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Ophthalmic diseases are a growing global cause of visual impairment, driven by 
population aging and the rising prevalence of diabetes mellitus. Fenofibrate, a 
peroxisome proliferator-activated receptor alpha (PPARα) agonist widely used for 
dyslipidemia, has emerged as a candidate for therapeutic repurposing in 
ophthalmology. This narrative review synthesizes current preclinical and clinical 
evidence on fenofibrate across anterior and posterior segment diseases, including 
diabetic corneal neuropathy, diabetic keratopathy, dry eye disease, corneal burns, 
Fuchs endothelial corneal dystrophy, diabetic retinopathy, diabetic macular 
edema, neovascular age-related macular degeneration, and central retinal 
artery occlusion. Across ocular disease models, fenofibrate demonstrates 
neuroprotective, vascular stabilizing, and tissue-remodeling effects. These 
actions appear to involve modulation of shared pathogenic pathways, including 
PPARα-dependentregulation of inflammatory signaling, mitochondrial and lipid 
metabolism, and preservation of epithelial, endothelial, neuronal, and vascular 
integrity. Clinical evidence is strongest for diabetic retinopathy, where randomized 
trials support a potential adjunctive role in slowing progression and reducing 
interventions in patients with early-to-moderate disease. Preliminary clinical 
evidence for diabetic corneal neuropathy is promising but limited, whereas data 
for dry eye disease, corneal burns, Fuchs endothelial corneal dystrophy, 
neovascular age-related macular degeneration, and retinal ischemic injury 
remains preclinical. Emerging experimental ocular delivery strategies may 
improve local bioavailability while reducing systemic exposure. Overall, 
fenofibrate represents a biologically plausible adjunctive ophthalmic therapy, 
but further randomized trials, mechanistic studies, pharmacokinetic evaluation, 
and long-term safety assessments are required to define its therapeutic role 
beyond diabetic retinopathy.
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Introduction

Ophthalmic diseases are a major and growing global cause of visual impairment and 
blindness, and this burden is increasing alongside population aging and the rising prevalence 
of diabetes mellitus (DM) [1, 2]. Diabetic retinopathy (DR) remains a leading cause of vision 
loss in the working-age population and is projected to affect approximately 161 million 
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individuals worldwide by 2045 [2, 3]. In parallel, age-related macular 
degeneration (AMD) is a leading cause of blindness among older 
adults [4], with the global burden expected to rise to nearly 
288 million affected individuals by 2040 [5]. Corneal diseases, 
including diabetic corneal neuropathy (DCN), dry eye disease 
(DED), corneal burns and neovascularization (NV), and Fuchs 
endothelial corneal dystrophy (FECD), also contribute 
substantially to ocular morbidity, with DED causing chronic 
ocular discomfort and reduced quality of life, and endothelial 
and angiogenic corneal disorders contributing to visual 
impairment and blindness in severe cases [6–9]. Many of these 
disorders are progressive and ultimately compromise corneal 
transparency, retinal integrity, or visual function [10–12].

Despite advances in ophthalmic therapeutics, current treatment 
strategies remain limited in several important respects. Retinal laser 
photocoagulation, although effective in selected settings, is invasive 
and associated with patient discomfort and retinal scarring [13, 14]. 
Similarly, intravitreal anti-vascular endothelial growth factor 
(VEGF) therapy remains costly, invasive, and treatment-intensive, 
requiring repeated injections, while persistent edema and 
incomplete therapeutic response remain common in diabetic 
macular edema (DME) [15, 16]. In parallel, management of 
many corneal diseases remains largely supportive or 
symptomatic, often failing to address the underlying disease 
mechanism or prevent progression [17–20]. These limitations 
have increased interest in therapeutic repurposing strategies and 
the development of less invasive, disease-modifying approaches 
capable of targeting shared pathogenic pathways across ocular 
diseases.

Peroxisome proliferator-activated 
receptors and fenofibrate

Peroxisome proliferator-activated receptors (PPARs) are ligand- 
activated nuclear transcription factors that regulate lipid 
metabolism, glucose homeostasis, inflammation, and oxidative 
stress across three major isoforms: PPARα, PPARγ, and PPARβ/ 
δ [21, 22].

Among these, PPARα has attracted increasing interest in 
ophthalmology because of its regulatory effects on mitochondrial 
homeostasis, vascular permeability, angiogenesis, and lipid 
metabolism within ocular tissues [23–26]. Experimental studies 
have demonstrated altered ocular PPARα expression in diabetic 
corneas and retinas, while genetic or pharmacologic modulation of 
PPARα influences corneal nerve integrity, retinal 
neuroinflammation, vascular leakage, leukostasis, and ischemia- 
associated retinal injury [27–31]. Mechanistically, PPARα 
activation has been associated with suppression of pro- 
inflammatory signaling pathways including nuclear factor kappa- 
light-chain-enhancer of activated B cells (NF-κB) and cyclic GMP– 
AMP synthase–stimulator of interferon genes (cGAS–STING) 
signaling, within ocular tissues [28, 32, 33].

Fenofibrate is a synthetic PPARα agonist that is hydrolyzed in 
vivo to fenofibric acid (FA), its active metabolite [34]. Although 
fenofibrate is currently approved for the treatment of primary 
hypercholesterolemia and mixed dyslipidemia [34], increasing 
evidence suggests that its biological effects extend beyond 

systemic lipid lowering. In addition to improving serum lipid 
profiles, fenofibrate has demonstrated anti-inflammatory, 
antioxidant, anti-angiogenic, neuroprotective, anti-fibrotic, and 
barrier-stabilizing properties across multiple ocular disease 
models [35–39]. Given its non-invasive nature and well- 
characterized systemic safety profile in routine practice and 
clinical studies, it has emerged as an attractive candidate for 
therapeutic repurposing in ophthalmology [40, 41].

Interest in fenofibrate as an ophthalmic therapy was initially 
driven by findings from the Fenofibrate Intervention and Event 
Lowering in Diabetes (FIELD) and the Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) studies [42–44]. 
Although FIELD was designed to assess cardiovascular outcomes, 
secondary ophthalmic analyses showed that, in patients with pre- 
existing retinopathy, fenofibrate significantly reduced the need for 
first retinal laser treatment when analysed independently, and 
reduced 2-step Early Treatment Diabetic Retinopathy Study 
(ETDRS) progression when analysed in a composite with new 
macular edema or retinal laser treatment [44]. Both effects 
appeared disproportionate to changes in plasma lipids [45]. 
Subsequent findings from ACCORD Eye further demonstrated 
that fenofibrate in combination with simvastatin, reduced 
progression of DR, both ETDRS-defined worsening and a 
composite including retinal laser and vitrectomy, in patients with 
pre-existing disease [42]. More recently, the LENS trial provided 
dedicated randomized evidence supporting fenofibrate in reducing 
DR and maculopathy progression [46], reinforcing growing interest 
in fenofibrate as a potential disease-modifying ophthalmic therapy.

Despite growing interest in fenofibrate in ophthalmology, the 
current literature remains fragmented across disease-specific 
studies, mechanistic investigations, and emerging drug-delivery 
approaches [37, 47–51]. Existing reviews have largely focused on 
DR [52–54], whereas newer evidence now spans corneal 
neuropathic, inflammatory, angiogenic, and endothelial 
disorders in addition to retinal disease [48, 50, 55, 56]. 
Importantly, the recent publication of the randomized 
controlled LENS trial has further expanded the clinical 
evidence base for fenofibrate in DR and highlights the need for 
an updated synthesis of the evolving literature [46]. Furthermore, 
the strength of evidence differs substantially between indications, 
with randomized clinical trial data available for DR, emerging 
early clinical evidence for DCN, and predominantly preclinical 
evidence for several other ophthalmic diseases [32, 35, 43, 46, 48, 
57]. A consolidated cross-ophthalmology synthesis is therefore 
needed to distinguish clinically supported indications from 
experimental applications, identify shared mechanisms, and 
clarify the translational potential and limitations of fenofibrate 
in ophthalmology.

This narrative review synthesizes current preclinical and clinical 
evidence regarding fenofibrate across corneal and retinal 
ophthalmic diseases, with particular emphasis on mechanisms of 
action, strength of evidence by indication, translational relevance, 
and emerging ocular drug-delivery strategies. In addition, this 
review discusses current research gaps, safety considerations, and 
future therapeutic directions for fenofibrate in ophthalmology. To 
our knowledge, this is among the first narrative review to integrate 
fenofibrate evidence across both anterior and posterior segment 
diseases within a unified mechanistic and translational framework.
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Corneal anatomy and physiology

The cornea is the transparent anterior structure of the eye and 
contributes to roughly two-thirds of its refractive power by focusing 
light onto the retina [58]. The corneal epithelium serves as a 
protective barrier, facilitates oxygen and nutrient exchange, and 
maintains ocular surface integrity through its regenerative capacity 
[58]. Disruption of the corneal epithelium increases susceptibility to 
infection and may compromise vision [58]. Posterior to the 
epithelium lies the stroma proper, which constitutes 
approximately 90% of corneal thickness [59]. The stromal 
extracellular matrix is essential for maintaining corneal 
transparency, and its disruption during fibrosis, inflammation, or 
NV can result in stromal opacity and visual impairment [59, 60]. 
The corneal endothelium is the innermost layer of the cornea and 
maintains corneal hydration and transparency through ion 
transport-mediated fluid regulation [58, 61]. Unlike the corneal 
epithelium, the human corneal endothelium has very limited 
regenerative capacity in vivo, and endothelial cell density declines 
with age [58, 62]. Endothelial dysfunction results in progressive 
endothelial cell loss and impaired corneal deturgescence (the 
maintenance of relative dehydration essential for 
transparency) [63, 64].

Under normal conditions, the cornea is avascular and derives 
oxygen and nutrients primarily through diffusion from the tear film 
and atmosphere anteriorly and the aqueous humour posteriorly 
[58]. Maintenance of corneal avascularity is essential for 
transparency, as pathologic corneal NV can cause opacity and 
increased light scattering [65]. The cornea is densely innervated 
by sensory nerves that play essential neurotrophic roles in 
maintaining epithelial integrity, ocular surface homeostasis, and 
wound healing [66–68]. Corneal nerves release neuromodulators, 
including substance P (SP) and nerve growth factor (NGF), which 
promote epithelial repair and support ocular surface homeostasis 
[67, 68]. In DCN, reduced corneal innervation impairs epithelial 
wound healing and contributes to the development of 
keratopathy [10].

Retinal anatomy and physiology

Posterior to the cornea lies the retina, a multilayered 
neurosensory tissue responsible for phototransduction and the 
initial processing of visual information [69]. The retina contains 
photoreceptors (rods and cones), interneurons (bipolar, horizontal, 
and amacrine cells), and retinal ganglion cells organized into ten 
distinct layers [69]. Rods mediate low-light (scotopic) vision and are 
concentrated in the peripheral retina, whereas cones mediate high- 
acuity (photopic) and color vision and are concentrated in the 
macula, the central region responsible for fine visual 
discrimination [69]. At the center of the macula lies the fovea, a 
pit containing exclusively densely packed cones that provides the 
highest visual acuity [69]. The retina is supported by a dual blood 
supply: the choroidal circulation nourishes the outer retina 
(photoreceptors and retinal pigment epithelium), while the 
central retinal artery supplies the inner retinal layers via 
superficial and deep capillary plexuses [70]. The inner blood- 
retinal barrier is formed by tight junctions of the retinal capillary 

endothelium, whereas the outer blood-retinal barrier is formed by 
tight junctions of the retinal pigment epithelium (RPE), which 
contributes to photoreceptor homeostasis and phagocytoses shed 
outer segments [71]. Retinal diseases such as DR and AMD are 
driven by interconnected inflammatory, oxidative, vascular, and 
neurodegenerative mechanisms [72].

Search strategy and selection criteria

This structured narrative review was informed by a literature 
search conducted across PubMed, Cochrane Library, and Embase 
databases on 21 March 2026 to identify studies examining the effects 
of fenofibrate on corneal and retinal diseases. The search strategy 
employed relevant keywords and MeSH terms, including 
fenofibrate, fenofibric acid, PPAR, PPARα, cornea, corneal 
diseases, diabetic corneal neuropathy, diabetic keratopathy, corneal 
injury, corneal endothelium, ocular surface, retina, retinopathy, 
retinal diseases, diabetic retinopathy, retinal injury, retinal vessels, 
dry eye syndromes, macular degeneration, and corneal dystrophy.

The initial search identified 282 articles. Titles and abstracts 
were screened for relevance, and excluded if they were duplicates, 
did not involve fenofibrate or FA, did not mainly involve corneal or 
retinal diseases, or were review articles. To emphasize contemporary 
evidence, studies published before 2010 were also excluded. An 
exception was made for the FIELD trial due to its foundational role 
in establishing fenofibrate outcomes in DR. After screening, 
47 articles were retained for detailed review. An additional 
10 relevant studies were identified through manual screening of 
reference lists, resulting in a total of 57 articles informing the final 
narrative synthesis.

The structured search and screening process was used 
specifically to identify studies included in the narrative synthesis. 
Other publications, including review articles and earlier studies, 
were consulted where relevant to provide background information 
and contextual discussion, but were not part of the screened 
study set.

Diabetic corneas and diabetic corneal 
neuropathy

DCN is a common complication of DM characterized by 
progressive corneal nerve degeneration, impaired epithelial repair, 
reduced corneal sensitivity, and ocular surface dysfunction [10]. 
Current management remains largely supportive and symptomatic, 
including lubricants and prophylactic antibiotics, without directly 
addressing the underlying neurodegenerative and inflammatory 
mechanisms driving disease progression [18]. Preclinical studies 
have shown that fenofibrate improves neural dysfunction and 
reduces neurovascular injury in models of diabetic neuropathy, 
suggesting potential therapeutic relevance for diabetic 
neuropathic complications [73]. Similar to peripheral nerves, 
corneal nerves are highly vulnerable to diabetic injury, and their 
degeneration disrupts sensory and trophic support required for 
maintaining epithelial integrity and ocular surface homeostasis 
[10]. Emerging preclinical and early clinical evidence further 
suggests that PPARα agonism may promote corneal nerve 
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regeneration, enhance epithelial repair, preserve mitochondrial 
function, and suppress ocular surface inflammation in DCN [25, 
27, 35, 48, 74, 75].

Mitochondrial dysfunction appears to play a central role in 
diabetes-associated impairment of corneal wound healing, as 
diabetic corneal epithelial cells exhibit reduced oxidative 
phosphorylation, impaired adenosine triphosphate (ATP) 
production, and decreased expression of mitochondrial markers 
[25]. In type 1 and type 2 diabetic mouse models, epithelial PPARα 
activation by fenofibrate improved mitochondrial respiration and 
restored markers of mitochondrial integrity in the cornea, including 
translocase of outer mitochondrial membrane 20, changes that were 
associated with enhanced corneal epithelial repair [25]. These 
findings suggest that fenofibrate may support the high metabolic 
demands required for epithelial proliferation and migration during 
corneal wound healing.

In parallel, fenofibrate has shown neuroprotective effects on 
corneal nerves in both preclinical models and early clinical studies 
[27, 48, 74]. Oral fenofibrate was associated with increased corneal 
nerve fiber density and attenuation of diabetes-related corneal nerve 
loss in diabetic animals and patients with diabetes [27, 48, 74]. 
Conversely, Ppara knockout mice demonstrated reduced corneal 
nerve fiber density, impaired corneal sensitivity, and increased 
corneal lesions, supporting an important role for corneal PPARα 
in maintaining corneal nerve homeostasis [27]. In a clinical study, 
30 days of oral fenofibrate treatment significantly improved corneal 
nerve fiber density, corneal nerve fiber width, and corneal epithelial 
cell morphology, with associated improvements in tear break-up 
time and corneal and conjunctival punctate epitheliopathy [74].

