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Abstract

Peroxisome Proliferator-Activated Receptors (PPARs) are a family of nuclear receptors that play 

essential roles in modulating cell differentiation, inflammation, and metabolism. Three subtypes 

of PPARs are known: PPAR-alpha (PPARα), PPAR-gamma (PPARγ), and PPARbeta/delta 

(PPARβ/δ). PPARα activation reduces lipid levels and regulates energy homeostasis, activation 

of PPARγ results in regulation of adipogenesis, and PPARβ/δ activation increases fatty acid 

metabolism and lipolysis. PPARs are linked to various diseases, including but not limited to 

diabetes, non-alcoholic fatty liver disease, glaucoma and atherosclerosis.
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In the past decade, numerous studies have assessed the functional properties of PPARs in 

the eye and key PPAR mechanisms have been discovered, particularly regarding the retina 

and cornea. PPARγ and PPARα are well established in their functions in ocular homeostasis 

regarding neuroprotection, neovascularization, and inflammation, whereas PPARβ/δ isoform 

function remains understudied. Naturally, studies on PPAR agonists and antagonists, associated 

with ocular pathology, have also gained traction with the development of PPAR synthetic ligands.

Studies on PPARs has significantly influenced novel therapeutics for diabetic eye disease, ocular 

neuropathy, dry eye, and age-related macular degeneration (AMD). In this review, therapeutic 

potentials and implications will be highlighted, as well as reported adverse effects.

Further investigations are necessary before any of the PPARs ligands can be utilized, in the 

clinics, to treat eye diseases. Future research on the prominent role of PPARs will help unravel the 

complex mechanisms involved in order to prevent and treat ocular diseases.
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1. The human eye

The human eye is a complex sense organ consisting of three distinct anatomical layers. The 

outer layer consisting of the cornea and sclera; the middle layer composed of the ciliary 

body, iris, and choroid, and the inner layer known as the retina. There are three additional 

structures surround these layers: the aqueous humor, the vitreous, and the lens (Willoughby 

et al., 2010) (Fig. 1).

The anatomy of the human eye is divided into two segments: the anterior segment 

corresponds to the front third-portion of the eye containing the aqueous humor fluid; 

whereas the posterior segment refers to the back two-thirds of the eye and contain the 

vitreous humor fluid. In this section, we will briefly discuss the components of the eye in 

each segment.

1.1. Anterior segment

1.1.1. Cornea—The cornea constitutes the outer layer of the eye which protects the 

inner structures against infection and serves an essential role in the vision process (Lavker 

et al, 2020). The cornea is convex, spherical, and consists of five distinct layers (Fig. 

2): epithelium, Bowman’s membrane, stroma, Descemet’s membrane, and endothelium, 

spanning anterior to posterior (Sridhar, 2018). The epithelial layer serves as a barrier for the 

inner corneal layers from the external environment, with resident cells serving a lifespan of 

7–10 days. The epithelial cells bind together via tight junctions, preventing the adjacent tear 

film from flooding into the stroma (Willoughby et al., 2010, Lavker et al, 2020).

An acellular Bowman’s membrane separates the epithelium from the stroma. This thin 

and smooth membrane is composed of randomly arranged, type I and V collagen fibrils 

and proteoglycans (Sridhar, 2018). It is not considered a true membrane but rather a 
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condensation of the most anterior portion of the stroma as it merges with the collagen 

lamellae of this layer (Wilson, 2020, Sridhar, 2018).

The stroma accounts for approximately 80–90% of corneal thickness. The structural 

makeup of the stroma is extremely well-organized to ensure strength and light transparency 

(Funderburgh et al., 2003). Resident cells, termed keratocytes, contain crystallins within 

their cell bodies, which defend them from self-inflicted light backscatter (Jester et al., 1999). 

The primary function of stromal keratocytes is to secrete and assemble extracellular matrix 

(ECM) components to maintain rigidity reducing the maximum amount of forwarding light 

scatter (Jester, 2008, Benedek, 1971). The main components that keratocytes produce are 

flattened layers of type I and type V collagen, known as lamellae (Hassell and Birk, 2010). 

The secreted collagen is organized into bundles parallel to one another and stacked at right 

angles, similar to a woven basket.

The cornea’s most posterior layer the endothelium, secretes an acellular Descemet’s 

membrane that separates it from the stroma. This thin membrane is composed of type IV 

and VIII collagens, and is organized in two main layers: The anterior layer with lamellae, 

collagen, and proteoglycans (Murphy, 1984); and the posterior layer which is deposited by 

the endothelial cells and grows thicker with age (de Oliveira and Wilson, 2020, Aurora, 

1979). The actual endothelium is a monolayer of cells arranged in a honeycomb-like 

fashion, with a high density of Na+/K+ ATPase pumps to create an osmotic gradient for 

fluid to travel passively from the stroma and into the aqueous humor (Sridhar, 2018).

Because the cornea is directly exposed to the external environment, innervation is imperative 

to ensure that it can quickly, and actively respond to adverse/pathological stimuli. It is the 

most innervated tissue in the human body where almost all epithelial cells are in contact 

with nerve bundles (Yang, Chow, and Liu 2018).

1.1.2. Lens, iris, ciliary body, aqueous humor—The lens, iris, and ciliary bodies 

control the amount of light that enters the eye, protecting the retina and allowing light to 

properly focus onto the fovea (Hecht, 1987). The ciliary body is responsible for controlling 

light exposure while the lens aids in focusing light (Semo et al., 2014). The ciliary bodies 

are found on the anterior chamber and produce the aqueous humor, filling the space between 

the posterior cornea and the lens (Borges-Giampani and Giampani, 2013, Sridhar, 2018)). 

Essential to the avascular cornea (Willoughby et al, 2010), the aqueous humor contains 

proteins, metabolites, and neuropeptides that serve as nutrients and messengers for the 

anterior segment (Kiel et al., 2011). The aqueous humor is also responsible for removing 

waste products from bordering tissues (such as cornea and iris) through constant production 

and outflow. Fluid movement also helps maintain the eye’s shape, referred to as intraocular 

pressure (IOP). A drop or elevation of IOP can lead to debilitating effects to the optic nerve, 

ultimately leading to ocular diseases (Abu-Hassan et al., 2014).

The iris is a flat, ring-shaped membrane located within the anterior and posterior chamber. 

It is the only pigmented part of the eye and is directly connected to the ciliary bodies where 

it responds to their contractile function (Delamere, 2005). The iris is responsible, along with 

the pupil, for regulating the light that enters the eye (Chen and Kardon, 2013). The lens 
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focuses light onto the retina and is a clear oval-shaped structure composed of crystallins 

(water-soluble structural proteins), responsible for lens transparency (Bloemendal et al., 

2004).

