving the activation of the coagulation cascade, inflamma-
tion, cellular proliferation, angiogenesis and tissue remodelling, becomes exaggerated and
dysregulated [31]. This then evolves into a progressively irreversible fibrotic process result-
ing in tissue stiffening and remodelling as connective tissue replaces normal parenchymal
tissue [32,33].

Epithelial cell damage, due to chronic inflammation, prolonged hypoxia or recurrent
injury, results in recruitment of profibrotic cytokines and growth factors, such as TGF-f3,
IL-13 and platelet derived growth factor (PDGF) which in turn promote proliferation
of fibroblasts [34,35]. Upon activation, fibroblasts differentiate into x-SMA expressing
myofibroblasts [36]. Myofibroblasts then secrete ECM proteins, including collagens such as
COL1«l and proteoglycans such as fibronectin and vitronectin [37]. ECM is an essential
component of healthy connective tissue, providing structural and biochemical support [38].
However, in excess, it results in tissue stiffness and this is compounded by myofibroblasts’
ability to contract the matrix resulting in increased tensile force and fibrosis [30,32,33,39].

2.2. Fibrosis in Glaucoma

Pro-fibrotic pathways, driven primarily by TGF- 3 are crucial in the pathophysiology
of glaucoma [27]. TGF-f3 has been found at increased levels in the aqueous humour [40,41],
optic nerve head astrocytes [42], trabecular meshwork [43] and lamina cribrosa cells of
glaucomatous eyes [44]. Its role in the pro-fibrotic pathogenesis of POAG is highlighted in
Table 1:
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Table 1. Role of TGF-f in POAG.
Effect Mechanism Reference
TGF-B1-mediated chemotaxis has been shown to promote fibroblast
1 Fibroblasts proliferation and recruitment. In rat models, this has been shown to induce [45,46]
anterior segment changes and subsequently raise IOP
Facilitates excessive ECM deposition in the TM and LC through
1T ECM production over-production of fibronectin and collagen I and IV in patients [47-49]
with POAG
Upregulates plasminogen activator inhibitor-1 (PAI-1) which has been
found to have increased expression in the aqueous humour of human
1 ECM degradation glaucomatous eyes. Additionally it elicits induction of tissue inhibitors of [50,51]

matrix metalloproteinases (TIMPs) in optic nerve head astrocytes in POAG.
Both act to inhibit ECM degradation.

Mediates epithelial-mesenchymal transition (EMT) whereby epithelial cells
adopt a mesenchymal phenotype with elevated resistance to apoptosis and

Epithelial-mesenchymal transition greatly increased production of ECM components. This results in aberrant [52-54]
aqueous humour outflow in POAG
Transforms fibroblasts into contractile myofibroblasts through downstream
signalling, activating canonical WNT signalling and decreasing
Myofibroblast transformation peroxisome proliferator-activated receptor (PPARY). A myofibroblastic [52,55]

phenotype has been shown in the LC of glaucomatous eyes and this
contributes to disrupted axoplasmic flow

ECM cross-linking

Induces expression of tissue transglutaminase (tTgase) which irreversibly
cross-links ECM proteins and enhances tissue stiffness in the TM. This [56]
further increases outflow resistance in POAG

Cell-Cell Adhesion

Enhances N-cadherin and -catenin mediated cell-cell adhesion in human

glaucomatous TM cells, further adding to its biomechanical alteration [57,58]

Cyclical process

TGEF-p release is stimulated by ECM rigidity and therefore the fibrotic

process becomes a self-reinforcing cycle in POAG (59,601

TM and LC function is heavily dependent on morphology and this is greatly affected
by pro-fibrotic ECM rearrangements [61]. TGF-f3 induced ECM remodelling in glaucoma
results in further stiffening and compression of the connective tissue microarchitecture
and perpetuates the cycle of RGC damage [25,29,62]. This occurs at the LC, pinching the
neurovascular supply and shearing RGC axons, and also at the TM, adding resistance
to aqueous outflow, and together may further increase IOP, leading to a vicious cycle of
further mechanical stretching and ECM remodelling [17,62-64].

Our group has shown that LC cells from glaucoma donors have characteristics of
myofibroblasts [55] with increased expression of a-SMA and pro-fibrotic ECM genes
and proteins (collagen 1A1, periostin, fibronectin) upon stimulation with TGF-§3, cyclic
stretch, and oxidative stress [44,65,66]. It also been found that thrombospondin-1, a pro-
fibrotic mediator involved in cell adhesion apoptosis and ECM expression, is increased in
glaucomatous LC and TM cells [65,67].