The development of topical fenofibrate formulations may further 
enhance the translational potential of PPARα-targeted therapy in 
DCN [48]. In diabetic mice, topical fenofibrate improved corneal 
nerve fiber length and tortuosity coefficient and produced earlier 
improvements in surface keratopathy compared with oral treatment 
[48]. Topical administration was also associated with increased 
neuronal βIII-tubulin mRNA expression in the trigeminal 
ganglion and elevated tear levels of NGF and SP. Changes in tear 
biomarkers were not observed with oral treatment [48].

Mechanistically, the neuroprotective effects of fenofibrate 
appear to involve interconnected neuronal, metabolic, and anti- 
inflammatory pathways at the ocular surface [27, 48, 74]. Tear 
proteomic analyses demonstrated upregulation of neurotrophin 
signaling, neuroactive ligand signaling, mitogen-activated protein 
kinase pathways, and linoleic acid metabolism following fenofibrate 
treatment [74]. Fenofibrate also increased levels of glial cell line- 
derived neurotrophic factor and dimeric brain-derived 
neurotrophic factor within the corneal epithelium, both of which 
are implicated in corneal epithelial migration and nerve 
regeneration respectively [27, 76, 77]. Additional findings suggest 
that fenofibrate may improve lipid metabolic homeostasis and 
reduce diabetes-associated triglyceride accumulation linked to 
corneal nerve degeneration [74]. Gene set enrichment analyses 
further demonstrated enhancement of sphingolipid metabolism 
and stem cell pluripotency pathways at the ocular surface, which 
may contribute to corneal nerve metabolism and epithelial repair 
[48]. Collectively, these findings suggest that fenofibrate exerts 
multimodal neuroprotective effects on corneal nerves and 
epithelium.

Chronic ocular surface inflammation is recognized as an 
important contributor to DCN progression and impaired epithelial 
healing [10]. Diabetic corneas exhibit upregulation of inflammatory 
pathways and mediators at the ocular surface, including adipocytokine 
signaling, apolipoproteins, serum amyloid A1, TNF-α, NF-κB, 
interleukin-1 (IL-1), and interleukin-6 [74]. Consistent with the 
broader anti-inflammatory effects of PPARα activation, both topical 
and oral fenofibrate reduced ocular surface inflammatory mediators 
and attenuated corneal immune cell infiltration in diabetic mice and 
patients with diabetes [35, 48, 74]. These local effects likely involve 
suppression of corneal NF-κB signaling through both direct PPARα- 
mediated inhibition and indirect attenuation of TNF-α signaling, a 
well-established upstream activator of NF-κB [78, 79]. Tear proteomics 
showed reduced neutrophil-related inflammatory signals increased 
tear IL-1 receptor antagonist (an endogenous anti-inflammatory 
mediator) and decreased tear proteins linked to oxidative stress and 
complement activation, indicating anti-inflammatory and 
antioxidative effects at the ocular surface [35]. These tear-based 
molecular changes mapped to modulation of tricarboxylic acid 
cycle, oxidative phosphorylation, and liver X receptor/retinoid X 
receptor activation pathways at the ocular surface [35]. In vivo 
confocal microscopy further demonstrated a shift toward a less 
inflammatory corneal immune cell phenotype following oral 
fenofibrate treatment [35].

Fenofibrate may additionally modulate ocular surface 
inflammation through preservation of corneal epithelial 
mitochondrial integrity in vitro, and suppression of ocular 
cGAS–STING signaling [55]. In experimental models, high 
glucose and diabetic stress induced mitochondrial dysfunction, 
increased reactive oxygen species (ROS) production, and 
promoted mitochondrial DNA release, thereby activating 
downstream cGAS–STING inflammatory signaling in the corneal 
epithelium and lacrimal glands [55, 80]. Fenofibrate reversed these 
changes by upregulating PPARα mRNA expression in corneal 
epithelial cells, restoring mitochondrial membrane potential, 
reducing ROS levels, and suppressing corneal expression of 
cGAS, STING, p-TBK1/TBK1, and p-IRF3/IRF3 [55]. These 
molecular effects were accompanied by improvements in corneal 
epithelial healing, tear secretion, tear break-up time, fluorescein 
staining, and overall ocular surface homeostasis [55]. Together with 
the findings of Liang et al., [25] these results support mitochondrial 
dysfunction-driven inflammation and impaired epithelial repair as 
key therapeutic targets of corneal PPARα agonism.

Table 1 summarizes the current clinical evidence on the use of 
fenofibrate (PPARα agonism) in DCN and diabetic keratopathy. 
Collectively, preclinical and preliminary clinical studies suggest that 
fenofibrate may improve corneal epithelial repair, support corneal 
nerve regeneration, and reduce ocular surface inflammation in 
diabetic corneal disease [25, 27, 35, 48, 55, 74]. Topical 
fenofibrate may be particularly promising because localized 
ocular delivery produced earlier therapeutic effects than oral 
administration in preclinical models [48].

Dry eye disease

DED is a multifactorial disease of the ocular surface 
characterized by a loss of homeostasis of the tear film [81]. 
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Tear film instability and hyperosmolarity, ocular surface 
inflammation and damage, and neurosensory abnormalities 
also play etiological roles. Clinically, DED is associated with 
significant ocular discomfort and reduced quality of life. The 
global burden of DED is also likely to increase with population 
aging and the growing prevalence of lifestyle-related risk factors, 
including those affecting young adult and pediatric 
populations [82].

Corneal epithelial microvilli play an essential role in tear film 
stability and adherence to the ocular surface, and disruption of 
microvillar architecture has been implicated in the pathogenesis of 
DED [83]. In a sleep deprivation-induced DED mouse model, 
fenofibrate ameliorated microvillar abnormalities and largely 
restored corneal microvillar density and morphology [83]. Tang 
et al. proposed that these effects were mediated through corneal 
PPARα-dependent regulation of lipid metabolism together with 
increased transient receptor potential cation channel subfamily V 
member 6 (TRPV6) expression and downstream ezrin 
phosphorylation in corneal tissues, both of which are important 
for microvillar structural integrity. Consistent with this mechanism, 
administration of the PPARα antagonist MK886 in normal mice and 
cultured corneal epithelial sheets induced dry eye–like changes, 

including reduced PPARα and TRPV6 expression in corneal 
epithelial cells and microvilli that were rougher, shorter, and less 
dense [83]. These findings suggest that corneal PPARα signaling is 
important for maintaining the corneal epithelial surface and tear 
film homeostasis [83].

Chronic ocular inflammation is a central contributor to DED 
pathogenesis [84]. In an obstructive sleep apnea-induced DED 
mouse model, Wang et al. demonstrated marked inflammatory 
cell infiltration, NF-κB activation, and abnormal lipid 
accumulation within lacrimal gland acinar cells [85]. They 
proposed that chronic intermittent hypoxia upregulated hypoxia- 
inducible factor alpha (HIFα) in the lacrimal glands, leading to 
suppression of PPARα signaling and downstream dysregulation of 
lipid metabolism locally [85]. Reduced PPARα activity in the 
lacrimal gland was associated with impaired mitochondrial fatty- 
acid oxidation, increased lipid synthesis and uptake, lipid 
accumulation in acinar cells, oxidative stress, and and NF-κB- 
mediated inflammation [85]. Fenofibrate attenuated lipid 
accumulation, suppressed inflammatory signaling in lacrimal 
gland tissue, and preserved lacrimal gland function, suggesting 
that restoration of lacrimal gland PPARα activity may improve 
both metabolic and inflammatory aspects of DED pathogenesis [85].

TABLE 1 Clinical evidence for the use of fenofibrate for treating diabetic corneal neuropathy and diabetic keratopathy.

Authors Design Study 
population

Dose and route 
(duration)

Main outcomes Key limitations

Mansoor 

et al. [35]

Open-label 

interventional study

Type 2 diabetes 

(n = 41)

78% 100 mg/day and 22% 

300 mg/day, oral (30 days)

• Reduced corneal DC density, 

area, and elongation/length 

(suggesting reduced DC activity) 

• Reduced TNF-alpha, NF-kappaB, 

complement 4B, and cytochrome 

B5 

• Upregulated anti-inflammatory 

IL-1 receptor antagonist 

• Improved corneal epithelial cell 

density; improved TBUT, corneal 

staining, and OSDI scores

• Small sample size 

• Open-label single-arm design 

• No randomized placebo-treated 

diabetic control group 

• Short treatment and follow-up 

duration (30 days) 

• No comparator treatment arm 

• Single-country/specialist-centre 

recruitment 

• Dose heterogeneity by renal 

function (78% on 100 mg, 22% 

on 300 mg)

Teo et al. [74] Open-label 

interventional study

Type 2 diabetes 

(n = 30)

Same regimen as Mansoor 

et al.

• Improved CNFD and corneal 

nerve fiber width (reduced nerve 

edema) 

• Enhanced tear SP concentrations 

(with SP changes associated with 

CNFD improvement) 

• Improved corneal epithelial cell 

circularity 

• Improved TBUT, corneal and 

conjunctival staining, and 

superficial punctate keratopathy 

• Proteomic upregulation of 

neurotrophin signaling with 

suppression of complement 

cascades and neutrophil reactions

• Small sample size 

• Open-label single-arm design 

• No randomized placebo-treated 

diabetic control group 

• Short treatment and follow-up 

duration (30 days) 

• No comparator treatment arm 

• Single-country/specialist-centre 

recruitment 

• Several corneal nerve parameters 

showed non-significant trends 

• Automated nerve analysis may 

have underestimated nerve 

parameters
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Fenofibrate may also exert broader immunomodulatory effects 
in autoimmune ocular surface disease. In a Sjögren syndrome-like 
dacryoadenitis mouse model, fenofibrate reduced systemic Th1/ 
Th17 responses and enhanced Treg frequencies in spleen and 
cervical lymph nodes, while lacrimal glands demonstrated 
reduced inflammatory infiltration and expression of Th1/Th17- 
associated cytokines and transcription factors together with 
increased Foxp3 and TGF-β1 expression, suggesting restoration 
of local immune homeostasis [49]. The authors proposed that 
fenofibrate-mediated activation of PPARα upregulated liver X 
receptor-β signaling, which may contribute to suppression of 
pathogenic Th1/Th17 polarization while promoting Treg 
differentiation and function, thereby alleviating autoimmune 
dacryoadenitis and improving tear secretion and ocular surface 
integrity [49].

In addition to lacrimal gland effects, fenofibrate appears to 
directly protect the ocular surface epithelium. He et al. 
demonstrated that topical fenofibrate attenuated benzalkonium 
chloride-induced tear film instability, preserved conjunctival 
goblet cell density, and reduced corneal macrophage infiltration 
and corneal expression of inflammatory mediators including TNF-α 
and interleukin-6 [57]. These protective effects were abolished by 
MK886, supporting a PPARα-dependent mechanism acting locally 
in the eye. In vitro experiments further showed that fenofibrate 
directly suppressed activated macrophages [57].

In summary, preclinical studies suggest that fenofibrate may 
attenuate key pathogenic features of DED through corneal anti- 
inflammatory, metabolic, and immunomodulatory effects, including 
preservation of corneal epithelial integrity, stabilization of the tear 
film, and suppression of ocular surface inflammation [49, 57, 83, 85].

Corneal chemical burns and 
neovascularization

Chemical burns are among the common causes of corneal NV 
[86]. Following chemical burns to the cornea, activation of the 
inflammatory cascade leads to the upregulation of proteolytic 
enzymes and release of angiogenic factors, which results in the 
proliferation and migration of vascular endothelial cells into the 
cornea [86, 87]. These processes ultimately promote corneal NV and 
loss of corneal transparency [87]. In the United States, ocular surface 
chemical injuries cost emergency departments roughly 
$106.7 million over 4 years [88]. Managing corneal NV after 
chemical burns remains a major challenge in ophthalmology, as 
current topical treatments do not consistently prevent persistent NV 
and scarring [17].

Preclinical studies suggest that corneal PPARα plays an 
important role in regulating early inflammatory and epithelial 
proliferative processes during corneal wound healing [89]. 
Following corneal injury, Ppara knockout mice demonstrated 
delayed neutrophil recruitment, impaired inflammatory 
resolution, and reduced proliferative activity in the cornea 
compared with wild-type mice, supporting a role for corneal 
PPARα in coordinating early wound-healing responses 
after trauma [89].

Following alkali burns, corneal PPARα expression was 
significantly reduced, particularly within stromal keratocytes, and 

this reduction was associated with increased corneal NV [90]. 
Consistent with this, Ppara knockout mice developed 
substantially greater corneal NV after alkali injury together with 
increased expression of vascular endothelial growth factor receptor 3 
(VEGFR3) and matrix metalloprotease 13 (MMP13) in the cornea, 
two mediators implicated in angiogenic signaling and extracellular 
matrix remodeling [90]. Additional in vitro studies further 
demonstrated that PPARα deficiency in keratocytes directly 
increased VEGFR3 and MMP13 expression, supporting a role for 
stromal PPARα signaling in suppressing keratocyte-driven 
angiogenic responses after corneal injury [90].

Topical fenofibrate reduced inflammatory cell infiltration in the 
cornea and suppressed corneal expression of pro-inflammatory 
mediators including IL-1β, interleukin-6, and monocyte 
chemoattractant protein-1 in experimental corneal injury models 
[32, 91]. Mechanistically, these anti-inflammatory effects were 
associated with modulation of corneal NF-κB signaling, 
evidenced by reduced nuclear localization of NF-κB and 
increased NF-κB inhibitor α (IκBα) expression in corneal 
epithelial cells, consistent with greater cytoplasmic retention and 
local inhibition of NF-κB activatoin [32, 91, 92]. In parallel, 
fenofibrate also attenuated corneal NV, as demonstrated by 
reduced JG-12–positive capillary lumens and lower VEGF-A and 
angiopoietin-2 expression [50]. In alkali-burned corneas and 
cultured keratocytes, fenofibrate upregulated PPARα while 
suppressing corneal VEGFR3 and MMP13 expression, supporting 
a PPARα-dependent anti-angiogenic mechanism at the stromal/ 
keratocyte level [90]. Additional studies indicate that fenofibrate 
mitigates corneal oxidative stress and improves corneal fatty acid 
oxidation, reducing lipid accumulation and, lipid peroxidation- 
associated injury, and lowering corneal VEGF-A and VEGF-C 
expression [93]. Collectively, these findings support intertwined 
local anti-inflammatory, anti-angiogenic, metabolic, and 
keratocyte-regulatory mechanisms underlying fenofibrate- 
mediated protection in corneal injury.

Beyond inflammation and angiogenesis, fenofibrate may also 
modulate stromal fibrosis after chemical injury. Following alkali 
burns, local inflammatory cytokines promote keratocyte 
differentiation into α-smooth muscle actin (α-SMA)-positive 
myofibroblasts, contributing to stromal scarring and opacity 
through disorganized extracellular matrix deposition [94]. 
Fenofibrate reduced stromal accumulation of α-SMA-positive 
myofibroblasts and type III collagen deposition, while treated 
corneas demonstrated a more organized stromal collagen 
architecture with less edema and structural disruption than 
untreated controls [50].