1.2. Posterior segment

1.2.1. Retina—The retina, also known as the “neural portion” of the eye, is considered to 

be part of the central nervous system (Purves et al., 2001). Its primary function is to receive 

information from the external world (light stimulus) (Metea and Newman, 2007, Torborg 

and Feller, 2005) and translating it into perceivable information by the brain. It completes 

this task through an elegantly organized network of neurons, photoreceptors, and supporter 

cells which include: Müller, horizontal cells, bipolar cells, ganglions, and photoreceptors 

(Masland, 2001). Photoreceptors are the main cell-types of the retina (Masland, 2001), 

consisting of rods and cones, both are responsible for the initial phototransduction of photon 

to chemical signal (Kern, 2017). Photoreceptors connect to the ganglion cells via bipolar 

cells which are responsible for communicating the type of light stimulus (light or dark, i.e., 

rods or cones) to the ganglion cells (Euler and Masland, 2000). Rods are most sensitive 

to light and dark changes where cones are most sensitive to color vision, requiring bright 

light in order to send proper signals to the brain. Cones contribute to 95% of our vision, 

whereas rods contribute over extended periods at very low light levels (Lamb, 2016). In dark 

settings, these cells respond to the neurotransmitter, glutamate, which is released from the 

photoreceptors (Nawy and Jahr, 1991, 1990). Contrastingly, light stimulus has been reported 

to reduce glutamate production (Feher, 2012). Finally, ganglion cells provide the neural 

output inside the retina prior to transmitting information to the brain. The retina receives 

90% of its oxygen supply from the choroid, whereas the remaining 10% is supplied by the 

retinal circulation (Ahmed et al., 1993).

1.2.2. Choroid—The choroid is the layer between the retina and the sclera that maintains 

temperature and volume and is responsible for supplying oxygen and nutrients to the 

posterior segment (Ehrlich et al., 2017). It directly connects to the ciliary bodies and extends 

back to the optic nerve; when described with the ciliary bodies and iris it is usually referred 

to as the “uvea”. The choroid has five distinct layers: Bruch’s membrane, choriocapillaris, 

two vascular layers (Haller’s and Sattler’s), and the suprachoroid (Hogan et al., 1971). 

Bruch’s membrane is a fibrous layer that serves as a basement membrane to both the 

choriocapillaris and the retinal pigmented epithelium (RPE) (Nickla and Wallman, 2010). 

The choroid deteriorates with age which manifests as thickening of Bruch’s membrane 

and thinning of the choriocapillaris and the lumen of capillaries in the choroid’s vascular 

layers. While this is a common occurrence, with age, it has significant implications in the 

pathophysiology of ocular diseases such as AMD (Spraul et al., 1999).

1.2.3. Vitreous humor—The vitreous humor fills the posterior segment. It is an 

ECM composed of 99% water with low collagen concentration compared to other ECMs 

found in the body (Le Goff and Bishop, 2008). Random spaces of collagen bundles and 

hyaluronan, form the gel-like composition that maintains the surrounding tissues’ shape and 

mechanical strength (Halfter et al., 2006). This collagen-hyaluronan composition also aids 

in maintaining the transparency of the vitreous humor allowing light to reach the retina 
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unobstructed (Ahmed and Lutty, 2017). Vitreous liquefaction is characterized by thinning of 

the vitreous humor fluid that begins at age four and slowly progresses over a lifetime (Los 

et al., 2003). Free radical buildup and changes in concentrations of glycosaminoglycan and 

chondroitin sulfate are also attributes associated with vitreous liquefaction.

2. Overview of PPARs

PPARs are a group of transcription factors belonging to the superfamily of nuclear receptors 

(Issemann and Green, 1990). Upon activation, PPARs activate transcription of genes most 

commonly involved in metabolic pathways. Initially, PPARs were named for their ability to 

promote peroxisome biogenesis. PPARs are now well known to sense and interpret fatty acid 

signals derived from lipids and essential fatty acid metabolites. These functions made them 

key lipid metabolism regulators (Desvergne and Whali, 1999; Lemberger et al., 1996; Varga 

et al., 2011; Wahli et al., 1995). Further understanding of PPARs activity indicated that 

they also have diverse functions, including modulation of inflammatory responses, among 

others (Ju et al., 2019; Lee et al., 2011; Varga et al., 2011). The three PPARs isoforms 

identified, PPARα, PPARγ, and PPARβ/δ, modulate different signaling pathways. In this 

section, PPAR activation, regulation, gene expression, and isoforms are reviewed.

2.1. Activation of PPARs

PPARs are activated when bound by endogenous ligands such as fatty acids and synthetic 

xenobiotic ligands, common in pharmaceuticals (Table 1). As ligand-activated receptors, 

PPARs undergo a conformational change, leading to modulation of numerous regulatory 

pathways. Once activated, PPARs heterodimerize with the Retinoid X Receptor (RXR) to 

form a functional transcriptional unit (Fig. 3) (Tan et al., 2005; Yang et al., 2000). The 

PPARs-RXR heterodimer binds to PPAR Response Elements (PPREs) in the promoter 

regions, where they reside in target genes, and stimulate the gene expression by recruiting 

co-activators/cofactor (Yang et al., 2000) (Fig. 3). PPARs are known to modulate numerous 

processes such as energy metabolism, oxidative stress, inflammation, circadian rhythm, 

immune response, mitochondrial genesis, and cell differentiation (Kobayashi et al., 2005; 

Shirai et al., 2007; Tan et al., 2005; Varga et al., 2011). The actual PPARs binding 

mechanism can either be PPREs-dependent or independent. Mechanisms also exist where 

PPARs can modulate receptors activity in the absence of functional PPREs (Delerive et al., 

2002; Ju et al., 2019). PPARs can interact directly with nuclear factor (NF)-kB and thus 

repress NF-kB genes (Fig. 3). A study by Delerive et al. showed the ability of PPARα 
to interact with the p65 subunit of NF-kB, resulting in the inhibition of NF-kB dependent 

transactivation (Delerive et al., 2002). This alternative pathway is essential for the repression 

of pro-inflammatory genes by PPARs.

2.2. Regulatory Pathways of PPARs

Each PPAR isoform has been identified in tissues and organs of rodent models and 

humans (Table 1). The three isoforms are critical modulators, stimulating diverse genes 

in the regulation of complex transcriptional functions such as lipid metabolism, cell 

survival, inflammation, angiogenesis, gluconeogenesis, and adipogenesis in a variety of 

tissues/organs (Table 1) (Mandard et al., 2004; Tan et al., 2005; Varga et al., 2011; Xin 
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et al., 1999). It is therefore not surprising that the PPARs therapeutic implications, in 

different pathologies, have increased significantly including metabolic disorders, fatty liver, 

neurological disorders, cardiovascular diseases, and diabetes.

2.2.1. PPARα—PPARα expression has been found in skeletal muscle, liver, kidney, 

intestine, and heart of rodents and humans (Lee et al., 1995; Mukherjee et al., 1994). 

PPARα is most notably known for its involvement in lipid metabolism, including high- and 

low-density lipoprotein, cholesterol, apolipoprotein, triglyceride, phospholipids, and fatty 

acids (Berthou et al., 1996; Brautbar et al., 2013; Hertz et al., 1995; Lefebvre et al., 2006; 

Mandard et al., 2004; Motojima et al., 1998; Schoonjans et al., 1996). PPARα activation 

by fatty acids results in transcriptional activation of fatty acid catabolism and oxidation, 

highlighting PPARα therapeutic effects against non-alcoholic fatty liver disease (Montagner 

et al., 2016). In cardiovascular diseases, the activation of PPARα inhibits the development 

and progression of atherosclerosis by inhibiting the formation of thrombus, lipid buildup, 

and plaque rupture. (Kuusisto et al., 2007). In addition to lipid metabolism, PPARα also 

regulates carbohydrate metabolism (Edgar et al., 1998; Kersten et al., 2001). Specifically, 

Kersten et al. reported that activation of PPARα resulted in decreased enzyme expression in 

the deamination of amino acids and urea synthesis in the liver (Kersten et al., 2001).