Downstream inhibitors of TGF-f have shown promising results in cell-lines and
mouse models [68]. These have primarily been targeted at reducing scarring following
glaucoma filtration surgery by attenuating TGF-f3’s dysregulated fibroblast synthesis [69].
However, more work is required to gain consideration for use in a human population

Aging, a major risk factor for POAG development, is also a key contributor to ECM
stiffness. Older tissues contain senescent fibroblasts that are resistant to apoptosis and have
decreased levels of cadherin and catenin (cytoplasmic proteins that maintain epithelial
integrity) [70,71]. Additionally, there is progressive collagen glycation in ageing that drives
tissue stiffness and rigidity [72].
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2.3. Mitochondrial Dysfunction

The mitochondria has many important roles in the cell. Primarily, it generates the
chemical energy needed to power the cell’s biochemical reactions by producing adenosine
triphosphate (ATP) through cellular pathways such as oxidative phosphorylation (OX-
PHOS), glycolysis and the Krebs cycle (citric acid cycle) [73,74]. It also maintains cellular
homeostasis by regulating metabolic functions such as generation of reactive oxygen species
(ROS), signal transduction, stress responses, maintenance of Ca?* levels, proliferation and
apoptosis [75-77]. Therefore it is no surprise that its dysfunction has been implicated in the
pathogenesis of several diseases, such as cancer and neurodegenerative diseases [78,79].
Bioenergetic dysfunction may result in metabolic reprogramming, favouring the oxidation
of glucose through glycolysis, even in aerobic conditions, as opposed to OXPHOS [80].
This is known as the Warburg effect. The glycolysis pathway is induced by the creation
of a pseudohypoxic state and an increased AMP/ATP ratio with the demand for NAD+,
a co-enzyme in redox reactions, exceeding the demand for ATP [81]. This paradoxically
leads to impaired NAD+ regeneration by mitochondrial respiration and a self-reinforcing
negative bioenergetic cycle. Aerobic glycolysis is a highly inefficient process producing
only two ATP in addition to lactic acid, which will go on to activate TGF-3 [82,83]. TGF-p1,
in addition to its pro-fibrotic effects, has also been shown to directly affect mitochondrial
function through ROS generation as a result of decreased complex IV activity [84].

Fibrotic tissue is highly metabolically active with evidence of fibroblastic mitochon-
drial dysfunction and altered cellular bioenergetics. This manifests as decreased efficiency
of the electron transport chain, reduced mitochondrial macro-autophagy (mitophagy) and
increased production of ROS. ROS can then drive further fibrotic change and also impair
mitochondrial structure and function through aberrant mitochondrial permeability transi-
tion pore (mPTP) opening [85]. This augments a cyclical process of worsening fibrosis and
bioenergetic dysfunction.

Mitochondrial dysfunction in fibrotic tissues occurs in multiple organ systems. The
pro-fibrotic environment in interstitial pulmonary fibrosis (IPF) has been shown to promote
mitochondrial dysfunction in pulmonary epithelial cells [86]. This manifested as decreased
efficiency of electron transport chain function with increasing production of reactive oxy-
gen species, decreased mitochondrial biogenesis and impaired mitophagy. Lactic acid
levels were raised resulting in activation of TGF-f3, differentiation of myofibroblasts and
ultimately this drives the cycle of pulmonary fibrosis [87]. In laryngotracheal stenosis
tissue, a chronic fibrotic disease, fibroblasts showed higher rates of cellular proliferation,
increased glycolysis and reduced OXPHOS compared with normal fibroblasts [88,89]. Sim-
ilarly, keloid fibroblast in skin scarring undergo metabolic phenotype reprogramming
from oxidative phosphorylation to aerobic glycolysis (Warburg effect) with augmented
glycolysis and glycolytic capacity [90]. The Warburg effect is also seen in polycystic kidney
disease [91]

2.4. Mitochondrial Dysfunction in Glaucoma

Retinal ganglion cells, owing to their high energy requirement, are heavily dependent
on mitochondria for survival and function. Evolutionary demand to optimise human
vision has come at the cost of RGC bioenergetic fragility as the inner retina’s limited
vascular density renders it highly vulnerable to any energy imbalances [92]. Mitochondrial
dysfunction is one of the earliest detectable events within RGCs following IOP elevation
in vivo in a chronic mouse model of glaucoma [93]. It has been seen in a variety of eye
pathologies [94] and may be a marker of genetic predisposition in POAG [95]. The degree
of bioenergetic dysfunction is associated with glaucoma susceptibility and severity and
this is described at many levels in the eye and systemically [78].