Preclinical studies have also explored strategies to enhance 
fenofibrate delivery and therapeutic efficacy. In an alkali burn 
model, co-administration of fenofibrate with the PPARγ agonist 
pioglitazone produced greater reductions in corneal inflammation 
and fibrosis than PPARα agonism alone, likely through 
complementary inhibition corneal NF-κB signaling [91, 92]. In a 
separate study, incorporation of fenofibrate into a ROS-responsive 
antioxidant hydrogel enabled sustained drug release and further 
reduced neovascular vessel density and diameter [95]. More 
recently, a topical oil-in-water fenofibrate microemulsion eyedrop 
was developed in a nitrogen mustard–induced corneal injury model 
[96]. This nanoscale formulation improved corneal drug exposure, 
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was well tolerated in vitro and in vivo, and, when administered three 
times daily, significantly reduced vesicant-induced corneal 
ulceration, NV, and opacity, while preserving epithelial structure 
and partially restoring epithelial PPARα expression [96]. 
Collectively, these preclinical findings support the potential of 
combination approaches and targeted delivery platforms, such as 
PPARα/PPARγ co-agonism, hydrogels, and microemulsions, to 
enhance fenofibrate efficacy in corneal NV and chemical injury.

Collectively, these findings support a broader role for PPARα 
signaling in preserving corneal transparency and regulating wound- 
healing responses after ocular surface injury.

Fuchs endothelial corneal dystrophy

FECD is the most common corneal dystrophy and is 
characterized by progressive, irreversible endothelial cell 
dysfunction, resulting in corneal edema and the formation of 
Descemet membrane guttae due to abnormal extracellular 
deposits [97]. FECD remains a leading indication for corneal 
transplantation, and there are currently no established disease- 
modifying treatments [98, 99]. As a result, management of 
advanced disease often requires surgery, although this approach 
is limited by donor tissue shortage and the technical complexity of 
procedures such as Descemet membrane endothelial 
keratoplasty [98, 99].

Li et al. reported that fenofibrate may mitigate pathological 
changes relevant to FECD [56]. Fenofibrate appears to exert its 
effects by modulating metabolic pathways critical for corneal 
endothelial cell function and fibrosis. Gene set enrichment 
analysis of the corneal samples from patients with FECD showed 
downregulation of fatty acid metabolism and mitochondrial fatty 
acid oxidation, together with impaired PPARα signaling. 
Consistently, Ppara knockout mice exhibited corneal damage and 
increased fibrosis, supporting an important role for PPARα in 
maintaining corneal endothelial cell integrity [56]. In vitro, 
fenofibrate attenuated transforming growth factor beta (TGF-β)– 
induced fibrotic changes and preserved normal corneal endothelial 
cell morphology [56]. In vivo, fenofibrate treatment was associated 
with preservation of corneal endothelial morphology and reduced 
corneal edema. Mechanistically, these effects were associated with 
enhanced corneal fatty acid oxidation, improved mitochondrial 
homeostasis, and reduced corneal expression of fibrosis markers, 
including collagen I and α-SMA [56].

Diabetic retinopathy and diabetic 
macular edema

DR initially manifests as non-proliferative DR (NPDR), which is 
characterized by pericyte and endothelial cell injury that leads to 
microaneurysm formation, disruption of the blood–retinal barrier, 
and capillary occlusion with consequent retinal ischemia [3, 11]. 
Retinal ischemia stimulates VEGF expression, driving increased 
vascular permeability and NV, which mark the transition to 
proliferative DR (PDR) [11]. DME, a major cause of visual 
impairment in DR, results from macular thickening due to 
pathological fluid accumulation [100]. Emerging evidence also 

suggests that retinal neurodegeneration and glial dysfunction may 
precede and contribute to microvascular abnormalities traditionally 
associated with DR [101]. Current treatment options, such as 
intravitreal anti-VEGF injections and laser photocoagulation, are 
effective in selected setting but remain invasive, costly, and 
treatment-intensive, which may limit real-world feasibility [16]. 
In addition, persistent edema remains common in a proportion 
of eyes with DME despite anti-VEGF therapy [15], and broader 
inflammatory and neurodegenerative mechanisms of the disease 
remain insufficiently addressed.

DR and DME are characterized by chronic inflammation, 
oxidative stress, leukostasis, neurodegeneration, and breakdown 
of the blood-retinal barrier [3, 11, 100]. Preclinical studies 
suggest that PPARα activation exerts broad retinal protective 
effects by stabilizing the blood-retinal barrier, preserving pericyte 
and endothelial cell function, and suppressing inflammatory 
signaling pathways implicated in retinal vascular leakage and 
ischemia [30, 102]. A central mechanism appears to involve 
inhibition of NF-κB signaling through restoration of sirtuin-1 
(SIRT1), which deacetylates the p65 NF-κB subunit, as as 
evidenced by increased SIRT1 and reduced NF-κB in the rat 
retina in vivo, and by PPARα-dependent, SIRT1-mediated NF-κB 
suppression in retinal endothelial cells in vitro [103, 104]. In vitro, 
fenofibrate mediated suppression of NF-κB is abolished following 
PPARα inhibition or SIRT1 silencing in human retinal endothelial 
cells, supporting a PPARα–SIRT1–NF-κB regulatory axis [104]. In 
type 1 diabetic models, suppression of NF-κB activation in the retina 
is associated with reduced retinal expression of downstream 
inflammatory mediators and adhesion molecules, including 
monocyte chemoattractant protein-1 and intercellular adhesion 
molecule-1 (ICAM-1) [29]. Consistent with these preclinical 
findings, clinical studies have reported lower circulating and 
intraocular levels of pro-inflammatory cytokines following 
fenofibrate treatment [105].

Retinal leukostasis is another important contributor to capillary 
non-perfusion and ischemia in DR [3]. Diabetes-induced 
downregulation of PPARα in monocytes promotes mitochondrial 
dysfunction and activation of the cGAS–STING pathway, leading to 
enhanced endothelial adhesion, migration, phagocytosis, and 
inflammatory activation of monocytes in vitro and ex vivo [28]. 
Fenofibrate via PPARα activation, preserves monocyte 
mitochondrial integrity, reduces cytosolic mitochondrial DNA 
release, suppresses monocyte cGAS–STING signaling, and, in 
vivo, thereby attenuates retinal leukostasis in diabetic models 
[28]. Consistent with these anti-inflammatory effects, fenofibrate 
also reduces retinal oxidative stress, a key driver of VEGF 
upregulation, NF-κB activation, and retinal vascular dysfunction 
in DR [72], in part through activation of Nrf2-dependent 
antioxidant pathways and suppression of NLRP3 inflammasome 
signaling in diabetic mouse retinas. It further attenuates Nox- 
mediated oxidative stress and Wnt/β-catenin signaling in the 
retina and retinal pigment epithelium, thereby reducing retinal 
inflammation and vascular leakage [106, 107].

Fenofibrate also exerts anti-angiogenic effects relevant to 
advanced DR and DME. Through retinal PPARα-dependent 
mechanisms, fenofibrate suppresses retinal VEGF expression, 
likely in part through inhibition of pathological HIF-1α signaling 
in the retina of ischemic and diabetic models [29, 108]. Suppression 
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of retinal NF-κB signaling may represent an additional pathway 
contributing to reduced VEGF expression and downstream 
angiogenic activity in the diabetic retina [29, 109]. In parallel, 
both fenofibrate and FA also demonstrate PPARα-independent 
anti-angiogenic effects through inhibition of CYP2C-mediated 
production of the pro-angiogenic metabolite 19,20- 
epoxydocosapentaenoic acid (19,20-EDP), evidenced by reduced 
plasma 19,20-EDP in vivo and reversal of FA mediated inhibtion of 
angiogenesis ex vivo and in retinal enodethial cells by 19,20-EDP 
[38].Collectively, these findings suggest that fenofibrate and FA may 
inhibit retinal angiogenesis through multiple complementary local 
inflammatory, hypoxia-responsive, and lipid-metabolic pathways.

Preservation of blood-retinal barrier integrity by FA in 
experimental models may constitute another major component of 
the retinal protective effects of fenofibrate. In RPE cells, IL-1β 
induces NF-κB activation, inflammatory mediator release, tight 
junction disorganization, and hyperpermeability through AMPK- 
dependent pathways [39, 110]. FA suppresses these changes in a 
PPARα-dependent manner while also reducing IL-1β-induced 
AMPK phosphorylation [39, 110]. FA also protects the outer 
blood-retinal barrier dysfunction through AMPK-dependent, 
PPARα-independent mechanisms, reducing oxidized LDL- 
induced adhesion molecule and VEGF expression [111]. It limits 
high-glucose-induced extracellular matrix accumulation and COX- 
2 upregulation in retinal cells [112, 113]. Given that COX-2 
promotes inflammatory signaling and regulates VEGF expression 
through the COX-2/prostaglandin E2 pathway, its suppression by 
FA likely contributes to barrier protection through both direct anti- 
inflammatory effects and reduced VEGF-driven vascular 
permeability [112, 114].

Beyond vascular protection, FA exerts direct cytoprotective 
effects, while fenofibrate provides neuroprotection effects within 
the diabetic retina. FA attenuates ROS production and stress- 
activated kinase signaling in RPE cells under hypoxic and 
hyperglycemic conditions while enhancing insulin-like growth 
factor-1 receptor-mediated survival signaling and autophagy- 
related pathways [115]. Fenofibrate suppresses Müller cell gliosis, 
reduces nerve fiber layer edema, preserves retinal function, and 
mitigates diabetes-induced microglial activation and 
neuroinflammation in the retina [24, 103, 106]. These effects 
appear closely linked to microglial PPARα, which improves 
mitochondrial function and limits a glycolytic shift under 
diabetic stress, thereby reducing oxidative stress and suppressing 
STING-associated inflammatory signaling in retinal 
microglial [24, 116].

Recent advances in ocular drug delivery further support 
continued investigation of fenofibrate in retinal disease. 
Fenofibrate-loaded biodegradable poly(lactic-co-glycolic acid) 
(PGLA) nanoparticles achieved sustained intraocular drug 
delivery and reduced vascular leakage, leukostasis, VEGF 
expression, and NV in preclinical diabetic and choroidal NV 
models without obvious retinal toxicity [117]. More recently, 
long-acting PLGA fenofibrate microparticles with high drug 
loading and ≥6-month intravitreal release after a single injection 
preserved ERG function, reduced leukostasis and albumin 
extravasation, and increased retinal PPARα expression in 
streptozotocin-induced diabetic rats, with sustained retinal drug 
levels and acceptable safety in rabbits [118]. Collectively, these 

preclinical data suggest that retinal-targeted sustained-release 
fenofibrate formulations may improve ocular bioavailability, 
extend dosing intervals, and broaden fenofibrate’s application in 
DR, although clinical data are not yet available.

Across randomized and observational studies, fenofibrate 
appears to act as an adjunctive disease-modifying therapy 
primarily in eyes with pre-existing mild-to-moderate DR, with 
limited evidence of benefit in eyes with no DR or advanced 
disease at baseline [42, 44, 46].

In FIELD, fenofibrate significantly reduced a composite imaging 
outcome (2-step ETDRS progression or new macular edema or 
retinal laser treatment) and the need for retinal laser as an 
independent outcome; imaging data also support a reduction in 
ETDRS step progression [44]. ACCORD Eye showed that 
fenofibrate significantly reduced ≥3-step ETDRS progression, 
both when tested independently and when combined in a 
composite with retinal laser or vitrectomy [42]. In both FIELD 
and ACCORD Eye, these benefits were largely confined to 
participants with mild-to-moderate NPDR and were not clearly 
seen in those with severe or no retinopathy at baseline [42, 44]. 
Follow-up data from ACCORDION indicated that these retinal 
protective benefits were not sustained 3–5 years after 
discontinuation of fenofibrate, implying that ongoing therapy 
may be required to maintain disease-modifying effects [119].

The LENS trial, which enrolled individuals with non-referable, 
early DR or maculopathy (approximately corresponding to early 
ETDRS levels), demonstrated a significant reduction in “any” 
retinopathy or maculopathy progression and in progression to 
referable DR or maculopathy (the latter as a composite with 
retinopathy/maculopathy treatment) [46]. Notably, LENS did not 
find a statistically significant reduction in treatment alone 
(intravitreal injection, retinal laser, or vitrectomy) when analysed 
as an independent outcome [46].

Overall, there is little evidence that fenofibrate improves visual 
acuity, visual function, or quality of life over the follow-up periods 
studied [42, 44, 46]. Formal assessment in LENS found no 
significant or clinically meaningful benefit in any of these 
parameters [46].

Two large cohort studies echoed these trial findings. A Korean 
study showed a significant reduction in a composite DR-progression 
outcome (vitreous hemorrhage, vitrectomy, retinal laser, intravitreal 
injections, retinal detachment) only in patients with baseline DR, 
with no significant benefit in those without DR [120]. When 
components were analysed individually, vitreous hemorrhage, 
retinal laser, and intravitreal injections remained significantly 
reduced, whereas vitrectomy and retinal detachment did not 
[120]. A US claims-based study in patients with NPDR at 
baseline reported significantly lower progression to vision- 
threatening DR (PDR or DME) and to PDR independently, but 
no significant effect on incident DME considered alone, suggesting 
that the reduction in vision-threatening DR was driven mainly by 
decreased progression to PDR [121].

Across these five trials, most fenofibrate exposure occurred in 
the context of concomitant statin therapy, and the strongest retinal 
benefits were demonstrated on a fenofibrate-plus-statin background 
[42, 44, 46, 120, 121]. Consequently, evidence for fenofibrate as 
monotherapy in DR is limited, and current data primarily support 
its role as add-on treatment to statin therapy.
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A secondary analysis of FIELD suggested that the magnitude of 
fenofibrate’s protective effect may vary according to baseline 
haptoglobin concentration, with the greatest benefit observed in 
individuals with the lowest baseline haptoglobin levels [122]. 
Additional clinical studies suggest that fenofibrate may improve 
retinal microvascular health and enhance endogenous vascular 
repair mechanisms [123, 124]. A retrospective cohort study from 
Taiwan further reported that regular fenofibrate use was associated 
with a reduced risk of new-onset retinopathy in patients without 
baseline DR, although potential underdiagnosis within 
administrative datasets limits interpretation [125].

By contrast, the clinical role of fenofibrate in DME remains less 
consistent [42, 44, 46, 120, 121, 126, 127]. LENS demonstrated a 
clear benefit of fenofibrate on DME-related outcomes in people with 
early, non-referable disease: incident macular edema (any centre- or 
non-centre-involving macular edema) was significantly reduced, 
and referable maculopathy (exudates or blot haemorrhages 
within 1 disc diameter of the fovea) was also significantly 
reduced when measured independently [46]. By contrast, 
MacuFEN, which treated eyes with established, predominantly 
centre-involving DME that did not require immediate treatment 
and moderate-to-severe DR, found no significant advantage of FA 
over placebo on OCT-measured macular thickness/volume, visual 
acuity, or need for ocular treatment over 12 months [127].

Notably, in other trials where fenofibrate significantly reduced 
the need for treatment, “treatment” encompassed procedures for 
both DR and maculopathy; these findings indirectly suggest a 
reduction in treatment for DME, but interpretation is limited 
because treatment was not reported separately for DR vs. DME 
and no explicit proportional breakdown was provided [42, 44, 120]. 
Similarly, although FIELD reported a significant reduction in a 
composite imaging outcome that included new macular edema, 
interpretation is limited because new macular edema was not 
analysed as an isolated endpoint and the relative contribution of 
each component within the composite is unclear [44]. When 
analysed as an individual outcome, no significant effect on 
incident DME was reported by the US cohort trial mentioned 
above [121].

A single-centre randomized controlled trial provided evidence 
that adjunctive fenofibrate may enhance mean reduction in central 
macular thickness after DME treatment (anti-VEGF, intravitreal 
triamcinolone, grid/focal macular laser, and/or pan-retinal 
photocoagulation) [126]. However, this is limited by potentially 
unequal and unreported distributions of these treatments between 
groups, making it difficult to attribute between-group differences 
solely to fenofibrate, and by small sample size and short treatment 
duration and follow-up, which reduce statistical power [127]. 
Consistent with LENS and MacuFEN, no significant visual acuity 
benefit was detected over placebo or control groups [46, 126, 127].