The implication of PPARα with other various regulatory pathways is vast, but most notable 

are inflammation, hypertension, neuropathology, and circadian rhythm (Fidaleo et al., 2014; 

Lee et al., 2011; Shirai et al., 2007). In a study by Lee et al., activation of PPARα 
reduced the expression of pro-inflammatory mediators, including interleukin-6 (IL-6), an 

inflammatory cytokine, and renal expression of cyclooxygenase-2 (COX-2), leading to 

decreasing arterial pressure during salt-induced hypertension (Lee et al., 2011). PPARα’s 

prominent roles have also been focused on endothelial dysfunction, neovascularization, 

vasoregression, and vascular hyperpermeability (Cervantes-Perez et al., 2012; Ding et al., 

2014; Moran and Ma, 2015; Wang et al., 2014). Lastly, PPARα activation was critical in the 

initial phase of inflammation during skin wound healing in mice (Michalik et al., 2001).

A study by Fidaleo et al., reported PPARα modulation of neurotransmission, neurogenesis, 

neuroinflammation, and glial cell proliferation/differentiation (Fidaleo et al., 2014). These 

observations have prompted extensive, active investigations on PPARα and its role in 

various neurological diseases, including Alzheimer’s and Parkinson’s disease (Barbiero et 

al., 2014; Brune et al., 2003; Hwang, 2013; Roy and Pahan, 2015; Sáez-Orellana et al., 

2020).

In recent studies, PPARα therapeutic roles have been investigated in the context of eye 

complications due to diabetes (Chen et al., 2017; Cheng et al., 2016; Ding et al., 2014; Hu et 

al., 2013; Matlock et al., 2020; Moran et al., 2014). Our group recently showed that PPARα 
activation results in protection against corneal nerve damage caused by diabetes, for the first 

time ever (Matlock et al., 2020). Further information on PPARα functions and therapeutic 

potential in the eye will be discussed in sections 3 and 4.

2.2.2. PPARγ—PPARγ is found in adipose tissues, skeletal muscle, and liver in both 

humans and mice (Abbott, 2009; Ahmadian et al., 2013; Wolf and Phil, 2004). These 
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tissues are essential in glucose homeostasis and fat metabolism, therefore, PPARγ has 

been mechanistically and strongly associated with lipid metabolism (Moore et al., 2001). A 

study by Choi and co-authors found that Cdk5-mediated phosphorylation of PPARγ plays 

a role in insulin-resistance, and discussed a future development of an anti-diabetic drug(s) 

through PPARγ. (Choi et al., 2010). These unique regulatory functions of PPARγ make it a 

prominent target of future therapeutics (Ahmadian et al., 2013; Choi et al., 2010; Forman et 

al., 1995).

PPARγ is also associated with inflammation, angiogenesis, neurological homeostasis, redox 

equilibrium, trophic factor production, and cellular differentiation (Barak et al., 1999; Ju 

et al., 2019; Kobayashi et al., 2005; Kotlinowski and Jozkowicz, 2016; Marx et al., 1998; 

Rosen and Spiegelman, 2001; Xin et al., 1999). PPARγ has been reported to inhibit the 

NF-kB pathway and directly neutralize oxidative stress (Croasdell et al., 2015; Heneka et 

al., 2000; Ju et al., 2019). A study by Ju et al. showed that activation of PPARγ resulted 

in suppression of pro-inflammatory mediators including, nitric oxide (NO), inducible NO 

synthase, COX-2, IL-6 and tumor necrosis factor-α (TNF-α), which was comparable to the 

PPARα findings by Ju et al (Ju et al., 2019). Adding to its involvement in tissue homeostasis 

a study by Vattulainen-Collanus et al. showed that lack of functional PPARγ, in pulmonary 

microvascular endothelial cells, leads to impaired angiogenesis in both humans and mice 

(Vattulainen-Collanus et al., 2016). Contrastingly, PPARγ activation resulted in inhibition of 

angiogenic factors, such as vascular endothelial growth factor (VEGF), and proliferation in 

endothelial cells and vascular smooth muscle cells (Biscetti et al., 2008; Kotlinowski et al., 

2014; Kotlinowski and Jozkowicz, 2016; Vattulainen-Collanus et al., 2016). Lastly, PPARγ 
is shown to have neuroprotective roles, similar to its PPARα isoform, in pathologically 

progressive neurological disorders, including Alzheimer’s and Parkinson’s disease (Barrera 

et al., 2018; Chen et al., 2012; Garrido-Gil et al., 2012).

2.2.3. PPARβ/δ—Among the PPARs, PPARβ/δ is currently the least studied, however 

recent studies show its involvement in lipid and cholesterol metabolism. PPARβ/δ is, 

in fact, known for its role in the metabolic pathways of mitochondrial respiration, fatty 

acid metabolism (adipocyte physiology), and programming of muscle fiber type (Barak 

et al., 2002; Doktorova et al., 2017; Gan et al., 2011; Koh et al., 2017; Wang et al., 

2003). Contrary to the PPARγ and PPARα isoform’s tissue-specific distribution, PPARβ/δ 
is generally distributed in all tissue/cell types but profoundly expressed in those related 

to lipid metabolism including the liver, colon, small intestine, and keratinocytes (Abbott, 

2009; Girroir et al., 2008). PPARβ/δ, similar to PPARα, is shown to improve lipid 

profile homeostasis, and reduce adiposity. PPARβ/δ activation is shown to stimulate fat 

metabolism to prevent obesity (Bortolotto et al., 2007; Doktorova et al., 2017; Giordano 

Attianese and Desvergne, 2015; Le Garf et al., 2019; Palomer et al., 2018; Wang et 

al., 2003). Interestingly, Garf et al. reported that activation of PPARβ/δ had increasing 

immunometabolic effects, resulting in weight loss in obese female mice (Le Garf et al., 

2019).

The role of PPARβ/δ in various cancers (i.e. colon, breast and prostate cancer) and 

tumor development, has also been reported displaying conditionally pro-cancerous and 

anti-cancerous effects through modulation of vasculature and inflammation (Liu et al., 2018; 
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Martín-Martín et al., 2018; Wagner and Wagner, 2020; Wang et al., 2016). In addition to 

cancer development, Romero et al. reported that, when activated, PPARβ/δ exhibited effects 

related to hypertension, including vasodilation and vascular inflammation (Romero et al., 

2016). Interestingly, PPARβ/δ also regulates skin wound healing inflammatory mechanisms 

by controlling keratinocyte proliferation (Man et al., 2008; Michalik et al., 2001; Peters et 

al., 2000; Tan et al., 2001). Lastly, PPARβ/δ is shown to play a role in the implantation and 

development of embryos (Barak et al., 2002).

3. PPARs in the eye

All three PPAR isoforms have been investigated in various parts of the eye correlating to 

specific isotypes (Fig. 4). The γ and α isoform have been well established in their function 

on ocular homeostasis, however, β/δ isoform remains largely understudied. This section will 

review studies focusing on PPAR-dependent pathways of each PPAR isoform.