2.4.1. Lamina Cribrosa

Our lab recently demonstrated evidence of mitochondrial bioenergetic dysfunction
in human glaucoma LC cells compared to normal controls [96]. Glaucoma LC cells were
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shown to have evidence of the Warburg effect, with reduced oxidative phosphorylation and
ATP levels and higher aerobic glycolysis and glutaminolysis. They also displayed enhanced
expression of genes associated with less efficient metabolic pathways, monocarboxylate
transporters 1 and 4 (MCT1/4), glutaminase 2 (GLS2) and methylenetetra-hydrofolate
dehydrogenase 2 (MTHFD?2). In a separate study, our group also demonstrated elevated
intracellular calcium and ROS levels, as well as increased mitochondrial number and
volume density with evidence of oxidative stress in human glaucomatous LC cells [97-99].

2.4.2. Trabecular Meshwork

Mitochondrial dysfunction has also been seen in glaucomatous TM cells [100]. This
causes them to be abnormally vulnerable to Calcium (Ca*) stress. Ca®* overload induces
mPTP opening, prompting mitochondrial release of calcium and reactive oxygen species
ROS into the cytosol which, in turn, further compromises mitochondrial function and may
contribute to failure of the tissue to control IOP. Ageing is itself associated with increased
levels of oxidative stress in ex-vivo human TM cells [101]. This makes TM cells more prone
to mitochondrial damage from insults, such as ocular hypertension, in the population at
risk of POAG.

2.4.3. Optic Nerve Head (ONH) + Retina

RGCs are highly reliant on mitochondria owing to their high energy requirement,
with axons requiring up to 70% of all energy used by a neuron just to maintain the resting
membrane potential [78,102]. It has been demonstrated that defective metabolic regulation
occurs prior to evidence of neurodegeneration [78]. Mitochondrial dysfunction promotes
susceptibility of RGC to a variety of stressors (raised IOP, vascular insufficiency and light
exposure) [103] and has been linked with RGC loss in animal models of glaucoma [104]
and in cell culture [105]. Coughlin et al. found that mitochondria in ONH in mouse were
significantly smaller, with disrupted cristae and had reduced oxidative capacity [106].
Highlighting the importance of mitochondrial function in axonal survival, a study by
Harun-Or-Rashid et al. showed that artificial injection of monocarboxylate transporters
(MCT), a key mediator of energy balance that is under-expressed in glaucomatous RGC,
improved mitochondrial function as measured by cytochrome ¢ oxidase and succinate
dehydrogenase activity [107]. Ultimately with revamped energy homeostasis, there was
increased RGC density and improved electroretinogram findings (significantly greater P1
amplitude) compared to an untreated cohort. Thus, representing the huge potential for
bioenergetic therapy options to combat neurodegeneration.

2.44. Lymphoblasts/Lymphocytes (Blood Analysis)

Mitochondrial dysfunction in POAG has been described in human lymphoblasts by
analysing ATP production and complex I-linked respiration, which were both markedly
decreased [108]. Complex I catalyses the first step in the mitochondrial electron transport
chain by oxidizing NADH transferring electrons to ubiquinone. A separate study, com-
pared lymphoblast complex-I activity in POAG and Leber’s hereditary optic neuropathy
and showed the degree of OXPHOS impairment correlated with disease severity [109].
Lascaratos et al. found that “resistant” individuals, i.e., those with high levels of IOP
who did not develop glaucoma, had enhanced systemic mitochondrial efficiency and as a
result were better able to withstand optic nerve injury [110]. In the lymphocytes of these
individuals, they found significantly higher rates of ADP phosphorylation by mitochon-
drial respiratory complexes I, II and IV, hyperpolarised mitochondrial membrane potential,
higher levels of mitochondrial DNA and enhanced capacity to deal with cytosolic calcium
overload and exogenous oxidative stress. This indicates mitochondrial function may be a
valuable disease biomarker and showcases great promise for therapeutic agents aimed at
improving its function in glaucoma and also other neurodegenerative disease entities.
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2.4.5. Genetics

A link to mitochondrial genetic influence was first proposed when a maternal family
history of POAG was found to be more likely than a paternal family history [111]. Since
then, emerging research from genome wide association and other genetic studies has sug-
gested mitochondrial DNA (mtDNA) and nuclear DNA genes that encode mitochondrial
proteins contribute to the pathogenesis of POAG. Studies by Lascaratos et al. have further
detailed this, linking a variety of genes (OPA1, MFN1, MFN2, CYP1B1, PARL, SOD2,
SRBD1, GST, NOS3, TNFa and TP53) with mitochondrial dysfunction in POAG [112].
They reviewed the bioenergetic consequences of mtDNA and nuclear DNA derangements
finding that multiple variants each contribute a small additive or multiplicative effect to
the glaucomatous phenotype (‘common disease—-common variant” hypothesis). This creates
a background genetic susceptibility with acquired mutations accumulating with age to
negatively influence mitochondrial function. This provides a link between ageing and
glaucoma in the context of bioenergetics [113].