In summary, preclinical evidence supports fenofibrate/FA as 
retinal protective agents that modulate inflammation, leukostasis, 
neurodegeneration, and blood-retinal barrier integrity [28, 29, 38, 
39, 102–104, 106, 107, 110–113, 115, 116]. Randomized and 
observational data support fenofibrate (mainly as adjunct to 
statins) as a disease-modifying therapy that slows progression of 
mild–moderate pre-existing DR, reduces the development of PDR 
and, in some studies (notably LENS), incident DME, and may lower 
the need for retinal interventions, with little evidence of benefit in 

eyes with no DR, advanced DR, or for improving visual acuity, 
function, or quality of life [42, 44, 46, 120, 121]. Evidence for a 
therapeutic effect in established, centre-involving DME is generally 
not supportive; indirect signals that fenofibrate may reduce 
maculopathy-related treatment or modestly improve central 
macular thickness are weak and constrained by heterogeneous 
co-treatments and other trial-specific limitations [42, 44, 120, 
126, 127]. Overall, current clinical conclusions for DME are 
strongest for fenofibrate as an add-on preventive therapy in early 
DR rather than as treatment for chronic or advanced DME. Table 2
summarizes the clinical evidence for the treatment of DR and DME 
with fenofibrate. Novel drug delivery systems, such as fenofibrate- 
loaded biodegradable nanoparticles, offer better ocular 
bioavailability and sustained release, but remain experimental at 
this stage [117, 118].

Neovascular age-related macular 
degeneration

AMD is the leading cause of irreversible vision loss among older 
adults and is typically classified as dry and wet forms [4]. 
Neovascular age-related macular degeneration (nAMD), also 
referred to as wet AMD, is a late and aggressive form of AMD 
that affects 10%–15% of patients with AMD [12]. It is characterized 
by the development of pathological choroidal NV, in which 
abnormal blood vessels grow from the choroid through Bruch’s 
membrane into the subretinal space [12]. These vessels leak blood 
and fluid into the subretinal space or into the retina [12]. Current 
management for nAMD relies predominantly on intravitreal anti- 
VEGF therapy, which is costly and requires frequent injections, 
carrying cumulative risks related to repeated intravitreal procedures 
and potential systemic adverse effects [128].

Preclinical studies suggest that FA suppresses choroidal NV 
through both PPARα-dependent and PPARα-independent 
mechanisms [26, 38]. In Vldlr knockout mice and laser-induced 
choroidal NV models, FA reduced choroidal and retinal NV 
together with vascular leakage, retinal leukostasis, and expression 
of VEGF, TNF-α, and ICAM-1 in posterior ocular tissues [26]. 
These PPARα-dependent effects are consistent with the broader 
anti-inflammatory actions of fenofibrate, particularly NF-κB 
inhibition, which likely contributes to its local anti-angiogenic 
and vascular stabilizing activity [26, 129, 130].

In parallel, fenofibrate has also been shown to inhibit choroidal 
NV in CYP2C8-overexpressing mice, and FA suppresses 
angiogenesis in a choroidal sprouting assay. Both effects appear 
to be mediated, at least in part, by a PPARα-independent 
mechanism involving CYP2C-mediated lipid metabolism [38]. 
Low-dose fenofibrate reduces plasma 19,20-EDP levels in 
CYP2C8-overexpressing mice, consistent with CYP2C inhibition, 
and exogenous 19,20-EDP reverses these anti-angiogenic effects. 
Together, these findings support a model in which low dose 
fenofibrate suppresses choroidal NV by inhibiting CYP2C and 
lowering 19,20-EDP levels [38].

Beyond angiogenesis, both fenofibrate and FA have 
demonstrated anti-fibrotic effects relevant to late-stage nAMD 
[36]. In immortalized rat retinal Müller cells, FA reversed TGF- 
β2–induced upregulation of collagen I and connective tissue growth 
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TABLE 2 Summary of clinical evidence for the treatment of DR and DME with fenofibrate.

Authors Design Study population Dose and route 
(duration)

Main outcomes Key limitations

ACCORDION eye 

study [119]

Post-RCT observational 

follow-up of ACCORD

Type 2 diabetes, established 

CVD, prior ACCORD 

participants (n = 1,310)

As in parent ACCORD 

trial

• Fenofibrate benefit on 

DR progression did not 

persist after trial end (OR 

1.13, p = 0.60) 

• Intensive glycemic control 

showed persistent benefit 

on DR progression (5.8% 

vs. 12.7%; OR 0.42, p < 

0.0001) 

• Strict blood pressure 

control had no effect

• Low recruitment/ 

retention 

• Unequal demographic 

spread in returning 

participants 

• Retinopathy data 

collected only once (at 

year 4) 

• HbA1c and lipid 

differences between 

treatment groups 

diminished after trial 

ended

Keech et al. (FIELD) [44] Multicentre, 

multinational, double- 

blind, placebo- 

controlled RCT

Type 2 diabetes, age 50–75 

(n = 9,795; fenofibrate 4,895, 

placebo 4,900). 

Ophthalmology substudy: 

n = 1,012

Fenofibrate 200 mg/day 

vs. placebo (~5 years)

• Laser treatment reduced 

by 31% overall (HR 0.69, 

95% CI 0.56–0.84, p = 

0.0002; ARR 1.5%): 31% 

reduction for macular 

edema (p = 0.002) and 

30% for proliferative DR 

(p = 0.015) 

• In the substudy, 2-step 

progression non- 

significant overall but 

significantly reduced in 

patients with pre-existing 

DR (3.1% vs. 14.6%; p = 

0.004) 

• No effect on visual acuity. 

Benefit independent of 

plasma lipid levels

• Laser treatment was a 

tertiary endpoint (not 

primary) 

• Retinal photography not 

done in all patients at 

baseline 

• Substudy underpowered 

for 2-step progression 

(observed placebo rate 

~12% vs. expected ~25%, 

yielding ~36% power) 

• More placebo patients 

commenced statins (17% 

vs. 8%), potentially 

diluting the observed 

effect 

• No statin co- 

administration at 

baseline limits relevance 

to current standard-of- 

care practice

Bonora et al. [124] Phase IV RCT, single- 

blind, placebo-controlled

Adults with DR (n = 42), 

diabetes duration ~18 years

Fenofibrate 145 mg/day 

vs. placebo (12 weeks)

• Fenofibrate significantly 

increased circulating 

HSPCs (CD34+/ 

CD133+) vs. placebo, 

projecting reduced DR 

progression risk 

• No effect on endothelial 

progenitor cells or 

inflammatory markers

• Small sample size, short 

treatment duration, and 

single-centre design 

• Retinopathy benefit 

estimated indirectly 

(HSPC surrogate) rather 

than observed clinical 

outcomes; vascular and 

hematopoietic function 

of HSPCs not evaluated; 

exclusion of CKD, 

advanced liver disease, 

and other comorbidities

(Continued)
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TABLE 2 Continued

Authors Design Study population Dose and route 
(duration)

Main outcomes Key limitations

ACCORD eye study [43] Multicentre RCT 

substudy

Type 2 diabetes at high CVD 

risk (n = 2,856)

As in parent ACCORD 

trial

• Fenofibrate significantly 

reduced DR progression 

(three-step, 

photocoagulation, or 

vitrectomy) at 4 years 

(OR 0.60, p = 0.0056) 

• Greatest benefit in patients 

with mild baseline 

retinopathy (OR 0.27, p = 

0.0009) 

• Additive effect with 

intensive glycemic 

control

• Retinopathy assessed 

from fundus photos at 

only two time points 

(baseline and year 4) 

• 17.7% lost to follow-up 

• Participants with missing 

data had less favourable 

baseline risk profiles

ACCORD eye study – 

additional ocular 

outcomes [42]

Multicentre RCT 

substudy (companion 

paper to Ref. 43)

Same trial population as 

above; same n = 2,856

As in parent ACCORD 

trial

• Fenofibrate significantly 

slowed DR progression, 

especially in mild baseline 

retinopathy 

• Additive effect observed 

with strict glycemic 

control and fenofibrate 

combined

• Retinopathy assessed 

from fundus photos at 

only two time points 

• Did not include 

participants with 

previously treated 

proliferative DR, 

limiting applicability to 

advanced disease 

• Some subgroup analyses 

were exploratory/post 

hoc 

• Composite endpoint 

combined photographic 

progression with 

treatment-based events

Ju et al. [105] Non-randomized 

controlled interventional 

study

Type 2 diabetes with NPDR 

or PDR (n = 160 intervention 

+ control), plus 30 with 

no DR

Fenofibrate 160 mg/day 

+ conventional therapy 

(12 weeks)

• DR patients had higher 

serum IL-1-beta, TNF- 

alpha, VEGF, Lp-PLA2 

than non-DR controls 

• Fenofibrate significantly 

decreased these cytokines 

in both NPDR and PDR

• Small sample size, short 

treatment duration, and 

single-centre design 

• Treatment allocation 

based on patient 

acceptance (non- 

randomized) 

• No clear blinding 

• No DR progression 

assessment 

• Limited details of 

background therapies 

• Baseline disease duration 

differed across groups 

• Serum biomarkers may 

not reflect intraocular 

retinal inflammation
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TABLE 2 Continued

Authors Design Study population Dose and route 
(duration)

Main outcomes Key limitations

Kim et al. [120] Retrospective 

observational cohort 

(propensity-matched)

Type 2 diabetes + metabolic 

syndrome, statin users (n = 

22,395 fenofibrate + statin 

vs. 43,191 statin-only)

Median on-treatment 

follow-up 37.2 months

• Fenofibrate associated 

with reduced DR 

progression (mainly in 

patients with pre-existing 

DR), reduced risk of 

vitreous hemorrhage, 

laser photocoagulation, 

and intravitreal injection

• Lack data on medical 

adherence 

• No retinal imaging or 

grading scales 

• Progression inferred 

from diagnostic/ 

procedure codes 

• Unmeasured 

confounders may 

remain 

• Specific intravitreal drugs 

not identified

Lin et al. [125] Retrospective population- 

based cohort study

Type 2 diabetes without 

baseline DR (n = 

2,500 fenofibrate users vs. 

29,753 non-users)

Fenofibrate 200 mg/day 

(3 months to >2 years)

• Fenofibrate associated 

with reduced incident DR 

and reduced need for 

laser treatment 

• Suggests long-term 

fenofibrate may prevent 

new-onset DR

• DR diagnosis based on 

ICD-9 codes rather than 

retinal photos 

• No routine retinal 

screening (possible 

under-diagnosis) 

• Fenofibrate users differed 

from non-users at 

baseline 

• Medication exposure 

inferred from claims, not 

adherence-confirmed

Meer et al. [121] Retrospective 

observational cohort

Adults >=18 years with 

NPDR (n = 5,835 fenofibrate 

users vs. 144,417 non-users)

Not reported • Fenofibrate decreased 

risk of vision-threatening 

DR (HR 0.92, p = 0.01) 

and PDR (HR 0.76, p = 

0.001) 

• No significant effect on 

DME alone (HR 0.96, 

p = 0.27)

• No direct access to 

clinical examination or 

retinal imaging 

• DR/DME outcomes 

defined by diagnosis/ 

procedure codes with 

potential outcome 

misclassification 

• No detailed dose, 

adherence, or duration 

data

Ong et al. [122] Secondary analysis of 

RCT data (FIELD)

Adults with type 2 diabetes, 

Australasian FIELD 

participants (n = 8,047)

As in parent FIELD trial • Fenofibrate reduced risk 

of sight-threatening DR 

by 32% overall 

• Greatest benefit in patients 

with lowest baseline 

haptoglobin levels 

• All HP phenotypes 

benefited

• Only Australian and 

New Zealand FIELD 

participants included 

• Baseline PDR and DME 

data not available for the 

full cohort 

• HP level may reflect 

broader inflammation, 

oxidative stress, or liver 

function rather than a 

specific retinopathy 

mechanism

(Continued)
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TABLE 2 Continued

Authors Design Study population Dose and route 
(duration)

Main outcomes Key limitations

Preiss et al. [46] National multicentre 

RCT, double-blind, 

placebo-controlled

Adults with non-referable 

DR or maculopathy (n = 

1,151; 576 fenofibrate, 

575 placebo)

Fenofibrate 145 mg/day 

(or every other day for 

reduced renal function); 

median 4 years

• Fenofibrate significantly 

reduced progression to 

referable DR or 

maculopathy (HR 0.74; 

95% CI 0.61–0.90; 32.1% 

vs. 40.2%) 

• Reduced macular edema 

development (HR 0.50; 

95% CI 0.30–0.84; 3.8% 

vs. 7.5%) 

• No effect on visual 

function, quality of life, or 

visual acuity

• Fenofibrate reduced 

eGFR by ~8 mL/min/ 

1.73m2 on average 

• NHS scotland grading is 

less granular than 

ETDRS, with no direct 

mapping between 

grading systems 

• Single-field 45-degree 

macula-centred photos 

(less retinal coverage 

than ETDRS 7-field) 

• OCT not routinely 

performed (some 

macular edema may 

have been missed)

Quinn et al. [123] Secondary substudy 

analysis of RCT (FIELD)

FIELD trial participants 

with gradable retinal images 

(n = 208)

As in parent FIELD trial • Fenofibrate significantly 

reduced central retinal 

venule caliber at 2 years 

• Retinal arteriolar metrics 

unchanged 

• Suggests fenofibrate may 

improve retinal 

microvascular health

• Only 208 of 1,012 FIELD 

ophthalmology substudy 

participants had 

gradable images at both 

time points (substantial 

attrition) 

• Follow-up limited to 

2 years while FIELD 

retinal benefits emerged 

over longer follow-up 

• Vessel caliber changes 

were not associated with 

ETDRS scores or 

retinopathy severity 

change

Massin et al. 

(MacuFen) [127]

Multicentre RCT, double- 

blind, placebo-controlled

Adults with DME not 

requiring immediate 

treatment (n = 110)

Fenofibrate 135 mg/day 

(12 months)

• Modest decrease in total 

macular volume after 

fluorescein angiography 

favouring fenofibrate but 

not statistically 

significant between 

groups

• Small sample size, short 

treatment duration, and 

single-centre design 

• No significant between- 

group differences for 

visual acuity, ETDRS 

grading, macular edema 

grading, hard exudates, 

or eye procedures 

• 12-month follow-up may 

be too short to detect 

visual/structural effects

(Continued)
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factor and attenuated TGF-β2–induced increases in Wnt signaling 
components [36]. In Vldlr knockout mice, systemic fenofibrate 
attenuated subretinal fibrosis through inhibition of TGF-β– 
Smad2/3 and Wnt signaling pathways, while reducing Müller cell 
activation and retinal expression of collagen I, fibronectin, vimentin, 
and connective tissue growth factor [36]. Consistent with these 
molecular changes, immunofluorescene showed reduced staining of 
fibrotic markers (α-SMA, vimentin, and collagen-1), and protein 
levels of fibronectin, vimentin, and collagen-1 in 7-month-old Vldlr 
knockout mice retinas [36]. Together, these findings suggest that 
fenofibrate and FA therapy may not only suppress neovascular 
activity but also limit fibrotic stages associated with 
advanced disease.