3.1. PPARα

PPARα has been extensively studied in the retina, where it has been found to be involved in 

the regulation of circadian rhythm, neuroprotection, and angiogenesis. Circadian rhythm is a 

biological, internal process that displays endogenous oscillations and is driven by a 24-hour 

circadian clock located in the central nervous system (Takahashi, 2017). The circadian 

rhythm regulates the sleep-wake cycle, also known as daily light-dark (LD) cycle conducted 

by a group of genes called clock genes (Chen and Yang, 2014). Light is an important factor 

that synchronizes and moves the clock through the retinohypothalamic tract (Teboul et al., 

2009). In this scenario, PPARs appear to serve as molecular links between clock genes and 

specific rhythmic metabolic outputs (Charoensuksai and Xu, 2010). All PPARs were found 

to be rhythmically expressed in mammalian tissue when analyzed in mice (Yang et al., 

2006), but PPARα and PPARγ seem to have a more direct role/interaction with the core 

clock related genes (Inoue et al., 2005; Wang et al., 2008). PPARα has been reported to 

help synchronize peripheral clocks (McNamara et al., 2001) and treat circadian rhythm sleep 

disorders associated with LD cycles (such as delayed sleep phase syndrome). Bezafibrate, 

a hypolipidemic drug, is a PPARα ligand that has exhibited interesting effects in the 

regulation of circadian behavioral rhythm when administered to mice (Shirai et al., 2007). 

Bezafibrate affects circadian rhythm by activating PPARα and advancing the active phase 

under long photoperiods conditions (12 to 18 hours of light) (Oishi et al., 2008). Authors, of 

this study, suggested that PPARα is critical to the photoperiod-dependent entrainment of the 

circadian clock (Oishi et al., 2008). In the context of diabetic retinopathy, maculopathy and 

diabetic neuropathy, the Fenofibrate Intervention in Event Lowering in Diabetes (FIELD) 

study, conducted in 9795 patients, showed a significant 30% reduction in laser therapy for 

patients with type 2 diabetic retinopathy (Keech et al., 2007). This study certainly represents 

a strong indicator of PPARα’s role in the diabetic retina. Our group has shown that PPARα 
activation by fenofibrate, reduces retinal vascular leakage, inflammation, pericyte dropout 

and acellular capillary formation in type 1 diabetic models, through a PPARα-dependent 

mechanism (Chen et al., 2013b; Ding et al., 2014). Additionally, ligand-dependent activation 

of PPARα attenuates ischemia-induced retinal neovascularization (Chen et al., 2013a). 

Furthermore, PPARα levels in the retina are significantly down-regulated in diabetic 
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human donors and animal models. Delivery of PPARα ameliorates diabetic retinopathy 

manifestation (Hu et al., 2013) and decreases retinal degeneration induced by ischemia and 

diabetes (Moran et al., 2014; Pearsall et al., 2019). A neuroprotective PPARα role is thought 

to be through the regulation of mitochondrial function and lipid metabolism, as reported 

by Pearsall and co-authors. The authors, using a PPARα knockout (KO) mouse model, 

showed progressive electroretinogram response decline and retinal degeneration (Pearsall et 

al., 2017).

In the context of the cornea, the role of PPARα is somewhat unknown but neurotrophic and 

inflammatory effects have been reported. In a study by Zhang et al., the authors showed 

that PPARα activation (using PPAR ligand WY-14 643) induces pro-inflammatory and 

pro-angiogenic responses in corneal epithelial cells (Zhang and Ward, 2010). Recently, 

we evaluated the protective effect of PPARα against diabetic keratopathy and corneal 

neuropathy (Matlock et al., 2020). Our study showed that PPARα levels were down­

regulated in both the human and rat, diabetic cornea (Fig. 5). A PPARα KO mouse showed 

corneal nerve degeneration (Fig. 6), decreased corneal sensitivity, and spontaneous corneal 

epithelial lesions (Fig. 7). On the other hand, PPARα activation prevented corneal epithelial 

lesions and delayed corneal nerve degeneration in diabetic mice. Protein analysis revealed 

partial restoration of neurotrophic factors in diabetic rats when stimulated with PPARα 
agonist, fenofibrate (Matlock et al., 2020).

3.2. PPARγ

The retina is a major metabolic tissue that can result in an accumulation of reactive oxygen 

species; it is crucial for the proper functioning of the retina to remove these and prevent 

cellular damage and reduce oxidative stress (Rohowetz et al., 2018). Oxidative stress is a 

strong component of multiple retinal diseases, including diabetic retinopathy, glaucoma, and 

AMD (Polvani et al., 2012; Williams, 2008). Retinal microvasculature produces a steady 

amount of NO to maintain proper blood flow. In diabetic vasculature a study showed 

stunted NO production, restored by PPARγ ligands in endothelial cells. (Sorrentino et al., 

2007). The PPARγ down-regulation in diabetic retinas is linked to the interactions between 

NADPH oxidase 2 (NOX2) and NF-kB activation, implicating NOX2 as a major participant 

in the inflammatory regulation of PPARγ (Tawfik et al., 2009). Activation of PPARγ by 

PPARγ ligands is also linked to anti-inflammatory effects. Ebert and co-authors found that 

Docosahexaenoic acid (DHA), an n-3 long-chain polyunsaturated fatty acid, treatment of 

microglial retinal cells suppresses microglial activation through PPARγ regulation on NF­

kB and promotes an anti-inflammatory response in vitro (Ebert et al., 2009). Interestingly, 

a study conducted by Li et al., found interactions between PPARγ, Vascular endothelial 

growth factor receptor 2 (VEGFR2), and arachidonate 15-Lipoxygenase (15-LOX-1) during 

neovascularization in oxygen-induced retinopathy (OIR) (Li et al., 2014). This study 

suggests that 15-LOX-1 gene transfer inhibits neovascularization in OIR via up-regulation of 

PPARγ and down-regulation of VEGFR2 (Li et al., 2014).

PPARγ has displayed neuroprotective effects against neurological diseases according to 

numerous studies (Escribano et al., 2009; Esposito and Cuzzocrea, 2011; Lee et al., 2011; 

Qi et al., 2010). Commonly, activation of PPARγ is evaluated in the context of retinal 
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ganglion cell (RGC) protection in multiple CNS models. Under normal circumstances, 

glutamate acts as a neurotransmitter in the retina, but it can be neurotoxic when in excess 

(Lau and Tymianski, 2010; Otori et al., 1998). Aoun et al., proposed that there were 

neuroprotective effects mediated through antioxidative and not only PPARγ-dependent 

pathways stimulated by 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) and troglitazone; 

(PPARγ ligands inhibiting the cytotoxic effects of glutamate excess in the retina (Aoun et 

al., 2003).

The expression of PPARγ in the retina was studied in patients treated with optic nerve 

crush (ONC), an experimental technique often used to simulate retinal dysfunction. The 

studies found that PPARγ mRNA and protein levels increased in the retina when compared 

with patients that did not receive ONC treatment (Tang et al., 2011). Zhu et al., evaluated 

the survival of RGCs induced by ONC, in rats. Rats received doses of pioglitazone and 

were subjected to ONC. The results showed that PPARγ protects RGCs from ONC, via the 

reduction of Müller glial activation (Zhu et al., 2013).

Corneal neovascularization is typically associated with numerous inflammatory/infectious 

diseases representing a major public health concern (Azar, 2006). PPARγ activation, 

by PPARγ ligands, have been shown that can significantly inhibit corneal angiogenesis 

(Sarayba et al., 2005; Uchiyama et al., 2013; Usui et al., 2008). The inhibition of corneal 

neovascularization by PPARγ activation with PPAR ligand, 15d-PGJ2, was first observed 

in VEGR-induced angiogenesis in the rat cornea (Xin et al., 1999). Xin et al., showed that 

activation of PPARγ inhibits expression of VEGF receptors Flk/KDR, Flt-1 and protease 

uPA, leading to the suppression of endothelial cell differentiation and proliferation in 
vitro (Xin et al., 1999). Inhibitory effects were found to be mediated through PPARγ 
signaling, when Usui et al., utilized a PPARγ antagonist, GW9662, showing corneal 

neovascularization rescuing (Usui et al., 2008).