2.4.6. Bioenergetic Monitoring

Serum citrate was shown to be a potential biomarker for Glaucoma in a clinical
trial at the University Hospital Basel in Switzerland [114]. Citrate is a by-product of the
Krebs cycle, produced in the mitochondria and so decreased values support the idea
that mitochondrial impairment is a factor in glaucoma. In addition to the use of citrate
as a biomarker, mitochondrial function may be monitored directly in patient retinas us-
ing the green fluorescence emitted by oxidized flavoproteins, by-products of oxidative
stress [115]. Through the monitoring of mitochondrial function, we may be able to detect
the bioenergetic dysfunction that precedes apoptosis.

3. Metformin

Metformin is an effective, safe and inexpensive first-line pharmacotherapy for type
2 diabetes mellitus. Heralded to be an anti-aging drug [116], it also has emerged a drug
of interest in combating the fibrotic changes and mitochondrial dysfunction, seen in glau-
comatous eyes. It has been shown to have protective effects on ocular complications in
patients with type 2 diabetes (T2DM) through its anti-inflammatory, anti-angiogenic and
anti-aging effects. It reduced rates of diabetic retinopathy (DR) (25% in the metformin
treatment group compared to 47% in the non-metformin group) [117], age related mac-
ular degeneration (AMD) (3.4% in the metformin group vs. 6.6% in the non-metformin
group) [118] and, importantly in this discussion, glaucoma. Of note, a separate study,
by Blitzer et al. on the protective role of metformin in AMD, found metformin use was
associated with reduced odds of developing AMD (odds ratio (OR), 0.94 (95% CI, 0.92-0.96)
in a group predominately comprised of non-diabetics (231,142 participants (74.0%)) [119].
Thus, metformin’s protective ocular mechanism appears to go beyond glycaemic control
and is applicable to non-diabetics.

Lin et al. conducted a large 150, 016 patient retrospective cohort study in the United
States of patients with T2DM, aged >40 and with no pre-existing POAG [14]. They found
up to a 25% reduced risk of POAG amongst diabetics taking a high dose of metformin
(>1110 g in 2 years) compared to those who took no metformin after adjusting for con-
founding factors (p = 0.02). They also noted a dose-dependent response with every 1 g
increase in metformin use being associated with a 0.16% reduction in OAG risk (p = 0.04).
Aside from its effect on glycaemic control, which they controlled for, they proposed the
protective mechanisms may involve neurogenesis, inflammatory systems and longevity
pathways. As age-related tissue effects changes significantly contribute to glaucoma devel-
opment [4], the antiaging effect of metformin as a calorie restriction (CR) mimetic could
delay the progression of disease [120]. Similar results were found in an observational study
by Maleskic et al. of 234 patients with T2DM, which showed that metformin was associated
with decreased odds of POAG (OR = 0.33) compared to other anti-hyperglycaemic agents
(p = 0.017) [15]. Interestingly a separate study, in which metformin use was significantly
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associated with elevated IOP in participants using a high dose (>2 g/day/year), systemic
use of metformin was associated with a reduced risk of POAG, in a duration-dependent
manner [121]. Thus, mechanisms beyond IOP regulation are likely to be involved in the
metformin-induced POAG risk-reduction. Studies which have examined metformin’s

effect in ophthalmic conditions in a human population are summarized in Table 2:

Table 2. Studies of metformin’s effect on a variety of ocular conditions.

Study Title Study Design + Results Reference
Retrospective cohort study of 150,016 patients with T2DM and no
record of POAG
Association of Geroprotective Effects of =  25% redgced risk of POAG in those taking a high dose of
Metformin and Risk of Open-Angle metformin ('>1110 g in 2 years) compared to those who took [14]
Glaucoma in Persons with Diabetes Mellitus no metforr.mn (= 9'02) . . .
= Every 1 g increase in metformin use was associated with a
0.16% reduction in POAG risk (p = 0.04)
Observational study of 234 patients with T2DM (190 using
. . . . metformin and 44 using other oral anti-hyperglycaemics)

Metformin Use Associated with Protective ) ] ) 15
Effects for Ocular Complications in Patients = Metformin use was associated with decreased odds of [15]
with Type 2 Diabetes—Observational Study POAG (p = 0.006) and DR (p = 0.017) development