Recent studies have also explored ocular delivery strategies to 
improve fenofibrate bioavailability and therapeutic durability in 
nAMD [51, 117, 118, 128]. Fenofibrate-loaded biodegradable 
PGLA nanoparticles effectively suppressed choroidal NV and 
vascular leakage in both laser-induced and Vldlr knockout 
models, with efficacy comparable to daily systemic administration 
[117]. Sustained-release biomaterial scaffolds targeting the RPE have 
similarly demonstrated favorable biocompatibility and release 
characteristics [51]. Long-acting fenofibrate PLGA microparticles 
provide ≥6-month intravitreal release after a single injection and, in 
Vldlr−/− and Abca4−/−/Rdh8−/− models, reduced retinal and 
choroidal NV, vascular leakage, and retinal degeneration while 
improving mitochondrial markers, with sustained posterior 
segment exposure and no overt ocular or systemic toxicity in 
rabbits [118]. To overcome the limitations of invasive intraocular 
delivery, Huang et al. developed a fenofibrate nano-emulsion eye 
drop that achieved significantly higher retinal, choroidal, and 
corneal fenofibrate and FA levels than systemic administration 
while suppressing retinal inflammation, vascular leakage, and 
laser-induced choroidal NV [128]. Together, these preclinical 
findings highlight sustained-release intravitreal systems, RPE- 
targeted scaffolds, and topical nano-formulations as promising 

strategies to enhance the durability and safety of fenofibrate 
therapy in AMD.

In summary, preclinical evidence suggests that fenofibrate may 
suppress key pathogenic processes in nAMD, including choroidal 
NV, vascular leakage, and subretinal fibrosis [26, 36, 38]. These 
effects appear to involve both PPARα-dependent anti-inflammatory 
and anti-fibrotic mechanisms as well as PPARα-independent 
inhibition of CYP2C-mediated pro-angiogenic signaling [26, 36, 
38]. Emerging ocular delivery strategies, including nanoparticles and 
topical nano-emulsion formulations, further support the 
translational potential of fenofibrate by improving retinal drug 
delivery and reducing treatment burden [51, 117, 118, 128].

Central retinal artery occlusion

Central retinal artery occlusion (CRAO) is an ophthalmic 
emergency caused by the acute obstruction of retinal blood flow. 
Patients typically present with sudden, painless vision loss [131]. Its 
risk factors and demographic profile closely mirror those of ischemic 
stroke and cardiovascular disease [131]. Given the retina’s high 
vascularity and extreme sensitivity to ischemia, retinal ganglion cells 
sustain irreversible damage rapidly if prompt intervention is not 
provided [132].

Preclinical studies suggest that fenofibrate and FA may exert 
neuroprotective effects in retinal ischemic injury, including 
experimental models of CRAO and ischemia–reperfusion injury 
[31, 37]. In adult mouse models of CRAO, systemic fenofibrate 
attenuated ischemia-induced retinal dysfunction, as demonstrated 
by preservation of electroretinography a- and b-wave amplitudes, 
together with partial preservation of synaptophysin expression, 
supporting protection of retinal synaptic integrity [37]. 
Mechanistically, these effects were associated with activation of 
downstream PPARα target genes in the liver, increased 
circulating fibroblast growth factor 21 (FGF21), and modulation 

TABLE 2 Continued

Authors Design Study population Dose and route 
(duration)

Main outcomes Key limitations

Srinivasan et al. [126] Prospective RCT (coin- 

toss randomization, 

unmasked)

Adults with DME (n = 

50 patients, 53 eyes)

Fenofibrate 160 mg/day 

+ standard DME 

protocol (6 months)

• Fenofibrate enhanced 

reduction in central 

macular thickness 

• Non-significant trend 

toward greater visual 

acuity improvement 

• Benefit independent of 

triglyceride levels or 

hypertension

• Small sample size, short 

treatment duration, and 

single-centre design 

• Coin-toss randomization 

with no masking/ 

blinding 

• Both eyes included from 

some patients 

(correlated data) 

• Baseline characteristics 

unbalanced 

• Treatment heterogeneity 

• Time-domain OCT used 

(instead of spectral- 

domain)
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of hypoxia-responsive retinal pathways, including reduced 
expression of HIF-1α and Bcl-2/adenovirus E1B 19-kDa 
interacting protein 3 in the retina, alongside increased retinal 
glucose transporter 1 expression [37]. These findings are 
consistent with improved metabolic adaptation to ischemic stress: 
circulating FGF21 has been linked to neuroprotection through 
attenuation of neuroinflammation and preservation of retinal 
photoreceptors, whereas upregulation of glucose transporter 1 in 
the retina may help sustain glucose uptake and ATP generation 
during hypoxia [133–135].

Further mechanistic studies demonstrated that PPARα 
expression is significantly reduced in oxygen–glucose 
deprivation-treated retinal cells and in ischemia–reperfusion 
model retinas, particularly within the retinal ganglion cell layer, 
whereas FA restored PPARα expression both in vitro and in vivo 
[31]. FA attenuated ischemia–reperfusion-induced retinal ganglion 
cell loss, reduced ganglion cell complex thinning, and improved 
retinal electrophysiological responses [31]. These neuroprotective 
effects were accompanied by reduced glial fibrillary acidic protein 
and COX-2 expression, suggesting attenuation of glial activation and 
retinal inflammation [31].

In summary, preclinical evidence indicates that fenofibrate 
confer protective effects in retinal ischemic injury relevant to 
CRAO through PPARα-dependent mechanisms and downstream 
retinal actions. In the first model, fenofibrate primarily activates 
PPARα in the liver, increasing circulating FGF21, which in turn 
modulates retinal hypoxia-responsive pathways and metabolic 
adaptation [37], whereas in ischemia-reperfusion models FA 
restores PPARα expression within the retina itself, leading to 
suppression of glial activation and neuroinflammation and direct 
neuroprotection of retinal ganglion cells [31].

Discussion

This review highlights the evolving ophthalmic relevance of 
fenofibrate beyond its traditional role as a lipid-lowering agent. 
Interest was initially driven by the FIELD and ACCORD Eye studies, 
which demonstrated that fenofibrate reduced the progression of DR 
and the need for retinopathy treatment in patients with mild-to- 
moderate NPDR [42–44], but accumulating evidence now suggests 
broader therapeutic potential across both corneal and retinal 
diseases [27, 35–37, 48–51, 56, 75]. The strength of evidence 
varies substantially by indication. DR and DME currently have 
the strongest evidence base, supported by both randomized and 
non-randomized clinical trials and translational studies [42–44, 46, 
105, 119–122, 124–127]. Clinical evidence for DCN remains 
preliminary but promising [35, 74], whereas data for DED, 
corneal burns and NV, FECD, nAMD, and retinal ischemic 
injury remain preclinical [26, 31, 55, 56, 93]. Fenofibrate 
therefore occupies different stages of translational maturity across 
ophthalmology, ranging from clinically supported slowing of DR 
progression and reduction in treatment-requiring disease to 
exploratory mechanistic investigation in other ocular diseases.

One of the most consistent effects of fenofibrate across disease 
models was preservation of mitochondrial integrity and metabolic 
function in ocular tissues and relevant systemic cell types [24, 25, 28, 
35, 55, 56, 85, 102, 116]. PPARα knockout models conversely show 

mitochondrial dysfunction and impaired cellular homeostasis across 
both corneal and retinal tissues [24, 25, 28, 89, 116]. Fenofibrate 
likely enhances mitochondrial biogenesis and function via canonical 
PPARα–PGC-1α signaling, upregulating NRF-1 and mitochondrial 
transcription factor A (TFAM) to support mitochondrial DNA 
maintenance and respiration, as demonstrated in non-ocular 
systems and plausibly operating in ocular tissues as well [136]. 
Improved mitochondrial function may increase fatty-acid oxidation, 
reduce intracellular lipid accumulation and lipotoxicity, and 
downstream local inflammatory signaling, which may help 
explain impaired epithelial healing in diabetic and alkali-burned 
corneas given the high ATP demand of repair and tissue 
regeneration [25, 55, 137].

Preservation of mitochondrial integrity may also underlie many 
of fenofibrate’s anti-inflammatory effects. Dysfunctional 
mitochondria promote ROS accumulation and reduced fatty-acid 
oxidation, amplifying oxidative stress, NF-κB activation, 
inflammatory cytokine production, and VEGF-associated 
angiogenic signaling [138–141]. By restoring mitochondrial 
health in both ocular cells, such as corneal epithelium and retinal 
microglia, and systemic immune cells, including monocytes, 
fenofibrate may reduce ROS generation, limit mitochondrial 
DNA release and cGAS–STING activation, and thereby decrease 
leukostasis, vascular leakage, and inflammation, contributing to 
reduced immune-cell infiltration, inflammatory mediator 
expression, and NV across multiple models. In diabetic mouse 
retinas, fenofibrate activates Nrf2 and downstream antioxidant 
pathways such as NQO-1 and HO-1 [105], and because 
Nrf2 regulates mitochondrial biogenesis, respiration, and 
mitophagy [142], crosstalk between PPARα and Nrf2 may further 
couple mitochondrial protection with suppression of oxidative stress 
and NF-κB-mediated inflammation [143].

Anti-fibrotic effects emerged across corneal burn, nAMD, and 
FECD disease models, with reduced α-SMA–positive 
myofibroblasts, collagen deposition, stromal fibrosis, and 
subretinal fibrosis, associated with inhibition of TGF-β–Smad2/ 
3 and Wnt signaling [36, 50, 56]. This is particularly relevant in 
corneal injury, where TGF-β drives keratocyte-to-myofibroblast 
differentiation and stromal scarring [144]. In contrast, increased 
TGF-β activity in a Sjögren syndrome–like dacryoadenitis model 
(affecting lacrimal glands and systemic lymphoid tissues) may have 
supported Treg-mediated immune regulation [49, 145], suggesting 
context-dependent modulation of TGF-β signaling. Collectively, 
these findings indicate that fenofibrate functions less as a single- 
target drug and more as a pathway-modifying agent that can 
interrupt interconnected cycles of mitochondrial dysfunction, 
oxidative stress, inflammatory amplification, angiogenesis, and 
fibrosis across multiple ophthalmic diseases.

A major unresolved question is whether fenofibrate should be 
positioned primarily as an early disease-modifying therapy or as a 
treatment for advanced ophthalmic disease. Across DR studies, the 
most consistent evidence supports a role in slowing early 
progression rather than reversing established pathology, with 
FIELD, ACCORD Eye, and LENS indicating that benefit is 
greatest in patients with mild-to-moderate pre-existing DR and 
limited in those without baseline retinopathy or with advanced 
disease [42, 44, 46]. This is reinforced by retrospective studies 
showing benefit in patients with NPDR [121], but no significant 
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benefit in those without baseline retinopathy [120]. Preliminary 
clinical data in DCN similarly show improvements in corneal nerve 
and ocular surface parameters in patients with abnormal baseline 
findings, but the efficacy of fenofibrate in established DCN and 
diabetic keratopathy remains uncertain [35, 74].

This stage-dependent pattern is particularly evident in DME. 
The apparent discrepancy in findings between LENS and MacuFEN 
likely reflect differences in follow-up duration, sample size, outcome 
measures, and, importantly, baseline disease severity [46, 127]. In 
LENS, beneficial outcomes were seen in a population in which the 
majority had no baseline maculopathy (90%), whereas MacuFEN 
showed no significant treatment benefit in participants with 
established, treatment-eligible DME and more advanced DR [46, 
127]. Its anti-inflammatory and vascular-stabilizing effects may limit 
microvascular deterioration and reduce DME development, but may 
be insufficient to consistently resolve established center-involving 
edema or improve visual acuity [126, 127].

Together, these findings support fenofibrate primarily as an 
early progression-modifying adjunct to existing therapies rather 
than as a treatment for advanced ocular disease. Outside DR, the 
optimal treatment window remains uncertain, and late-stage efficacy 
rests mainly on limited preclinical evidence. Preclinical data in 
nAMD, in which fenofibrate and FA reduced subretinal fibrosis 
and profibrotic signaling in late-stage models [36], suggest potential 
activity in fibrotic disease but remain hypothesis-generating and do 
not outweigh the stronger clinical signal favoring earlier 
intervention.

Another key translational issue is the durability of fenofibrate’s 
benefit after treatment discontinuation. In ACCORDION, the 
protective effect on DR progression observed during ACCORD 
was not sustained once fenofibrate was stopped [119], and 
outside DR, studies have not evaluated outcomes after cessation 
[35–37, 50, 56, 85, 128], leaving it unclear whether benefits persist off 
therapy. If continuous long-term administration is required to 
maintain efficacy, fenofibrate may be less attractive as a “low- 
intensity” alternative.

Nevertheless, long-term adjunctive oral fenofibrate could still 
lessen overall patient burden if it slows progression to sight- 
threatening disease, reduces complications, or decreases the need 
for invasive treatment. In DR, the strongest evidence supports a 
significant reduction in retinal laser treatment with fenofibrate [42, 
44, 120, 125]. Effects on vitrectomy and intravitreal injections are less 
consistent, with both significant and non-significant benefits reported 
[42, 46, 120]. Most notably, LENS found no significant effect on a 
composite treatment outcome (intravitreal injection, retinal laser, 
vitrectomy), likely because it enrolled a much earlier, lower-event- 
rate population and was primarily powered to detect differences in 
referable disease and incident macular edema [46]. Further long-term 
studies are needed to clarify whether fenofibrate should be used 
indefinitely, intermittently, or at specific disease stages, and whether 
adjunctive therapy meaningfully reduces DR complications and 
invasive interventions beyond standard care alone.

Ocular drug delivery is another key translational consideration. 
Oral fenofibrate has the strongest clinical evidence, particularly in 
DR, but systemic therapy carries renal, hepatic, and muscle-related 
safety considerations, especially in patients with diabetes, renal 
impairment, or concomitant statin use [34, 40]. Local delivery 
may be preferable for anterior segment disease or retinal 

indications requiring higher intraocular exposure with lower 
systemic risk. In DCN, topical fenofibrate produced earlier 
improvement than oral therapy and enhanced tear neurotrophic 
signaling [48], suggesting that targeted ocular delivery may confer 
faster or more specific benefits. Emerging approaches, including 
nano-emulsions, nanoparticles, hydrogels, sustained-release models, 
and microemulsions may improve ocular residence time, tissue 
targeting, and dosing durability [51, 95, 96, 117, 118, 128]. 
However, these local delivery strategies remain largely 
experimental, and further work on ocular pharmacokinetics, 
tissue penetration, formulation stability, long-term safety, and 
practical manufacturability is required before they can be 
translated into reliable clinical therapies.

Alongside questions of route and formulation, the clinical 
applicability of systemic fenofibrate must be weighed against its 
safety profile, particularly if long-term treatment is envisaged as a 
disease-modifying strategy [119]. Although fenofibrate is widely 
used in general medicine, ophthalmic repurposing would require 
structured baseline and periodic monitoring.

Renal safety is a consideration. Modest, reversible increases in 
serum creatinine are described [146], and dose reduction is 
recommended in renal impairment [34, 40]. Concomitant use with 
nephrotoxic agents, particularly cyclosporine, has been associated with 
an increased risk of nephrotoxicity, myositis, and rhabdomyolysis, and 
therefore warrants particular caution [34, 40]. Notably, despite these 
creatinine changes, long-term trials have shown a slower decline in 
eGFR and reduced progression of albuminuria compared with 
placebo, suggesting a net renoprotective effect [146].

Hepatic and muscle safety also require attention. Fenofibrate is 
contraindicated in active liver disease or unexplained persistent liver 
function test abnormalities, and routine monitoring of liver enzymes 
is advised [34, 40]. Skeletal muscle adverse effects range from 
myalgia and moderate creatine kinase elevation to rare 
rhabdomyolysis [34], although no rhabdomyolysis cases were 
reported in ACCORD or FIELD [40]. The risks of liver enzyme 
elevation and myopathy appear higher than with statin 
monotherapy [147], but fenofibrate is considered safer than 
gemfibrozil in combination with statins because it does not 
inhibit hepatic statin glucuronidation [148].