Disruption of the corneal tissue architecture is often related to the wound healing process 

and fibrosis. Agonist-activated PPARγ has exhibited major corneal anti-fibrotic properties 

associated with transforming growth factor-beta (TGF-β)-1, as measured by levels of smooth 

muscle actin (SMA), fibronectin and collagen (Zhou et al., 2016; Pan et al., 2009; Huxlin 

et al., 2013). Pan et al., conducted a study on rabbit corneal keratocytes treated with PPAR 

agonist, pioglitazone, showing that activation of PPARγ could be a key player to corneal 

scar formation and the wound healing cascade. The role of PPARγ ligands as a potential 

therapeutic target for fibrosis in ocular diseases will be described in section 4.

Expression of PPAR-γ is relatively low in the lacrimal gland (Chen et al., 2014), in 

contrast to what is seen in the RPE, the corneal endothelium and epithelium, (Castelli 

et al., 2018). The lacrimal gland is an accessory gland of the human eye located in the 

anterior, superotemporal orbit and consists of a bilobed, tear-shaped gland. Its primary 

function is in maintaining the ocular surface via secretion of the aqueous portion of the 

tear film. This tear film protects the ocular surface, helps remove debris, and provides a 

smooth surface in the interface between the air and the cornea (Machiele et al., 2020). 

Despite the fact that PPARγ is expressed at a low level in the lacrimal gland (Beauregard & 

Brandt, 2003), it appears to have an important role in the inflammatory process in dry eye 
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syndrome (Zhang et al., 2015). It has been reported, in lacrimal gland acinar cells (rabbit 

lacrimal glands), that PPARγ agonists (pioglitazone) can inhibit endogenous interleukin-1 

beta (IL-1β)-induced NO production (Chen et al., 2014; Omae et al., 2011). Pioglitazone is 

also linked to increased tear fluid production, reduction of ocular surface damage, and/or the 

improvement of tear film stability (Chen et al., 2014).

3.3. PPARβ/δ

A number of synthetic PPARβ/δ agonists have been described. Possible endogenous 

PPARβ/δ activators include fatty acids (Forman et al., 1997), triglycerides (Lee et al., 2006), 

and all-trans retinoic acid (ATRA) (Shaw et al., 2003). ATRA is derived from retinol, a 

high-level component in the eye (Luo et al., 2006) and can activate PPARβ/δ, leading to 

downstream effects. Nevertheless, there is still no formal evidence of this hypothesis and 

studies are lacking.

4. Therapeutic implications of PPARs in ocular diseases

The functional implications of PPARs in ocular pathology make them a target of interest in 

developing novel therapeutics. PPAR’s ligands can have beneficial effects on diabetic eye 

diseases such as diabetic retinopathy, diabetic macular edema, and diabetic keratopathy as 

outlined on Table 2. Additionally, PPAR’s ligands have promising therapeutic effects for 

conditions related to ocular neuropathy, dry eye, and AMD. This section will discuss the 

therapeutic implication of PPARs ligands and any harmful effects on ocular disease.

4.1. PPARα agonists: Fibrates class

Fibrates are known to be hypolipidemic agents mainly used for hypercholesterolemia. 

Fibrates effectively reduce plasma triglyceride and cholesterol levels by promoting 

triglyceride catabolism in peripheral tissues and increasing lipoprotein lipase activity in 

adipose tissues (Catapano, 1992; Despres et al., 2004). Fibrates are PPARα ligands that 

lead to reduced synthesis of triglyceride and fatty acids. Additional to reducing triglycerides, 

PPARα ligands have been found to regulate inflammatory responses. Delerive et al. reported 

that the PPARα ligand’s fibrates decreased NF-kB activation, enhancing IL-1α expression, 

and exerting an anti-inflammatory reaction (Delerive et al., 2000). The expression of IFN-y, 

IL-6, and TNF-α were also inhibited in mice treated with a fibrate (Cunard et al., 2002). 

Cunard et al. noted higher expression of PPARα in B-cells than T-cells, although treatment 

with the PPARα ligand inhibited both B and T-cell proliferation (Cunard et al., 2002). 

Fibrates also play a role in Akt’s phosphorylation and endothelial NO synthase, leading 

to increased production of NO and the inhibition of cytokine-induced NF-kB activation, 

through AMP-activated protein kinase, in vascular endothelial cells (Okayasu et al., 2008).

Fenofibrate is a drug within the fibrate class used to treat dyslipidemia and cardiovascular 

disease but also improves glycemic control and decreases the risk of diabetic retinopathy in 

those with diabetes mellitus. In diabetic retinopathy, early retinal microvascular dysfunction 

progresses with pericyte degradation. In a study by Hu et al., it was reported that diabetic­

induced PPARα down-regulation was critical to diabetic retinopathy development (Hu et 

al., 2013). Additionally, in a later study, streptozotocin (STZ)-induced diabetic mice treated 
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with fenofibrate showed significant amelioration of retinal acellular capillary formation and 

pericyte loss through a PPARα-dependent mechanism (Ding et al., 2014). The protective 

effects of fenofibrate on diabetes-induced mice relate to the over-expression of PPARα, 

leading to NF-kB inhibition by the up-regulation of Ik-Bα and contributing to the anti­

inflammatory and antioxidant effect, tightly linked to the protection of pericyte in diabetes 

(Ding et al., 2014). These results support earlier studies where PPARα ligand fenofibrate 

shown to inhibit cytokine-induced NF-kB activity, as well as monocyte chemoattractant-1 

and intracellular adhesion molecule-1, in the diabetic retina (Chen et al., 2013). PPARα 
activation also inhibits the canonical Wnt signaling, known for its anti-inflammatory and 

anti-angiogenic impact (Cheng et al., 2016). In a more recent study, over-expression 

of micro RNA-21 is proposed to be at least partially responsible for the PPARα down­

regulation observed in diabetic retinopathy (Chen et al., 2017).

Ischemia in the retina is a significant contributing factor to the development of diabetic 

retinopathy. Moran and co-authors showed fenofibrate antioxidant effects via regulation of 

hypoxia-inducible factor-a and nicotine oxidase-4 (Moran et al., 2014).

Correlation between retinal microvascular repair in diabetic retinopathy and endothelial 

progenitor cells, such as circulating angiogenic cells (CAC) and endothelial colony-forming 

cells (ECFC), has been reported (Bhatwadekar et al., 2017). Shao et al. reported down­

regulation of PPARα in diabetic mice which led to decreased ECFC/CAC and mitochondrial 

dysfunction. In contrast, activation of PPARα, using fenofibrate, normalized the ECFC/CAC 

levels and mitochondrial function in diabetic mice (Shao et al., 2019).

The beneficial effects of fenofibrate in patients with type 2 diabetes were highlighted in 

two clinical trials, FIELD (Fenofibrate Intervention in Event Lowering in Diabetes) and 

ACCORD (Action to Control Cardiovascular Risk in Diabetes) (Katome et al., 2015; Keech 

et al., 2007; Khatol et al., 2018). Recent studies on fenofibrate’s has protective effects 

against corneal neovascularization and diabetic keratopathy, are also promising (Matlock 

et al., 2020; Wang et al., 2020). Matlock et al. administered oral fenofibrate treatment 

on STZ-induced diabetic rats and mice showing protective effects against corneal nerve 

degeneration. Similarly, Wang et al. showed the role of PPARα and corneal keratocytes. 