compared to other anti-hyperglycaemic agents
Retrospective chart review of 335 patients with DR
Association of Metformin Treatment with = Long term use of metformin was independently associated 117
Reduced Severity of Diabetic Retinopathy in with lower rates of severe non-proliferative DR or [117]
Type 2 Diabetic Patients proliferative DR (p < 0.001)
Retrospective cohort study of 68,205 subjects (45,524 taking
metformin and 22,681 non-users)
Association Between Metformin and a Lower = Metformin group had a significantly lower risk of AMD [118]
Risk of Age-Related Macular Degeneration in (p < 0.05)
Patients with Type 2 Diabetes = Lower hazard ratios with increasing total and average doses
(p <0.05)
Retrospective case-control study of 7788 age matched patients
(1947 with AMD and 5841 without AMD)
The Common Antidiabetic Drug Metformin = Metformin use was associated with decreased odds of [122]
Reduces Odds of Developing Age-Related developing AMD (p < 0.001)
Macular Degeneration = Other medications (anti-hyperglycaemics and statins) were
not associated with decreased odds of developing AMD
Retrospective case-control study of 624,780 patients (312,404 with
AMD and 312,376 controls)
Association of Metformin Use With = Metformin use was associated with reduced odds of [119]

Age-Related Macular Degeneration:
A Case-Control Study

developing AMD (p < 0.01) in a dose-dependent manner
= This was shown in a cohort of predominantly non-diabetics
(74.0%)

No study to date has looked metformin’s effect on glaucoma in a non-diabetic group

but we will examine the pathways through which it may act.

3.1. Metformin’s Effect on Fibrosis
3.1.1. AMPK Activation

Metformin exerts its anti-fibrotic effect through a variety of signalling pathways. Its
primary effect is via adenosine monophosphate protein kinase (AMPK) activation. AMPK
is activated through the phosphorylation of Thr172 and this has a downstream effect of
inhibition of the pro-fibrotic driver TGF-f [123]. The effects of TGF- were discussed
in Table 1. Studies have shown Metformin to prevent TGF-f3 associated EMT [124,125],
over-expression of ECM proteins [126,127] and myofibroblast transformation [128,129].
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AMPK, a critical sensor of chemical energy, may also activated by stress stimuli,
such an increase in ADP:ATP ratio, ROS, hypoxia and glucose depletion [130,131] and sig-
nalling pathways including serine threonine 11 (STK11 or LKB1) and calcium/calmodulin-
dependent protein kinase 3 (CAMMKJ) [132,133]. In addition to its anti-fibrotic effect via
TGF-f inhibition, it also has downstream effects of decreased fatty acid synthesis (inhibition
of acetyl-CoA carboxylase 2 (ACC2)) [134], increased autophagy (unc-51 like autophagy
activating kinase 1 (ULK1) activation) [83] and glycolysis (phosphofructokinase 2 (PFK2) ac-
tivation) [135]. Another key target of AMPK is the rapamycin (mnTOR) signalling pathway.
Whereas AMPK is active under nutrient-poor conditions and inactive under nutrient-rich
conditions, mTOR is activated in the inverse pattern [136]. AMPK inhibits mTOR, through
phosphorylation of Raptor resulting in decreased cellular metabolism, growth and pro-
liferation [136]. Overall through synergistic effects, AMPK increases catabolic processes,
preserving ATP, and this is key in attenuating the fibrotic process.

A laboratory study on trabecular meshwork cells in mouse models demonstrated
AMPK’s role as a central regulator of ECM and cytoskeletal arrangement [137]. They
examined the effect of AMPK«2 deletion and found that AMPKa2-null levels exhibited
6% higher IOP and decreased aqueous clearance compared with wild type mice (normal
AMPKoa?2 levels), without significant differences in CCT or angle morphology. They
also examined cultured human TM cells and found that activation of AMPKu led to a
suppression the expression of various ECM proteins under basal and TGF-{32 stimulatory
conditions. Whilst metformin is not used to drive AMPK activation in this study, the same
pathway having a statistically significant effect remains promising.

Contradictory results were found by Belforte et al. who showed an association be-
tween metabolic stress in glaucoma and AMPK activation with subsequent mTORC1
inhibition [138]. They found that induced ocular hypertension in mice (1 = 10) triggered
rapid upregulation of AMPK activity and that inhibition of AMPK, with siRNA or com-
pound C, led to RGC axonal survival (95% in treated arm vs. 77% in untreated) and restored
anterograde axonal transport. Similarly, a study by Harun-Or-Rashid et al., found that
AMPK was upregulated in the optic nerve and retinae of glaucomatous eyes in mouse
models [139]. They hypothesized that this activation drives the NF-kB pathway which
elicits a pro inflammatory mechanism. However, it remains unclear as to the significance
of these results as upregulation of AMPK in response to cellular stress could be considered
a beneficial, protective mechanism as it may then activate anti-fibrotic pathways.

3.1.2. Other Signalling Pathways of Metformin

Independent of the AMPK pathway, Metformin has been shown to inhibit TGF-f3
directly [140]. It also has effects on multiple signalling pathways as detailed in Table 3:

Table 3. Anti-fibrotic signalling pathways of metformin (independent of AMPK).