Limitations of current evidence

Several limitations of the current evidence should be 
acknowledged. The strength of evidence across indications 
remains uneven: FIELD, ACCORD Eye, and LENS provide 
strong clinical support for fenofibrate in DR, but most other 
ocular indications rely largely on preclinical data. Even within 
DR and DME, many studies are secondary analyses, subgroup 
analyses, retrospective cohorts, or small interventional trials 
rather than large randomized trials, increasing the risk of residual 
confounding, outcome misclassification, and overinterpretation 
[120–123, 125]. Preliminary clinical studies in DCN is similarly 
limited by small sample sizes, open-label designs, lack of 
randomized placebo-controlled diabetic comparator groups, short 
treatment duration, and recruitment from single-country specialist 
centers, thereby limiting both causal inference and 
generalizability [35, 74].
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Trial-level limitations also temper interpretation. ACCORD Eye 
had incomplete follow-up and limited retinal imaging time points, 
while ACCORDION suggested that DR benefit may not persist after 
treatment cessation, although this extension was limited by low 
retention and post-trial convergence of glycemic and lipid 
differences [42, 119]. LENS strengthened the evidence base but 
used screening-based retinal grading, single-field photography, and 
did not routinely include OCT, which may have reduced sensitivity 
for subtle DR or DME changes [46]. Available DME trials remain 
small and short, and are inconsistent in demonstrating visual acuity 
benefit despite some anatomical improvements [126, 127]. 
Interpretation is further complicated by heterogeneity in baseline 
disease severity and non-equivalent endpoints, including incident 
macular edema, treatment-requiring DME, OCT-based retinal 
thickness, and visual acuity outcomes [46, 126, 127].

Preclinical and mechanistic studies provide important biological 
plausibility but also have significant limitations. Many animal studies 
use young, male, single-strain models with short treatment windows, 
while some employ preventive rather than therapeutic protocols, 
which may not accurately reflect the complexity, chronicity, and 
treatment timing encountered in real-world human disease [31, 37, 
38, 57, 91–93, 95, 117]. In vitro studies often rely on immortalized or 
simplified cell systems exposed to isolated stressors such as high 

glucose, IL-1β, 4-HNE, oxidized/glycated LDL, or hydrogen 
peroxide [24, 38, 39, 110–113, 115, 117]. These models are useful 
for pathway discovery but only partially reproduce chronic, 
heterogeneous human ocular disease. As noted earlier, tissue 
distribution, dose-response relationships, optimal treatment timing, 
and long-term ocular safety still remain insufficiently defined for novel 
ocular drug delivery systems [51, 95, 96, 117, 118, 128].

Future directions

Future research should clarify where fenofibrate fits within 
ophthalmic disease management and which patients derive the 
greatest benefit. In DR and DME, adequately powered trials must 
determine whether fenofibrate primarily functions as an early 
progression-modifying therapy, to distinguish prevention of DME 
progression from treatment of established center-involving edema, 
and to assess whether adjunctive use reduces the cumulative burden 
of invasive retinal interventions. Future studies should separate 
prevention from treatment and stratify patients by disease 
severity, and concomitant therapies. Longer-term studies 
incorporating frequent, longitudinal retinal imaging are also 
needed to evaluate the durability of benefit after treatment 

FIGURE 1 
Illustration of the therapeutic effects of fenofibrate across corneal and retinal diseases. Created in BioRender. Liu, Y. C. (https://BioRender.com/ 
60dqd3c) is licensed under CC BY 4.0.
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discontinuation and characterize the trajectory of DR progression 
after drug cessation.

Larger controlled trials are similarly needed for DCN and other 
corneal and retinal diseases, where current evidence remains preliminary 
or predominantly preclinical. In DCN, future trials should compare 
fenofibrate against current symptomatic treatments (e.g., topical 
lubricants, tear substitutes, and nerve-targeted therapies) to confirm 
whether fenofibrate produces a meaningfully greater benefit than 
symptom management alone. Mechanistic studies should further 
define the relative contributions of PPARα-dependent and 
independent pathways, particularly the interplay among 
mitochondrial dysfunction, oxidative stress, cGAS-STING signaling, 
NF-κB activation, angiogenesis, and fibrosis. Finally, for newer ocular 
delivery systems, ocular pharmacokinetics, long-term safety, and optimal 
treatment strategies remain to be established across ophthalmic 
indications.

Conclusion

In conclusion, fenofibrate shows promising potential across 
multiple ophthalmic diseases through effects on mitochondrial 
function, vascular stability, and tissue remodeling, with 
experimental data using its active metabolite FA further suggesting 
stabilizing actions on the blood-retinal barrier. (Figure 1). Current 
evidence most strongly supports its adjunctive role in slowing DR 
progression and reducing the need for retinal interventions in patients 
with mild-to-moderate DR, whereas its role in DME remains less 
certain and appears more preventive than therapeutic for established 
edema or visual acuity improvement. Emerging early clinical evidence 
also suggests potential benefit in DCN, particularly for corneal 
epithelial integrity, ocular surface inflammation, and corneal nerve 
regeneration. For DED, corneal burns, FECD, nAMD, and CRAO, 
evidence remains largely preclinical and is currently insufficient to 
establish clinical efficacy. Future research should prioritize larger 
controlled trials, validation of proposed mechanisms, optimized 
ocular drug-delivery strategies, and long-term safety evaluation to 
more clearly define fenofibrate’s role in ophthalmic practice. These 
findings may guide the development of more targeted, potent, and 
tissue-specific therapies. In this sense, fenofibrate may also serve as a 
stepping stone for broader therapeutic advances across corneal and 
retinal disease.

Author contributions

SC-HH: Writing – original draft, Writing – review and editing, 
Conceptualization, Data curation, Investigation. IL: Writing – 
review and editing, Data curation. CL: Writing – review and 
editing, Data curation. MY: Writing – review and editing, Data 
curation. HT: Writing – review. GT: Writing – review. Y-CL: Data 
curation, Investigation, Methodology, Resources, Supervision, 
Writing – original draft, Writing – review and editing, 
Conceptualization. All authors contributed to the article and 
approved the submitted version.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. The authors declare that this study 
received funding from Singapore National Medical Research 
Council grants (CSAINV24jul-0005 and CIRG24jul-0010). The 
funder was not involved in the study design, collection, analysis, 
interpretation of data, the writing of this article or the decision to 
submit it for publication.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was used in the creation 
of this manuscript. We used the AI tool ChatGPT (version GPT-4, 
provided by OpenAI) to assist exclusively with structure, grammar, 
and improving the readability of the manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure 
accuracy, including review by the authors wherever possible. If 
you identify any issues, please contact us.

References

1. Steinmetz JD, Bourne RRA, Briant PS, Flaxman SR, Taylor HRB, Jonas JB, et al. 
Causes of blindness and vision impairment in 2020 and trends over 30 years, and 
prevalence of avoidable blindness in relation to VISION 2020: the right to sight: an 
analysis for the global burden of disease study. The Lancet Glob Health (2021) 9: 
e144–e160. doi: 10.1016/S2214-109X(20)30489-7

2. Teo ZL, Tham YC, Yu M, Chee ML, Rim TH, Cheung N, et al. Global prevalence of 
diabetic retinopathy and projection of burden through 2045: systematic review and meta- 
analysis. Ophthalmology (2021) 128(11):1580–91. doi: 10.1016/j.ophtha.2021.04.027

3. Wang W, Lo ACY. Diabetic retinopathy: pathophysiology and treatments. Int J Mol 
Sci (2018) 19(6):1816. doi: 10.3390/ijms19061816

4. Gehrs KM, Anderson DH, Johnson LV, Hageman GS. Age-related macular 
degeneration--emerging pathogenetic and therapeutic concepts. Ann Med (2006) 
38(7):450–71. doi: 10.1080/07853890600946724

5. Wong WL, Su X, Li X, Cheung CM, Klein R, Cheng CY, et al. Global prevalence of 
age-related macular degeneration and disease burden projection for 2020 and 2040: a 

systematic review and meta-analysis. Lancet Glob Health (2014) 2(2):e106–16. doi: 10. 
1016/S2214-109X(13)70145-1

6. Zhou Q, Yang L, Wang Q, Li Y, Wei C, Xie L. Mechanistic investigations of diabetic 
ocular surface diseases. Front Endocrinol (Lausanne) (2022) 13:1079541. doi: 10.3389/ 
fendo.2022.1079541

7. Na KS, Han K, Park YG, Na C, Joo CK. Depression, stress, quality of life, and dry eye 
disease in Korean women: a population-based study. Cornea (2015) 34(7):733–8. doi: 10. 
1097/ICO.0000000000000464

8. Hemaya M, Hemaya M, Habeeb A. Evaluating keratoplasty for fuchs’ endothelial 
corneal dystrophy: a literature review. Cureus (2023) 15(1):e33639. doi: 10.7759/cureus. 
33639

9. Wu D, Chan KE, Lim BXH, Lim DK, Wong WM, Chai C, et al. Management of 
corneal neovascularization: current and emerging therapeutic approaches. 
Indian J Ophthalmol (2024) 72(Suppl. 3):S354–S371. doi: 10.4103/IJO.IJO_ 
3043_23

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 18

Ho et al. 10.3389/jpps.2026.16995

https://doi.org/10.1016/S2214-109X(20)30489-7
https://doi.org/10.1016/j.ophtha.2021.04.027
https://doi.org/10.3390/ijms19061816
https://doi.org/10.1080/07853890600946724
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.3389/fendo.2022.1079541
https://doi.org/10.3389/fendo.2022.1079541
https://doi.org/10.1097/ICO.0000000000000464
https://doi.org/10.1097/ICO.0000000000000464
https://doi.org/10.7759/cureus.33639
https://doi.org/10.7759/cureus.33639
https://doi.org/10.4103/IJO.IJO_3043_23
https://doi.org/10.4103/IJO.IJO_3043_23
https://doi.org/10.3389/jpps.2026.16995


10. Mansoor H, Tan HC, Lin MT-Y, Mehta JS, Liu Y-C. Diabetic corneal neuropathy. 
J Clin Med (2020) 9(12):3956. doi: 10.3390/jcm9123956

11. Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, Jenkins A, et al. The progress 
in understanding and treatment of diabetic retinopathy. Prog Retin Eye Res (2016) 51: 
156–86. doi: 10.1016/j.preteyeres.2015.08.001

12. Ambati J, Fowler BJ. Mechanisms of age-related macular degeneration. Neuron 
(2012) 75(1):26–39. doi: 10.1016/j.neuron.2012.06.018

13. Ryan GJ. New pharmacologic approaches to treating diabetic retinopathy. Am 
J Health Syst Pharm (2007) 64(12):S15–21. doi: 10.2146/ajhp070332

14. Ali TK, El-Remessy AB. Diabetic retinopathy: current management and experimental 
therapeutic targets. Pharmacotherapy (2009) 29(2):182–92. doi: 10.1592/phco.29.2.182

15. Bressler NM, Beaulieu WT, Maguire MG, Glassman AR, Blinder KJ, Bressler SB, 
et al. Early response to anti-vascular endothelial growth factor and two-year outcomes 
among eyes with diabetic macular edema in protocol T. Am J Ophthalmol (2018) 195: 
93–100. doi: 10.1016/j.ajo.2018.07.030

16. Bahr TA, Bakri SJ. Update on the management of diabetic retinopathy: anti-VEGF 
agents for the prevention of complications and progression of nonproliferative and 
proliferative retinopathy. Life (Basel) (2023) 13(5):1098. doi: 10.3390/life13051098

17. Xie M, Jie Y. Transforming corneal alkali burn treatment: unveiling mechanisms and 
pioneering therapies from bench to bedside. J Transl Med (2025) 23:1132. doi: 10.1186/ 
s12967-025-07102-0

18. Bikbova G, Oshitari T, Baba T, Bikbov M, Yamamoto S. Diabetic corneal neuropathy: 
clinical perspectives. Clin Ophthalmol (2018) 12:981–7. doi: 10.2147/OPTH.S145266

19. Shen LB, Kabat AG, Bacharach J, Karpecki P, Luchs J. Managing dry eye disease and 
facilitating realistic patient expectations: a review and appraisal of current therapies. Clin 
Ophthalmol (2020) 14:119–26. doi: 10.2147/OPTH.S228838

20. Jhanji V, Billig I, Yam GH. Cell-free biological approach for corneal stromal wound 
healing. Front Pharmacol (2021) 12:671405. doi: 10.3389/fphar.2021.671405

21. Montaigne D, Butruille L, Staels B. PPAR control of metabolism and cardiovascular 
functions. Nat Rev Cardiol (2021) 18(12):809–23. doi: 10.1038/s41569-021-00569-6

22. Berger J, Moller DE. The mechanisms of action of PPARs. Annu Rev Med (2002) 53: 
409–35. doi: 10.1146/annurev.med.53.082901.104018

23. Shiono A, Sasaki H, Sekine R, Abe Y, Matsumura Y, Inagaki T, et al. PPARα 
activation directly upregulates thrombomodulin in the diabetic retina. Scientific Rep 
(2020) 10(1):10837. doi: 10.1038/s41598-020-67579-1

24. Pearsall EA, Cheng R, Matsuzaki S, Zhou K, Ding L, Ahn B, et al. Neuroprotective 
effects of PPARα in retinopathy of type 1 diabetes. PLOS ONE (2019) 14(2):e0208399. 
doi: 10.1371/journal.pone.0208399

25. Liang W, Huang L, Whelchel A, Yuan T, Ma X, Cheng R, et al. Peroxisome 
proliferator-activated receptor-α (PPARα) regulates wound healing and mitochondrial 
metabolism in the cornea. Proc Natl Acad Sci U S A (2023) 120(13):e2217576120. doi: 10. 
1073/pnas.2217576120

26. Qiu F, Matlock G, Chen Q, Zhou K, Du Y, Wang X, et al. Therapeutic effects of 
PPARα agonist on ocular neovascularization in models recapitulating neovascular age- 
related macular degeneration. Invest Ophthalmol Vis Sci (2017) 58(12):5065–75. doi: 10. 
1167/iovs.17-22091

27. Matlock HG, Qiu F, Malechka V, Zhou K, Cheng R, Benyajati S, et al. Pathogenic role 
of PPARα downregulation in corneal nerve degeneration and impaired corneal 
sensitivity in diabetes. Diabetes (2020) 69(6):1279–91. doi: 10.2337/db19-0898

28. Dong L, Cheng R, Ma X, Liang W, Hong Y, Li H, et al. Regulation of monocyte 
activation by PPARα through interaction with the cGAS-STING pathway. Diabetes 
(2023) 72(7):958–72. doi: 10.2337/db22-0654

29. Chen Y, Hu Y, Lin M, Jenkins AJ, Keech AC, Mott R, et al. Therapeutic effects of 
PPARα agonists on diabetic retinopathy in type 1 diabetes models. Diabetes (2013) 
62(1):261–72. doi: 10.2337/db11-0413

30. Ding L, Cheng R, Hu Y, Takahashi Y, Jenkins AJ, Keech AC, et al. Peroxisome 
proliferator-activated receptor α protects capillary pericytes in the retina. Am J Pathol 
(2014) 184(10):2709–20. doi: 10.1016/j.ajpath.2014.06.021

31. Yao F, Zhang X, Yao X, Ren X, Xia X, Jiang J, et al. Peroxisome proliferator-activated 
receptor α activation protects retinal ganglion cells in ischemia-reperfusion retinas. 
Front Med (Lausanne) (2021) 8:788663. doi: 10.3389/fmed.2021.788663

32. Nakano Y, Uchiyama M, Arima T, Nagasaka S, Igarashi T, Shimizu A, et al. PPARα 
agonist suppresses inflammation after corneal alkali burn by suppressing 
proinflammatory cytokines, MCP-1, and nuclear translocation of NF-κB. Molecules 
(2018) 7:17763. doi: 10.3390/molecules24010114

33. Ma X, Wu W, Liang W, Takahashi Y, Cai J, Ma JX. Modulation of cGAS-STING 
signaling by PPARα in a mouse model of ischemia-induced retinopathy. Proc Natl Acad 
Sci U S A (2022) 119(48):e2208934119. doi: 10.1073/pnas.2208934119

34. DailyMed. Fenofibrate tablet prescribing information. Bestheda, MD: National Library of 
Medicine (NLM). Available online at: https://www.dailymed.nlm.nih.gov/dailymed/ 
drugInfo.cfm?setid=734f72a2-96f7-4480-9a87-c1ffd94b5f0b (Accessed January 21, 2026).