Specifically, results suggest that keratocytes could promote the expression of vascular 

endothelial growth factor receptor 3 (VEGFR3) and matrix metallopeptidase 13 (MMP13), 

and corneal neovascularization formation through PPARα downregulation. (Wang et al., 

2020).

Fenofibrate has also been tested as a potential treatment for dry eye inflammation. A 

study by He et al. investigated the use of fenofibrate to the effects and mechanism on the 

formation of ocular surface squamous metaplasia induced by topical benzalkonium chloride. 

The study found that fenofibrate reduced TNF-α and IL-6 in the cornea, leading to the 

suppression of inflammation associated with ocular surface squamous metaplasia (He et al., 

2020). Additionally, fenofibrate led to the restoration of microvilli morphology, and sleep 

deprivation-induced dry eye (Tang et al., 2018).
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Adverse effects associated with fibrates treatment are considered minor and include 

gastrointestinal discomfort, musculoskeletal symptoms, and headaches; although there are 

some rare reports of severe cases of myopathy and rhabdomyolysis (Danis et al., 2010; 

Despres et al., 2004; Wang and Wang, 2018; Zhou et al., 2020). The risk factors for 

fenofibrate-induced rhabdomyolysis increases in cases with hypothyroidism, renal disease, 

and diabetes mellitus (Danis et al., 2010; Satarasinghe et al., 2007; Wang and Wang, 2018; 

Zhou et al., 2020).

4.2. PPARγ agonists: Thiazolidinedione (TZD) class

TZD’s are known as antidiabetic drugs that improve the cell’s responsiveness to insulin by 

regulating glucose and fatty acids metabolism, which in turn, reduces insulin within the 

blood. Beneficial treatment effects of TZDs on glycemic control in type 2 diabetes mellitus 

have been reported (Davidson et al., 2018; Saltiel and Olefsky, 1996). TZD’s mechanism 

works via a PPARs agonist, altering genes’ expression, which results in decreased insulin 

resistance in adipose tissue, muscle, and liver cells (Greenfield and Chisholm, 2004; 

Hauner, 2002). Troglitazone, pioglitazone, and rosiglitazone are drugs within the class 

TZD. Troglitazone and pioglitazone are potent, selective agonists to PPARγ and, to a 

lesser extent, to PPARα, where rosiglitazone is a ligand selective to PPARγ (Colca et 

al., 2014). In addition to the impacts on insulin resistance, TZDs have also displayed 

anti-inflammatory effects on the properties of PPARs ligands, which decrease NF-kB, 

stimulating the inflammatory pathways, and increase NF-kB inhibitor, suppressing the 

inflammatory pathways (Chawla et al., 2001; Jiang et al., 1998; Mohanty et al., 2004).

Rosiglitazone, pioglitazone, and troglitazone inhibit NF-kB-induced angiogenesis, as 

measured by in-vitro migration assay, in the choroid and RPE cells which have a fibrotic 

phenotype in proliferative diabetic retinopathy and proliferative vitreoretinopathy (Cheng et 

al., 2008; Hatanaka et al., 2012; Shen et al., 2008). Proliferation by epithelial-mesenchymal 

transition, implicates pathogenic TGF-β-linked fibrosis. Hatanaka et al. showed that 

pioglitazone inhibits monkey RPE cells’ fibrotic change by reducing phalloidin, SMA, and 

fibronectin through the suppression of TGF- β signaling (Hatanaka et al., 2012). PPARγ 
ligand troglitazone can ameliorate the fibrotic RPE phenotype, in proliferative retinopathies, 

by preventing TGF- β2 induced overexpression of collagen type I and fibronectin, and by 

delaying cell migration (Cheng et al., 2008). In 2014, a study Jeon et al., demonstrated the 

positive effects of PPARγ agonists, 15d-PGJ2, troglitazone, and rosiglitazone, in reducing 

myofibroblast differentiation driven by TGF-β-1 and SMA downregulation (Jeon et al., 

2014). Tested in cultured cat corneal fibroblasts, these three agonists demonstrated to have in 
vitro anti-fibrotic effects (Jeon et al., 2014). Particularly rosiglitazone, has been successfully 

tested in vivo for corneal scarring by topical application (Huxlin et al., 2013). The results 

of this study showed an effective control of fibrosis, restoring corneal thickness and optics. 

A separate study indicated that fibrotic pathologies can be treated with ophthalmic solutions 

of PPARγ agonists in the cornea, following alkali burn injury (Uchiyama et al., 2013). 

One possible mechanism of stromal myofibroblast differentiation prevention is by blocking 

the TGF-β-1/SMAD-signaling pathway via the inhibition of p38 mitogen-activated protein 

kinase (MAPK) (Guo et al., 2018). Interestingly, PPARγ ligands act on the p38 MAPK 
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pathway, blocking myofibroblast differentiation markers (alpha-SMA and TGF-β-1) (Jeon et 

al., 2015).

Extensive literature has shown that TZDs also play a role in retinal vasculature (Jiang et 

al., 2014; Omae et al., 2011; Thakran et al., 2015). Pioglitazone treatment was shown to 

restore insulin signaling transduction, in a diabetic rat retina model, by dilating retinal 

arterioles (Jiang et al., 2014). Specifically, authors used a type 2 diabetic rat model, as 

well as retinal endothelial cells (REC), and Müller cells cultured in normal glycemic and 

hyperglycemic conditions to investigate the effects of pioglitazone. The results showed 

that pioglitazone normalized insulin signaling transduction by reducing the levels of tumor 

necrosis factor-alpha (TNF-α) and suppression of cytokine signaling 3 (SOCS-3), inducing 

insulin receptor resistance and protecting the diabetic retinal tissues from apoptosis (Jiang 

et al., 2014). Pioglitazone treatment has also been shown to prevent insulin resistance 

and cell apoptosis by restoring insulin-like growth factor binding protein-3 (IGFBP-3) 

levels independently from TNF-α actions (Thakran et al., 2015). Thakran et al. found that 

Pioglitazone restores IGFBP-3 levels via activation of protein kinase A and DNA-dependent 

protein kinase, in RECs during hyperglycemic conditions. Muranala et al. treated diabetic 

rats with rosiglitazone and showed no changes in TNF-α or VEGF, but did restore the 

elevated NF-kB-regulated Intercellular adhesion molecule 1 (ICAM-1) expression to a 

healthy level (Muranaka et al., 2006). Together, these studies suggest that pioglitazone 

and rosiglitazone are good candidates for treating diabetic retinopathy (Jiang et al., 2014; 

Muranaka et al., 2006; Thakran et al., 2015). TZDs have also shown effects on AMD. 

Vision loss due to choroidal neovascularization via VEGF, is well established (Kvanta et 

al., 1996; Lopez et al., 1996). Murata et al. found that troglitazone and rosiglitazone inhibit 

the VEGF pathway leading to inhibition of choroidal angiogenesis and neovascularization. 

Additionally, troglitazone and rosiglitazone have been shown to inhibit NF-kB-induced 

angiogenesis, in the choroid and RPE, through in vitro migration assay (Park et al., 2009).

Limited literature exists on PPARγ ligands and its therapeutic effects on dry eye symptom. 