Pathway

Mechanism Reference

PPAR-y and BMP2 (bone morphogenetic  Induces lipogenic differentiation resulting in the

protein 2) activation transformation of myofibroblasts into lipofibroblasts [128]
mTORC inhibition LeaFls to an anti-tumorigenesis effect—| cell proliferation, [116,141,142]
angiogenesis, actin remodelling and glucose uptake
Impedes excessive ECM synthesis via connective tissue
growth factor (CTGF)—] COL1al and «-SMA
e . . . , [125-127,140,143]
Smad 2/3 inhibition = Downstream mediator of TGF-B1 signalling (canonical)

= Inhibition via AMPK activation

ERK 1/2 (extracellular signal-regulated
protein kinase 1/2) inhibition

Impedes excessive ECM synthesis—| COL1x1 and x-SMA

= Downstream mediator of TGF-B1 signalling
(non-canonical)
= Inhibition via AMPK activation

[126,143]
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Table 3. Cont.

Pathway Mechanism Reference

Prevents production of ROS (mediator of TGF-[3)—critical
for Smad phosphorylation and myofibroblast differentiation [144]

= Inhibition via AMPK activation

Results in kelch-like ECH-associated protein 1 (KEAP1)
Nrf2 (nuclear factor erythroid 2-related ~ degradation and associated 1 level of transcription factors
factor 2) activation related to anti-inflammatory, anti-oxidant and other cell
protection pathways

NOX-4 (NADPH Oxidase 4) suppression

[145-147]

3.1.3. Metformin’s Effects on Fibrotic Tissue

Through the pathways described, metformin may be effective in a treating fibrosis in
a number of organ systems. Organ systems in which metformin has been to shown to have
an anti-fibrotic effect are described in Table 4:

Table 4. Anti-fibrotic effects of metformin in multiple organ systems.

Organ System Mechanism Reference

Pathway:

° Inhibition of the TGF-f31 induced activation of Smad 2/3, signal
transducer and activator of transcription 3 (STAT3), protein kinase B
(AKT) and ERK 1/2 signalling pathway [126]

Results:
= | COL1al and «-actin

Pathway:

e  Activation of PPARy and BMP2
° Inhibition of TGF-1

Pulmonary Fibrosis Results: [128]
= Induces lipogenic differentiation in myofibroblasts
= | COL1«xl
Pathway:
e  Activation of AMPK
Results:
= | COLlal and a-SMA [148]

= T myofibroblast sensitivity to intrinsic apoptosis

= Enhanced mitochondrial biogenesis: 1 NADH ubiquinone
dehydrogenase 13 subcomplex 8 (NDFUBS8) and mitochondrial
transcription factor-A

Pathway:

° Activation of AMPK

Results:

= | a-SMA and fibronectin [149]

= Prevented increased tumour necrosis factor &« (TNFe) and vascular cell

) ] adhesion molecule 1 (VCAM]1) expression (inflammation)
Renal Fibrosis = | TGF-p1

Pathway:

° Activation of AMPK
[150]
Results:

= | Endoplasmic Reticulum stress and EMT
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Table 4. Cont.

Organ System

Mechanism Reference

Pathway:
e  Activation of deptor (an endogenous negative regulator of mTOR)

151
Results: 1511
= | CD68, xSMA, p-MTOR and p-p70S6K
Pathway:
e  Activation of AMPK
Results: [152]
= Inhibition of aldosterone-induced fibroblast activation, proliferation
and migration
= JTRAF3IP2 (ROS) and | IL-6, 17, 18 (Inflammation)
Cardiac Fibrosis Pathway:
e  Inhibition of the TGF-f1-Smad 3 signalling pathway
Results:
= | TGE-p1 [153]
= | COLlxl
= Inhibition of the nuclear translocation and transcriptional activity
of Smad3
Pathway:
e  Activation of AMPK
Peritendinous Fibrosis e  Inhibition of TGF-f1, Smad 2/3 and ERK 1/2 signalling [143]
Effect:

= | COLl«l, COL3«1 and x-SMA

Most recently, eye drops of metformin have been shown to prevent fibrosis after
glaucoma filtration surgery in rats and human conjunctival fibroblasts by activating
AMPK/Nrf2 signalling pathway [146]. Immunohistochemical staining of post-operative
conjunctival tissue revealed damaged tissue showed decreased AMPK levels and upregu-
lated «-SMA expression. They then showed treatment with metformin was as effective
as 5-aminoamidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR), an established
AMPK activator in laboratory studies, in decreasing TGF-32 driven fibrosis (reduced
collagen-], fibronectin, and x-SMA expression).