35. Mansoor H, Lee IXY, Liu C, Yu M, Toh CJL, Hsu VW, et al. Fenofibrate ameliorates 
ocular surface inflammation in diabetic keratopathy. Ocul Surf (2025) 38:31–40. doi: 10. 
1016/j.jtos.2025.05.010

36. Chen Q, Jiang N, Zhang Y, Ye S, Liang X, Wang X, et al. Fenofibrate inhibits 
subretinal fibrosis through suppressing TGF-β-Smad2/3 signaling and wnt signaling in 
neovascular age-related macular degeneration. Front Pharmacol (2020) 11:580884. doi: 
10.3389/fphar.2020.580884

37. Lee D, Tomita Y, Miwa Y, Jeong H, Mori K, Tsubota K, et al. Fenofibrate protects 
against retinal dysfunction in a murine model of common carotid artery occlusion- 
induced ocular ischemia. Pharmaceuticals (Basel) (2021) 14(3):223. doi: 10.3390/ 
ph14030223

38. Gong Y, Shao Z, Fu Z, Edin ML, Sun Y, Liegl RG, et al. Fenofibrate inhibits 
cytochrome P450 epoxygenase 2C activity to suppress pathological ocular angiogenesis. 
EBioMedicine (2016) 13:201–11. doi: 10.1016/j.ebiom.2016.09.025

39. Villarroel M, Garcia-Ramírez M, Corraliza L, Hernández C, Simó R. Fenofibric acid 
prevents retinal pigment epithelium disruption induced by interleukin-1β by 
suppressing AMP-Activated protein kinase (AMPK) activation. Diabetologia (2011) 
54(6):1543–53. doi: 10.1007/s00125-011-2089-5

40. Milionis H, Moutzouri K. Elisaf. Management of dyslipidemias with fibrates, alone 
and in combination with statins: role of delayed-release fenofibric acid. Vasc Health Risk 
Management (2010) 6:525–39. doi: 10.2147/vhrm.s5593

41. Berglund L, Brunzell JD, Goldberg AC, Goldberg IJ, Sacks F, Murad MH, et al. 
Evaluation and treatment of hypertriglyceridemia: an endocrine society clinical practice 
guideline. The J Clin Endocrinol & Metab (2012) 97(9):2969–89. doi: 10.1210/jc.2011- 
3213

42. Chew EY, Davis MD, Danis RP, Lovato JF, Perdue LH, Greven C, et al. The effects of 
medical management on the progression of diabetic retinopathy in persons with type 
2 diabetes: the action to control cardiovascular risk in diabetes (ACCORD) eye study. 
Ophthalmology (2014) 121(12):2443–51. doi: 10.1016/j.ophtha.2014.07.019

43. Chew EY, Ambrosius WT, Davis MD, Danis RP, Gangaputra S, Greven CM, et al. 
Effects of medical therapies on retinopathy progression in type 2 diabetes. N Engl J Med 
(2010) 363(3):233–44. doi: 10.1056/NEJMoa1001288

44. Keech AC, Mitchell P, Summanen PA, O’Day J, Davis TM, Moffitt MS, et al. Effect of 
fenofibrate on the need for laser treatment for diabetic retinopathy (FIELD study): a 
randomised controlled trial. Lancet (2007) 370(9600):1687–97. doi: 10.1016/S0140- 
6736(07)61607-9

45. Keech A, Simes RJ, Barter P, Best J, Scott R, Taskinen MR, et al. Effects of long-term 
fenofibrate therapy on cardiovascular events in 9795 people with type 2 diabetes mellitus 
(the FIELD study): randomised controlled trial. Lancet (2005) 366(9500):1849–61. doi: 
10.1016/S0140-6736(05)67667-2

46. Preiss D, Logue J, Sammons E, Zayed M, Emberson J, Wade R, et al. Effect of 
fenofibrate on progression of diabetic retinopathy. NEJM Evid (2024) 3(8): 
EVIDoa2400179. doi: 10.1056/EVIDoa2400179

47. Tomita Y, Lee D, Tsubota K, Kurihara T. PPARα agonist oral therapy in diabetic 
retinopathy. Biomedicines (2020) 8(10):433. doi: 10.3390/biomedicines8100433

48. Mansoor H, Lee IXY, Lin MT, Ang HP, Xue YC, Krishaa L, et al. Topical and oral 
peroxisome proliferator-activated receptor-α agonist ameliorates diabetic corneal 
neuropathy. Sci Rep (2024) 14(1):13435. doi: 10.1038/s41598-024-64451-4

49. Guo X, Dang W, Li N, Wang Y, Sun D, Nian H, et al. PPAR-α agonist fenofibrate 
ameliorates sjögren syndrome-like dacryoadenitis by modulating Th1/Th17 and treg cell 
responses in NOD mice. Invest Ophthalmol Vis Sci (2022) 63(6):12. doi: 10.1167/iovs.63. 
6.12

50. Arima T, Uchiyama M, Nakano Y, Nagasaka S, Kang D, Shimizu A, et al. Peroxisome 
proliferator-activated receptor alpha agonist suppresses neovascularization by reducing 
both vascular endothelial growth factor and angiopoietin-2 in corneal alkali burn. Sci 
Rep (2017) 7(1):17763. doi: 10.1038/s41598-017-18113-3

51. Abedin ZM, Alany RG, Satarian L, Shavandi A, Abdullah Almousa M, Brocchini S, 
et al. Maillard reaction crosslinked alginate-albumin scaffolds for enhanced fenofibrate 
delivery to the retina: a promising strategy to treat RPE-related dysfunction. 
Pharmaceutics (2023) 15(5):1330. doi: 10.3390/pharmaceutics15051330

52. Kataoka SY, Lois N, Kawano S, Kataoka Y, Inoue K, Watanabe N. Fenofibrate for 
diabetic retinopathy. Cochrane Database Syst Rev (2023) 6(6):CD013318. doi: 10.1002/ 
14651858.CD013318.pub2

53. Elkjaer AS, Lynge SK, Grauslund J. Evidence and indications for systemic treatment 
in diabetic retinopathy: a systematic review. Acta Ophthalmol (2020) 98(4):329–36. doi: 
10.1111/aos.14377

54. Ngah NF, Muhamad NA, Abdul Aziz RA, Mohamed SO, Ahmad Tarmizi NA, 
Adnan A, et al. Fenofibrate for the prevention of progression of non-proliferative 
diabetic retinopathy: review, consensus recommendations and guidance for 
clinical practice. Int J Ophthalmol (2022) 15(12):2001–8. doi: 10.18240/ijo. 
2022.12.16

55. Sun X, Zhang J, Li X, Li Y, Zhao X, Sun X, et al. Fenofibrate inhibits activation of 
cGAS-STING pathway by alleviating mitochondrial damage to attenuate inflammatory 
response in diabetic dry eye. Free Radic Biol Med (2025) 235:364–78. doi: 10.1016/j. 
freeradbiomed.2025.05.383

56. Li X, Liu A, Zhou Y, Qi H, Wang J, Chen M, et al. Proliferator-activated receptor 
alpha inhibits abnormal extracellular matrix accumulation and maintains energy 
metabolism in late-onset fuchs endothelial corneal dystrophy. Invest Ophthalmol Vis 
Sci (2025) 66(4):36. doi: 10.1167/iovs.66.4.36

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 19

Ho et al. 10.3389/jpps.2026.16995

https://doi.org/10.3390/jcm9123956
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://doi.org/10.1016/j.neuron.2012.06.018
https://doi.org/10.2146/ajhp070332
https://doi.org/10.1592/phco.29.2.182
https://doi.org/10.1016/j.ajo.2018.07.030
https://doi.org/10.3390/life13051098
https://doi.org/10.1186/s12967-025-07102-0
https://doi.org/10.1186/s12967-025-07102-0
https://doi.org/10.2147/OPTH.S145266
https://doi.org/10.2147/OPTH.S228838
https://doi.org/10.3389/fphar.2021.671405
https://doi.org/10.1038/s41569-021-00569-6
https://doi.org/10.1146/annurev.med.53.082901.104018
https://doi.org/10.1038/s41598-020-67579-1
https://doi.org/10.1371/journal.pone.0208399
https://doi.org/10.1073/pnas.2217576120
https://doi.org/10.1073/pnas.2217576120
https://doi.org/10.1167/iovs.17-22091
https://doi.org/10.1167/iovs.17-22091
https://doi.org/10.2337/db19-0898
https://doi.org/10.2337/db22-0654
https://doi.org/10.2337/db11-0413
https://doi.org/10.1016/j.ajpath.2014.06.021
https://doi.org/10.3389/fmed.2021.788663
https://doi.org/10.3390/molecules24010114
https://doi.org/10.1073/pnas.2208934119
https://www.dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=734f72a2-96f7-4480-9a87-c1ffd94b5f0b
https://www.dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=734f72a2-96f7-4480-9a87-c1ffd94b5f0b
https://doi.org/10.1016/j.jtos.2025.05.010
https://doi.org/10.1016/j.jtos.2025.05.010
https://doi.org/10.3389/fphar.2020.580884
https://doi.org/10.3390/ph14030223
https://doi.org/10.3390/ph14030223
https://doi.org/10.1016/j.ebiom.2016.09.025
https://doi.org/10.1007/s00125-011-2089-5
https://doi.org/10.2147/vhrm.s5593
https://doi.org/10.1210/jc.2011-3213
https://doi.org/10.1210/jc.2011-3213
https://doi.org/10.1016/j.ophtha.2014.07.019
https://doi.org/10.1056/NEJMoa1001288
https://doi.org/10.1016/S0140-6736(07)61607-9
https://doi.org/10.1016/S0140-6736(07)61607-9
https://doi.org/10.1016/S0140-6736(05)67667-2
https://doi.org/10.1056/EVIDoa2400179
https://doi.org/10.3390/biomedicines8100433
https://doi.org/10.1038/s41598-024-64451-4
https://doi.org/10.1167/iovs.63.6.12
https://doi.org/10.1167/iovs.63.6.12
https://doi.org/10.1038/s41598-017-18113-3
https://doi.org/10.3390/pharmaceutics15051330
https://doi.org/10.1002/14651858.CD013318.pub2
https://doi.org/10.1002/14651858.CD013318.pub2
https://doi.org/10.1111/aos.14377
https://doi.org/10.18240/ijo.2022.12.16
https://doi.org/10.18240/ijo.2022.12.16
https://doi.org/10.1016/j.freeradbiomed.2025.05.383
https://doi.org/10.1016/j.freeradbiomed.2025.05.383
https://doi.org/10.1167/iovs.66.4.36
https://doi.org/10.3389/jpps.2026.16995


57. He H, Liang M, Li L, Luo S, Fang X, He H, et al. PPAR-α agonist fenofibrate suppressed 
the formation of ocular surface squamous metaplasia induced by topical benzalkonium 
chloride. Invest Ophthalmol Vis Sci (2020) 61(3):54. doi: 10.1167/iovs.61.3.54

58. DelMonte DW, Kim T. Anatomy and physiology of the cornea. J Cataract Refract 
Surg (2011) 37(3):588–98. doi: 10.1016/j.jcrs.2010.12.037

59. Espana EM, Birk DE. Composition, structure and function of the corneal stroma. 
Exp Eye Res (2020) 198:108137. doi: 10.1016/j.exer.2020.108137

60. Barry Z, Park B, Corson TW. Pharmacological potential of small molecules for 
treating corneal neovascularization. Molecules (2020) 25(15):3468. doi: 10.3390/ 
molecules25153468

61. Bonanno JA. Molecular mechanisms underlying the corneal endothelial pump. Exp 
Eye Res (2012) 95(1):2–7. doi: 10.1016/j.exer.2011.06.004

62. Price MO, Mehta JS, Jurkunas UV, Price FW, Jr. Corneal endothelial dysfunction: 
evolving understanding and treatment options. Prog Retin Eye Res (2021) 82:100904. 
doi: 10.1016/j.preteyeres.2020.100904

63. Jun A, Vedana G, Villarreal JG. Fuchs endothelial corneal dystrophy: current 
perspectives. Clin Ophthalmol (2016) 10:321–30. doi: 10.2147/OPTH.S83467

64. Güell JL, El Husseiny MA, Manero F, Gris O, Elies D. Historical review and update of 
surgical treatment for corneal endothelial diseases. Ophthalmol Ther (2014) 3(1-2):1–15. 
doi: 10.1007/s40123-014-0022-y

65. Qazi Y, Wong G, Monson B, Stringham J, Ambati BK. Corneal transparency: 
Genesis, maintenance and dysfunction. Brain Res Bull (2010) 81(2-3):198–210. doi: 10. 
1016/j.brainresbull.2009.05.019

66. Marfurt CF, Cox J, Deek S, Dvorscak L. Anatomy of the human corneal innervation. 
Exp Eye Res (2010) 90(4):478–92. doi: 10.1016/j.exer.2009.12.010

67. Jastrzębska-Miazga I, Machna B, Wyględowska-Promieńska D, Smędowski A. The 
role of substance P in corneal homeostasis. Biomolecules (2025) 15(5):729. doi: 10.3390/ 
biom15050729

68. Blanco-Mezquita T, Martinez-Garcia C, Proença R, Zieske JD, Bonini S, Lambiase A, 
et al. Nerve growth factor promotes corneal epithelial migration by enhancing 
expression of matrix Metalloprotease-9. Invest Opthalmology & Vis Sci (2013) 54(6): 
3880–90. doi: 10.1167/iovs.12-10816

69. Hoon M, Okawa H, Della Santina L, Wong RO. Functional architecture of the retina: 
development and disease. Prog Retin Eye Res (2014) 42:44–84. doi: 10.1016/j.preteyeres. 
2014.06.003

70. Campbell JP, Zhang M, Hwang TS, Bailey ST, Wilson DJ, Jia Y, et al. Detailed 
vascular anatomy of the human retina by projection-resolved optical coherence 
tomography angiography. Sci Rep (2017) 7:42201. doi: 10.1038/srep42201

71. Naylor A, Hopkins A, Hudson N, Campbell M. Tight junctions of the outer blood 
retina barrier. Int J Mol Sci (2019) 21(1):211. doi: 10.3390/ijms21010211

72. Ruan Y, Jiang S, Musayeva A, Gericke A. Oxidative stress and vascular dysfunction in 
the retina: therapeutic strategies. Antioxidants (Basel) (2020) 9(8):761. doi: 10.3390/ 
antiox9080761

73. Cho YR, Lim JH, Kim MY, Kim TW, Hong BY, Kim YS, et al. Therapeutic effects of 
fenofibrate on diabetic peripheral neuropathy by improving endothelial and neural 
survival in Db/db mice. PLoS One (2014) 9(1):e83204. doi: 10.1371/journal.pone. 
0083204

74. Teo CHY, Lin MT, Lee IXY, Koh SK, Zhou L, Goh DS, et al. Oral peroxisome 
proliferator-activated Receptor-α agonist enhances corneal nerve regeneration in 
patients with type 2 diabetes. Diabetes (2023) 72(7):932–46. doi: 10.2337/db22-0611

75. Chow BJ, Lee IXY, Liu C, Liu YC. Potential therapeutic effects of peroxisome 
proliferator-activated receptors on corneal diseases. Exp Biol Med (Maywood) (2024) 
249:10142. doi: 10.3389/ebm.2024.10142

76. You L, Ebner S, Kruse FE. Glial cell-derived neurotrophic factor (GDNF)-induced 
migration and signal transduction in corneal epithelial cells. Invest Ophthalmol Vis Sci 
(2001) 42(11):2496–504.