PPARγ agonists were reported to be able to inhibit TNF-α and IL-1β in dry eyes, 

suppressing inflammatory pathways and increasing the tear fluid tear production, while 

inhibiting NO (Beauregard and Brandt, 2003; Chen et al., 2014). In a study by Chen et 

al., scopolamine-induced mouse dry eye model were treated with pioglitazone leading to 

elevated tear film stability, increased tear production, and reduced damage to the ocular 

surface (Chen et al., 2014). Interestingly, PPARγ ligands are viewed as potential corneal 

angiogenesis modulators, by many (Giaginis et al., 2007; Margeli et al., 2003; Uchiyama et 

al., 2013; Usui et al., 2008; Xin et al., 1999). Pioglitazone, for example, has been studied as 

a possible drug for treating ocular neovascularization, and shown to decrease the density of 

angiogenesis in a corneal rat model (Sarayba et al., 2005).

Treatment with PPARγ ligands can also have adverse effects. TZDs have shown to worsen 

and possibly stimulate diabetic macular edema (Fong and Contreras, 2009; Idris et al., 2012; 

Saw et al., 2019). However, a longitudinal cohort and a cross-sectional study of type 2 

diabetes patients found no association between TZDs, the progression of diabetic macular 

edema, and visual acuity (Ambrosius et al., 2010; Gower et al., 2018). Furthermore, TZDs 

have shown adverse cardiovascular effects related to fluid retention, leading to congestive 
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heart failure and peripheral tissue edema from endothelial cell leakage (Duan et al., 2008; 

Nesto et al., 2004). Rosiglitazone was shown to promote endothelial cell migration and 

vascular permeability through Akt phosphorylation (Ku et al., 2017), suggesting a possible 

role of Akt phosphorylation in the fluid retention and peripheral tissue edema adverse 

effects.

4.3. PPARβ/δ agonists and antagonists

There is limited literature on PPARβ/δ agonist’s/antagonist’s therapeutic effects, related to 

ocular diseases/disorders. We know, from previous studies, that PPARβ/δ plays a role in 

ocular angiogenesis in AMD and ocular neovascularization (Bishop-Bailey, 2008; Capozzi 

et al., 2013; Choudhary et al., 2016; Tobita et al., 2020). Capozzi et al. studied the 

effects of PPARβ/δ agonist and antagonists in human retinal microvascular endothelial cells 

(HRMEC) and pre-retinal ocular neovascularization using a rat oxygen-induced retinopathy 

model. In that study, GW0742 was used as a highly selective PPARβ/δ agonist and 

GSK0660 as a PPARβ/δ antagonist, showing that PPARβ/δ agonist exacerbates pre-retinal 

ocular neovascularization and the PPARβ/δ antagonist reduces pre-retinal neovascularization 

(Capozzi et al., 2013). Similarly, in a separate study, treatment with PPARβ/δ antagonists 

resulted in the inhibition of experimentally induced choroidal neovascular lesions, associated 

with the down-regulation of VEGF-α, TGF-β1, and platelet-derived endothelial growth 

factor-beta known to be critical factors for ocular angiogenesis (Choudhary et al., 2016). 

In a more recent study, PPARβ/δ agonist (GW501516) was used to treat rat corneal alkali 

burn injuries, resulting in the suppression of inflammatory cytokines IL-6, IL-1β, TNF α, 

and NF-kB, promotion of neovascularization, by expressing of VEGF-α and stimulating 

infiltration of M2 macrophages, and vascular endothelial cell in the wound area (Tobita et 

al., 2020).

Choundary et al., demonstrated for the first time that selective targeting of PPARβ/δ may 

be a suitable strategy for treatment of different clinical sub-types of AMD(Choudhary et al., 

2016). Additionally, Suarez et al. demonstrated that PPARβ/δ antagonist (GSK0660) may 

have a therapeutic effects against retinal hyperpermeability (Suarez et al., 2014). Suarez 

et al. treated HRMEC monolayer with VEGF to induce low transendothelial electrical 

resistance measurements, treated with GSK0660. Results showed that it completely reversed 

the transendothelial electrical resistance levels in the VEGF-treated HRMEC (Suarez 

et al., 2014). The data available on the role of PPARβ/δ in retinal inflammation and 

diabetic retinopathy is even less understood. The current hypothesis is that PPARβ/δ up­

regulates TNF-α, which recruits leukocytes, increasing retinal inflammation, leading to the 

development of diabetic retinopathy (Huang et al., 2011; Joussen et al., 2009). A study by 

Savage et al. showed that TNF-α significantly up-regulates CCL5, CX3CL1, and CXCL10 

cytokines known to be involved in leukocyte recruitment. This study also demonstrated that 

GSK0660 inhibits TNF-α, including CCL8, CCL17, and CXCL10, which induced retinal 

leukostasis in RECs (Savage et al., 2015).
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5. Future directions and conclusions

PPARs tell an intriguing story, indeed. The potential uses in medicine are enormous, but 

currently are largely unexplored. PPARs history is rather interesting as they were originally 

identified in Xenopus frogs as receptors that induced proliferation of peroxisomes in cells 

(Dreyer et al., 1992). PPARα was discovered as part of a search for a group of agents 

referred to as peroxisome proliferators, because of their ability to increase peroxisomal 

numbers in rodent liver. Later on, when it turned out that PPARs played a more significant, 

and versatile, role in biology these agents were termed PPARs ligands.

By far, the most investigated PPAR is the γ isoform with implications and roles not only 

in the human eye, and eye diseases, but also numerous tissues/organs. On the other hand, 

the studies on β/δ isoform are rather limited. Perhaps this is not surprising given that its 

discovery came late, in 1992. In the context of ocular pathobiology, the α isoform has 

known effects in the retina, but not in the cornea, where only a handful of recent studies have 

tested its effects. What is rather clear, when looking at the current literature, is the absence 

of PPARs studies on ocular tissues outside the cornea and retina. This might be something to 

consider as we move forward, and collectively, the scientific community consider expanding 

the investigations to other ocular tissues.

It is clear that there is much work to be done before each isoform can be fully characterized 

and utilized as treatment(s) for ocular diseases. However, it is very encouraging that the 

PPARs-related studies are gaining traction and scientists are looking more and more into 

their action, mechanisms, and function.
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Abbreviations:

PPARs Peroxisome Proliferator-Activated Receptors

ECM Extracellular matrix

AMD Age-related macular degeneration

RXR Retinoid X Receptor

PPREs PPAR Response Elements

NOX2 NADPH oxidase 2

DHA Docosahexaenoic acid

VEGFR2 Vascular endothelial growth factor receptor 2

VEGFR3 Vascular endothelial growth factor receptor 3

15-LOX-1 Arachidonate 15-Lipoxygenase
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RGC Retinal ganglion cell

ONC Optic nerve crush

MAPK p38 mitogen-activated protein kinase

SMA Smooth muscle actin

IL-1β Interleukin-1 beta

ATRA All-trans retinoic acid

CAC Circulating angiogenic cells

ECFC Endothelial colony-forming cells

MMP13 Matrix metallopeptidase 13

TZD Thiazolidinedione

RPE Retinal pigment epithelium

REC Retinal endothelial cells

TNF-α Tumor necrosis factor-alpha

SOCS-3 Suppressor of cytokine signaling 3

IGFBP-3 Insulin-like growth factor binding protein-3

STZ Streptozotocin

ICAM-1 Intercellular adhesion molecule 1

HRMEC Human retinal microvascular endothelial cells

FIELD Fenofibrate Intervention in Event Lowering in Diabetes

IOP Intraocular pressure

VEGF Vascular endothelial growth factor

KO Knockout

IL-6 Interleukin-6

COX-2 Cyclooxygenase-2

OIR Oxygen-induced retinopathy

NO Nitric oxide

LD Light-dark
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Highlights

• PPAR ligands are gradually being recognized as potential new therapeutic 

options for ocular diabetes and neuropathy, dry eye, and age-related macular 

degeneration.