3.2. Metformin’s Effect on Mitochondrial Function

Metformin’s effect on mitochondrial function is an area of growing research and
healthy debate. Its widely regarded that metformin acts by inhibition of mitochondrial
respiratory-chain complex 1 as most of metformin’s effects have been replicated by other
inhibitors of Complex I [154-156]. The respiratory chain is a sequence of redox reactions
which couple an electron flux with a vectorial transfer of protons. Complex 1, a large protein
complex with at least 45 subunits, includes a hydrophobic part embedded in the inner
membrane involved in proton transfer and a hydrophilic part protruding into the matrix in
which electrons pass from NADH to ubiquinone via a succession of redox reactions [154].
It is crucial for respiration and oxidative phosphorylation in the mammalian mitochondria

Some authors propose metformin’s inhibition is via a direct effect (having to accumu-
late inside the mitochondria) [157-159]. However, as Fontaine et al. discussed in a detailed
review article, the accumulation of metformin inside the mitochondria is not supported by
direct measurements, nor is it consistent with the pharmacokinetic data and would require
a transporter that has not yet been discovered [154]. There is also a hypothesis that met-
formin triggers a signalling pathway that induces the inhibition of complex I [160]. Taken
in isolation, the inhibition of complex I should decrease NADH oxidation, proton pumping
across the inner mitochondrial membrane and oxygen consumption rate, resulting in lower
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proton gradient and reduction of proton-driven ATP synthesis from ADP [161]. However,
as actual metformin concentrations in the mitochondria are in the low micromolar range,
this hypothetical ATP lowering is thought not to occur with metformin therapy [162,163].

Through its inhibition of complex I, metformin also comes to act on the permeability
transition pore (PTP), a channel on the inner membrane normally closed to maintain the
high mitochondrial membrane potential required for ATP synthesis. In dysfunctional mito-
chondria, the PTP channel remains permanently opened leading to a collapse in membrane
potential and a major inhibition of ATP synthesis [164]. It also inhibits complex I [165],
reallocates electron flux for the production of ROS [166] and generates the release of pro-
apoptotic proteins [167]. Metformin acts to inhibit this PTP opening [168] and thus has
been shown to prevent cell death induced by oxidative stress in multiple cell lines [168,169].
This could be of significance in POAG, in which oxidative stress is a primary driving
force. Interestingly, through the same pathway that complex I inhibition prevents PTP
opening-related cell death, metformin has been shown to induce cell death in dysfunctional
cells, particularly cancer cells [159,170,171]. This is explained through higher doses used
and an increased sensitivity of complex I to metformin in cancer cells allowing for increased
accumulation of metformin, with micromolar concentrations having a protective effect and
millimolar concentrations inducing cell death.

This apparent dose dependent response of metformin’s effect on mitochondrial func-
tion may explain discrepancies in the literature between beneficial [172] and detrimental [173]
effects on ATP levels, extracellular acidification and oxygen consumption rates. Wang
et al. demonstrated this on hepatocyte mitochondrial function with pharmacological met-
formin doses (75 uM) increasing mitochondrial respiration and fission [172]. Whereas,
supra-pharmacological metformin (500 and 1000 pM) inhibits mitochondprial activity by
ADP reduction.

Increased mitochondrial fission, which subsequently increases mitochondrial respira-
tory capacity and nutrient oxidation [174], has previously been associated with prevention
of ONH astrocyte dysfunction in glaucomatous neurodegeneration [102]. In multiple
studies at lower levels, closer to a clinically relevant dose, metformin has been shown to
activate mitochondrial respiratory chain activity [175,176].

Vastly different dynamics of response to metformin exist in vivo and in tissue culture
owing to variable conditions and metabolic rates. One particular analysis of metformin
levels in colorectal cancer cells treated in vitro showed intracellular accumulation levels
of only 10%-15% of the incubated dose of the drug [177]. PET studies of 11C-labelled
metformin have also shown that that plasma bioavailability remains well below the concen-
trations seen in vitro studies on proliferation effects [178]. Even at a high dose of 1000 uM,
enzymatic activity of mitochondrial complexes I-V has been shown to be unaffected as
metformin concentration in the mitochondria (64.5 uM) falls far below the ICs (19-66 mM)
for mitochondrial complex I [172]. This indicates supra-therapeutic metformin’s seemingly
harmful effect is not via direct action, as previously discussed, but may be through reduc-
tion of ADP with the mitochondrial membrane potential being unable to generate ATP as a
result. This could theoretically even have a beneficial effect in that reduced mitochondrial
OXPHOS would ultimately result in AMPK-mediated activation of catabolic pathways
and inhibition of anabolic processes through its regulation of mMTORC1. This highlights the
paradox of metformin’s inhibition of Complex-I and the importance of pharmacological
concentrations used.