• PPARα is known for its role in regulating circadian rhythm, retinal 

neuroprotection and angiogenesis, as well as diabetic keratopathy.

• PPARγ is widely expressed in the corneal endothelium and epithelium, and 

known for its role in retinal oxidative stress.

• PPARβ/δ increases fatty acids metabolism and lipolysis, an essential function 

in the prevention of adipogenesis.
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Figure 1: 
Illustration of the human eye.
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Figure 2: 
The human cornea. Both images show the five-layer structure of the cornea. (A) Histology 

of a cornea (B) Cornea illustration (not in scale). Source: Priyadarsini et al., (2020).
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Figure 3: 
PPAR activation leading to multiple regulatory pathways.

Escandon et al. Page 34

Exp Eye Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Illustration of the PPARs presence and modulation in different parts of the eye.
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Figure 5: 
Cornea PPARα levels in non-diabetic and diabetic human donors. A) A representative 

PPARα Western blot image of cornea homogenates. B) Western blot image quantification 

showed PPARα levels were decreased in T2D cornea compared to healthy corneas. mean ± 

SEM; *P<0.05 rel. to ND; N=4. Modified from Matlock et al. (2020).
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Figure 6: 
Decreased corneal nerve fibers in PPARα−/− (KO) mice compared to C57Bl/6J (WT). A) 

Corneal nerve fibers immuno-labeled with an antibody for beta-III neuron-specific tubulin. 

WT and KO nerve fiber densities were compared at 4 and 20 months of age by counting 

nerve fibers crossing 0.5 times the cornea radius. B) Maximum central corneal nerve fiber 

count: mean ± SEM; *P≤0.05, rel. to WT; 4 months N(WT)=7, N(KO)=6; 20 months 

N(WT)=10, N(KO)=9. Modified from Matlock et al. (2020).
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Figure 7: 
Cornea lesion in the PPARα KO mouse. A) Photographs of wild-type mouse cornea with 

normal opacity (left) and large PPARα KO mouse cornea lesion at 24 months of age. B) 

Fundus camera image of small PPARα KO cornea lesion in 24-month-old mouse (left), 

explode view (right), and neuron-specific beta-III tubulin immuno-labeling from the same 

lesion (lower right). Modified from Matlock et al. (2020).
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Table 1:

PPARs distribution, ligands and transcriptional functions. H-Tissue: distribution of human PPARs. M-Tissue: 

distribution of rodent PPARs.

Tissues Endogenous Ligands
Synthetic 
Ligands

Transcriptional 
functions involved References

PPARα

Liver (H)(M)
Skeletal muscle (H)
Heart (H)(M)
Kidney (H)(M)
Adipose tissues(H)(M)
Brain (H)(M)
Intestinal mucosa (H)
(M)
Eye(H)(M)

Saturated and 
unsaturated fatty acids
Perfluorooctanoic acid
Perfluorooctanoic 
sulfonate
Prostaglandins derived 
from arachidonic acid
Eicosanoid

Pirinixic acid 
(WY14643)
Clofibrate
Fenofibrates
Genofibrozil
NSAIDS

Lipid metabolism (Lipid 
transport, ketogenesis, 
lipogenesis, cholesterol 
metabolism, fatty acid 
transport and oxidation)
Carbohydrate 
metabolism
Adipogenesis
Neonatal development
Angiogenesis
Inflammation
Circadian rhythm

(Wahli et al., 1995)
(Desvergne and Whali, 1999)
(Lemberger et al., 1996)
(Kersten et al., 2001)
(Tan et al., 2005)
(Mukherjee et al., 1997)
(Abbott, 2009)
(Lee et al., 1995)
(Mukherjee et al., 1994)
(Shirai et al., 2007)

PPARγ

Liver (H)
Adipose tissues (H)
Heart (H)
Bone marrow(H)
Pancreas(H)
Lung(H)
Placenta (H)
Skeletal muscle (H)
Eye (H)(M)
Kidney(H)(M)

Only unsaturated fatty 
acids
Prostaglandins derived 
from arachidonic acid
Eicosanoid

TZD
MRL24
NSAID
15-PGJ2

Lipid metabolism 
(Cholesterol metabolism, 
lipogenesis, fatty acid 
transport and oxidation)
Gluconeogenesis
Adipogenesis
Angiogenesis
Inflammation
Anti-fibrosis

(Wahli et al., 1995)
(Desvergne and Whali, 1999)
(Lemberger et al., 1996)
(Kobayashi et al., 2005)
(Tan et al., 2005)
(Mukherjee et al., 1997)
(Tontonoz et al., 1994)
(Mueller et al., 2002)
(Choi et al., 2010)
(Forman et al., 1995)
(Wolf and Phil, 2004)
(Ahmadian et al., 2013)
(Moore et al., 2001)
(Abbott, 2009)

PPARβ/
δ

Liver (H)(M)
Heart (H)(M)
Skeletal muscle (H)
Brain (H)(M)
Placenta (H)
Adipose tissues (H)(M)
Small intestine(M)
Keratinocytes (H)(M)
Eye(H)(M)

Saturated and 
unsaturated fatty acids

L165041
GW-501516

Lipid metabolism (Fatty 
acid transport and 
oxidation)
Cell survival
Ubiquitination
Adipogenesis
Inflammation

(Abbott, 2009)
(Wahli et al., 1995)
(Desvergne and Whali, 1999)
(Lemberger et al., 1996)
(Tan et al., 2005)
(Mukherjee et al., 1997)
(Wu et al., 2017)
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Table 2:

PPARs ligands therapeutic implications in disease eye.

Diseases Therapeutic Ligands Therapeutic outcomes References

PPARα

Diabetic retinopathy
Dry eye symptoms
AMD
Diabetic
keratopathy

Fibrates* 
(Fenofibrate)

Amelioration of retinal acellular capillary 
formation and pericyte loss
Retinal microvascular repair
Protect against corneal nerve loss
Corneal neovascularization

(Ding et al., 2014)
(Bhatwadekar et al., 2017)
(Shao et al., 2019)
(Matlock et al., 2020)
(Wang et al., 2020)
(He et al., 2020)

PPARγ

Diabetic retinopathy
Dry eye symptoms
AMD

TZD* (Rosiglitazone, 
pioglitazone, and 
troglitazone)
15-PGJ2

Prevention of diabetic retinal tissues form 
apoptosis
Attenuate retinal vasculature
Elevate tear film stability and tear 
production
Anti-fibrotic properties in the cornea

(Shen et al., 2008)
(Hatanaka et al., 2012)
(Cheng et al., 2008)
(Jiang et al., 2014)
(Thakran et al., 2015)
(Muranaka et al., 2006)
(Chen et al., 2014)
(Murata et al., 2000)
(Zhou et al., 2016)
(Xin et al., 1999)

PPARβ/δ

AMD
Ocular
Angiogenesis
Choroidal 
neovascularization
Diabetic retinopathy

GW0742*

GSK0660**
Agonist exacerbated pre-retinal 
vascularization
Antagonist reduced pre-retinal 
vascularization and induce retinal 
leukostasis

(Bishop-Bailey, 2008)
(Capozzi et al., 2013)
(Choudhary et al., 2016)
(Savage et al., 2015)
(Huang et al., 2011)
(Joussen et al., 2009)

*
PPARs agonists.

**
PPARs antagonists
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