3.3. NAD/NADH

The biphasic nature of metformin extends to its effect on NAD/NADH. Alshawi et al.
found that a low dose of metformin (therapeutic equivalent: <2 nmol/mg) caused a more
oxidized mitochondrial NADH/NAD state (3-hydroxybutyrate/acetoacetate ratio) and an
increase in lactate/pyruvate ratio (more reduced cytoplasmic NADH/NAD), whereas a
higher metformin dose (>5 nmol/mg) caused a more reduced mitochondrial NADH/NAD
state, similar to complex I inhibition by rotenone [179]. As complex I is responsible for
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oxidizing NADH in the mitochondrial matrix, this is another example of metformin’s dose
dependent effect on the inhibition of complex I. Metformin is unique in this regarded
amongst anti-hyperglycaemic guanides as Cameron et al. showed [180]. They found that,
whilst other guanide derivatives (DG5-DG10 and Phenformin) caused the NADH/NAD+
couple to become more reduced resulting in mitochondrial deterioration over time, met-
formin exerted a selective oxidation of the mitochondrial NADH/NAD+ couple.

This NADH oxidation, seen with low levels of metformin, produces two electrons
that reduce ubiquinone to ubiquinol in the mitochondrial inner membrane, supplying
respiratory complexes III and IV with electrons for the reduction of O2 to water [158].
Subsequently this energy derived from the NADH:ubiquinone redox reaction is used to
transport protons across the inner membrane, supporting the proton-motive force that
drives ATP synthesis by F1Fo-ATP synthase.

NAD-+ is an essential coenzyme in four steps of the Krebs cycle, in the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) step of glycolysis, in the conversion of lactate into
pyruvate and, of importance in POAG, acts as a redox cofactor and metabolite essential for
neuronal survival [181]. In addition to raised levels being seen with metformin treatment,
NAD+ may be naturally regenerated by nicotinamide mononucleotide adenylyltransferase-
3 (NMNATS3) as a protective mechanism against the mitochondrial dysfunction that pre-
cedes axon degeneration in glaucoma [182,183]. It may also be supplemented through the
use of vitamin B3, nicotinamide, a precursor in NAD+ synthesis [184]. Repleting NAD,
through vitamin B3 or metformin, improves mitochondrial function allowing for recovery
of retinal ganglion cell function and ultimately protection of visual function in POAG
and AMD [181,185]. The Pete Williams lab has done extensive research into bioenergetic
insufficiency driving neurodegeneration and novel therapeutic approaches to address
this. They have examined NAD's effect in rodent models with induced, isolated ocular
hypertensive, axon degenerative, and mitochondrial degenerative insults [186]. The use of
nicotinamide supplementation in this study provided neuroprotective effects by increasing
oxidative phosphorylation and mitochondrial size and motility, as well as by buffering and
preventing metabolic stress [186].

4. Future and Conclusions

One-third of POAG patients have normal IOP, whereas one-third of patients with high
IOP do not develop glaucoma [187,188]. Understanding this makes it abundantly clear that
there is a need to evolve our arsenal in glaucoma management beyond simply lowering
IOP. Glaucoma is a multifactorial disease entity that must be addressed as such. Targeting
the pro-fibrotic environment and mitochondrial dysfunction in glaucoma represents a very
promising avenue for pharmacological advances in glaucoma management.

Metformin, a widely available and cheap drug, targets both mechanisms and has
shown very favourable results in experimental models and observational studies. However,
the exact molecular mechanism of its action remains partly unknown despite its use for
over 60 years. The continued exploration AMPK’s role as a key metabolic sensor, particu-
larly in LC and TM cells in glaucoma, will help us further understand the driving force
underlying fibrotic changes in the eye. Additionally, the exact nature of the mitochondrial
interaction between the drug and complex 1 remains to be elucidated. More research is
also needed to ascertain metformin’s effect on NAD+ recycling. Further knowledge of its
precise mechanism of action in POAG are necessary to untangle the link between its cause
and effect.

Furthermore, there remains the question of drug delivery. Whilst favourable results
have been shown in cross-sectional studies involving oral metformin use, it is not a med-
ication bereft of side-effects. Targeted therapies should always be explored to minimize
these unwanted systemic side effects. Intravitreal injections of metformin have been suc-
cessfully trialled in mouse models where it was shown to significantly reduce apoptosis
in photoreceptors [189]. This was achieved through its liquification in phosphate buffer
and represents a promising avenue of future research with the goal of application to a
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human population. Topical eye drop formulations of metformin have also been success-
fully trialled in rat models where it was shown to prevent fibrosis following glaucoma
filtration surgery [146]. Finally, we must also gain a firm understanding of what metformin
exposure in cellular models is equivalent of therapeutic exposure in a human population.
However, with a clinical trial [190] already underway on its effect on visual function in
human patients with glaucoma, the metformin story will be worth following.
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