77. Chaudhary S, Namavari A, Yco L, Chang JH, Sonawane S, Khanolkar V, et al. 
Neurotrophins and nerve regeneration-associated genes are expressed in the cornea 
after lamellar flap surgery. Cornea (2012) 31(12):1460–7. doi: 10.1097/ICO. 
0b013e318247b60e

78. Hayden MS, Ghosh S. Regulation of NF-κB by TNF family cytokines. Semin 
Immunol (2014) 26(3):253–66. doi: 10.1016/j.smim.2014.05.004

79. Zúñiga J, Cancino M, Medina F, Varela P, Vargas R, Tapia G, et al. N-3 PUFA 
supplementation triggers PPAR-α activation and PPAR-α/NF-κB interaction: anti- 
inflammatory implications in liver ischemia-reperfusion injury. PLoS One (2011) 
6(12):e28502. doi: 10.1371/journal.pone.0028502

80. Tan X, Chen Q, Chen Z, Sun Z, Chen W, Wei R. Mitochondrial DNA-activated 
cGAS-STING signaling in environmental dry eye. Invest Ophthalmol Vis Sci (2024) 
65(4):33. doi: 10.1167/iovs.65.4.33

81. Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, Joo CK, et al. TFOS DEWS II 
definition and classification report. Ocul Surf (2017) 15(3):276–83. doi: 10.1016/j.jtos.2017.05.008

82. Britten-Jones AC, Wang MTM, Samuels I, Jennings C, Stapleton F, Craig JP. 
Epidemiology and risk factors of dry eye disease: considerations for clinical 
management. Medicina (Kaunas) (2024) 60(9):1458. doi: 10.3390/medicina60091458

83. Tang L, Wang X, Wu J, Li SM, Zhang Z, Wu S, et al. Sleep deprivation induces dry 
eye through inhibition of PPARα expression in corneal epithelium. Invest Ophthalmol 
Vis Sci (2018) 59(13):5494–508. doi: 10.1167/iovs.18-24504

84. Hessen M, Akpek EK. Dry eye: an inflammatory ocular disease. J Ophthalmic Vis Res 
(2014) 9(2):240–50.

85. Wang S, He X, Li Q, Zhang Y, Hu J, Zong R, et al. Obstructive sleep apnea affects 
lacrimal gland function. Invest Ophthalmol Vis Sci (2022) 63(3):3. doi: 10.1167/iovs.63.3.3

86. Sharif Z, Sharif W. Corneal neovascularization: updates on pathophysiology, 
investigations & management. Rom J Ophthalmol (2019) 63(1):15–22.

87. Barrientez B, Nicholas SE, Whelchel A, Sharif R, Hjortdal J, Karamichos D. Corneal 
injury: clinical and molecular aspects. Exp Eye Res (2019) 186:107709. doi: 10.1016/j. 
exer.2019.107709

88. Ahmmed AA, Ting DSJ, Figueiredo FC. Epidemiology, economic and humanistic 
burdens of ocular surface chemical injury: a narrative review. Ocul Surf (2021) 20: 
199–211. doi: 10.1016/j.jtos.2021.02.006

89. Wu Y, Bu J, Zhang R, Sun L, Yuan Y, Li W. Peroxisome proliferator-activated 
receptor-α affects corneal epithelial wound healing. Mol Vis (2024) 30:410–20.

90. Wang X, Tang L, Zhang Z, Li W, Chen Y. Keratocytes promote corneal 
neovascularization through VEGFr3 induced by PPARα-inhibition. Exp Eye Res 
(2020) 193:107982. doi: 10.1016/j.exer.2020.107982

91. Nakano Y, Arima T, Tobita Y, Uchiyama M, Shimizu A, Takahashi H. Combination 
of peroxisome proliferator-activated receptor (PPAR) alpha and gamma agonists 
prevents corneal inflammation and neovascularization in a rat alkali burn model. Int 
J Mol Sci (2020) 21(14):5093. doi: 10.3390/ijms21145093

92. Tobita Y, Arima T, Nakano Y, Uchiyama M, Shimizu A, Takahashi H. Effects of 
selective peroxisome proliferator activated receptor agonists on corneal epithelial wound 
healing. Pharmaceuticals (Basel) (2021) 14(2):88. doi: 10.3390/ph14020088

93. Zhou T, Yan K, Zhang Y, Zhu L, Liao Y, Zheng X, et al. Fenofibrate suppresses 
corneal neovascularization by regulating lipid metabolism through PPARα signaling 
pathway. Front Pharmacol (2022) 13:1000254. doi: 10.3389/fphar.2022.1000254

94. Wilson SE. Corneal myofibroblasts and fibrosis. Exp Eye Res (2020) 201:108272. doi: 
10.1016/j.exer.2020.108272

95. Fan K, Yang D, Zhu X, Zheng L, Han Y, Lin J, et al. High-efficiency antioxidant ROS- 
Responsive thermosensitive hydrogel encapsulated fenofibrate for the treatment of corneal 
neovascularization. J Control Release (2025) 382:113650. doi: 10.1016/j.jconrel.2025.113650

96. Kaffash E, Pangeni R, Liang W, Poudel S, Zhao L, Ma JX, et al. Fenofibrate 
microemulsion eyedrops for treating nitrogen mustard induced corneal injury. J Control 
Release (2026) 391:114656. doi: 10.1016/j.jconrel.2026.114656

97. Minear MA, Li YJ, Rimmler J, Balajonda E, Watson S, Allingham RR, et al. Genetic 
screen of African Americans with fuchs endothelial corneal dystrophy. Mol Vis (2013) 
19:2508–16.

98. Niestrata M, Jackson J, Bazeer S, Gong MA, Ashena Z. Emerging innovations in the 
treatment of fuchs endothelial corneal dystrophy: a narrative review. Med Sci (Basel) 
(2025) 13(4):238. doi: 10.3390/medsci13040238

99. Gain P, Jullienne R, He Z, Aldossary M, Acquart S, Cognasse F, et al. Global survey of 
corneal transplantation and eye banking. JAMA Ophthalmol (2016) 134(2):167–73. doi: 
10.1001/jamaophthalmol.2015.4776

100. Romero-Aroca P, Baget-Bernaldiz M, Pareja-Rios A, Lopez-Galvez M, Navarro-Gil 
R, Verges R. Diabetic macular edema pathophysiology: vasogenic versus inflammatory. 
J Diabetes Res (2016) 2016:2156273. doi: 10.1155/2016/2156273

101. Yu M, Ning FTE, Liu C, Liu YC. Interconnections between diabetic corneal 
neuropathy and diabetic retinopathy: diagnostic and therapeutic implications. Neural 
Regen Res (2025) 20(8):2169–80. doi: 10.4103/NRR.NRR-D-24-00509

102. Shao Y, Chen J, Dong LJ, He X, Cheng R, Zhou K, et al. A protective effect of PPARα 
in endothelial progenitor cells through regulating metabolism. Diabetes (2019) 68(11): 
2131–42. doi: 10.2337/db18-1278

103. Chen N, Jiang K, Yan GG. Effect of fenofibrate on diabetic retinopathy in rats via 
SIRT1/NF-κB signaling pathway. Eur Rev Med Pharmacol Sci (2019) 23(19):8630–6. 
doi: 10.26355/eurrev_201910_19180

104. Zhao S, Li J, Wang N, Zheng B, Li T, Gu Q, et al. Fenofibrate suppresses 
cellular metabolic memory of high glucose in diabetic retinopathy via a sirtuin 1- 
dependent signalling pathway. Mol Med Rep (2015) 12(4):6112–8. doi: 10.3892/ 
mmr.2015.4164

105. Ju HB, Zhang FX, Wang S, Song J, Cui T, Li LF, et al. Effects of fenofibrate on 
inflammatory cytokines in diabetic retinopathy patients. Medicine (Baltimore) (2017) 
96(31):e7671. doi: 10.1097/MD.0000000000007671

106. Liu Q, Zhang F, Zhang X, Cheng R, Ma JX, Yi J, et al. Fenofibrate ameliorates 
diabetic retinopathy by modulating Nrf2 signaling and NLRP3 inflammasome 
activation. Mol Cell Biochem (2018) 445(1-2):105–15. doi: 10.1007/s11010-017- 
3256-x

107. Liu Q, Zhang X, Cheng R, Ma JX, Yi J, Li J. Salutary effect of fenofibrate on 
type 1 diabetic retinopathy via inhibiting oxidative stress-mediated Wnt/β- 
catenin pathway activation. Cell Tissue Res (2019) 376(2):165–77. doi: 10.1007/ 
s00441-018-2974-z

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 20

Ho et al. 10.3389/jpps.2026.16995

https://doi.org/10.1167/iovs.61.3.54
https://doi.org/10.1016/j.jcrs.2010.12.037
https://doi.org/10.1016/j.exer.2020.108137
https://doi.org/10.3390/molecules25153468
https://doi.org/10.3390/molecules25153468
https://doi.org/10.1016/j.exer.2011.06.004
https://doi.org/10.1016/j.preteyeres.2020.100904
https://doi.org/10.2147/OPTH.S83467
https://doi.org/10.1007/s40123-014-0022-y
https://doi.org/10.1016/j.brainresbull.2009.05.019
https://doi.org/10.1016/j.brainresbull.2009.05.019
https://doi.org/10.1016/j.exer.2009.12.010
https://doi.org/10.3390/biom15050729
https://doi.org/10.3390/biom15050729
https://doi.org/10.1167/iovs.12-10816
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1038/srep42201
https://doi.org/10.3390/ijms21010211
https://doi.org/10.3390/antiox9080761
https://doi.org/10.3390/antiox9080761
https://doi.org/10.1371/journal.pone.0083204
https://doi.org/10.1371/journal.pone.0083204
https://doi.org/10.2337/db22-0611
https://doi.org/10.3389/ebm.2024.10142
https://doi.org/10.1097/ICO.0b013e318247b60e
https://doi.org/10.1097/ICO.0b013e318247b60e
https://doi.org/10.1016/j.smim.2014.05.004
https://doi.org/10.1371/journal.pone.0028502
https://doi.org/10.1167/iovs.65.4.33
https://doi.org/10.1016/j.jtos.2017.05.008
https://doi.org/10.3390/medicina60091458
https://doi.org/10.1167/iovs.18-24504
https://doi.org/10.1167/iovs.63.3.3
https://doi.org/10.1016/j.exer.2019.107709
https://doi.org/10.1016/j.exer.2019.107709
https://doi.org/10.1016/j.jtos.2021.02.006
https://doi.org/10.1016/j.exer.2020.107982
https://doi.org/10.3390/ijms21145093
https://doi.org/10.3390/ph14020088
https://doi.org/10.3389/fphar.2022.1000254
https://doi.org/10.1016/j.exer.2020.108272
https://doi.org/10.1016/j.jconrel.2025.113650
https://doi.org/10.1016/j.jconrel.2026.114656
https://doi.org/10.3390/medsci13040238
https://doi.org/10.1001/jamaophthalmol.2015.4776
https://doi.org/10.1155/2016/2156273
https://doi.org/10.4103/NRR.NRR-D-24-00509
https://doi.org/10.2337/db18-1278
https://doi.org/10.26355/eurrev_201910_19180
https://doi.org/10.3892/mmr.2015.4164
https://doi.org/10.3892/mmr.2015.4164
https://doi.org/10.1097/MD.0000000000007671
https://doi.org/10.1007/s11010-017-3256-x
https://doi.org/10.1007/s11010-017-3256-x
https://doi.org/10.1007/s00441-018-2974-z
https://doi.org/10.1007/s00441-018-2974-z
https://doi.org/10.3389/jpps.2026.16995


108. Lee C, Kim MJ, Kumar A, Lee HW, Yang Y, Kim Y. Vascular endothelial growth factor 
signaling in health and disease: from molecular mechanisms to therapeutic perspectives. 
Signal Transduct Target Ther (2025) 10(1):170. doi: 10.1038/s41392-025-02249-0

109. Ramakrishnan S, Anand V, Roy S. Vascular endothelial growth factor signaling in 
hypoxia and inflammation. J Neuroimmune Pharmacol (2014) 9(2):142–60. doi: 10. 
1007/s11481-014-9531-7

110. Garcia-Ramírez M, Hernández C, Palomer X, Vázquez-Carrera M, Simó R. 
Fenofibrate prevents the disruption of the outer blood retinal barrier through 
downregulation of NF-κB activity. Acta Diabetol (2016) 53(1):109–18. doi: 10.1007/ 
s00592-015-0759-3

111. Fu D, Yu JY, Connell AR, Hookham MB, McLeese RH, Lyons TJ. Effects of 
modified low-density lipoproteins and fenofibrate on an outer blood-retina barrier 
model: implications for diabetic retinopathy. J Ocul Pharmacol Ther (2020) 36(10): 
754–64. doi: 10.1089/jop.2020.0068

112. Roy S, Kim D, Hernández C, Simó R, Roy S. Beneficial effects of fenofibric acid on 
overexpression of extracellular matrix components, COX-2, and impairment of 
endothelial permeability associated with diabetic retinopathy. Exp Eye Res (2015) 
140:124–9. doi: 10.1016/j.exer.2015.08.010

113. Trudeau K, Roy S, Guo W, Hernández C, Villarroel M, Simó R, et al. Fenofibric acid 
reduces fibronectin and collagen type IV overexpression in human retinal pigment 
epithelial cells grown in conditions mimicking the diabetic milieu: functional 
implications in retinal permeability. Invest Ophthalmol Vis Sci (2011) 52(9):6348–54. 
doi: 10.1167/iovs.11-7282

114. Hu J, Li T, Du S, Chen Y, Wang S, Xiong F, et al. The MAPK signaling pathway 
mediates the GPR91-dependent release of VEGF from RGC-5 cells. Int J Mol Med (2015) 
36(1):130–8. doi: 10.3892/ijmm.2015.2195

115. Miranda S, González-Rodríguez Á, García-Ramírez M, Revuelta-Cervantes 
J, Hernández C, Simó R, et al. Beneficial effects of fenofibrate in retinal pigment 
epithelium by the modulation of stress and survival signaling under diabetic 
conditions. J Cell Physiol (2012) 227(6):2352–62. doi: 10.1002/jcp.22970

116. Yuan T, Dong L, Pearsall EA, Zhou K, Cheng R, Ma JX. The protective role of 
microglial PPARα in diabetic retinal neurodegeneration and neurovascular dysfunction. 
Cells (2022) 11(23):3869. doi: 10.3390/cells11233869

117. Qiu F, Meng T, Chen Q, Zhou K, Shao Y, Matlock G, et al. Fenofibrate-loaded 
biodegradable nanoparticles for the treatment of experimental diabetic retinopathy and 
neovascular age-related macular degeneration. Mol Pharm (2020) 16(5):1958–70. doi: 
10.1021/acs.molpharmaceut.8b01319

118. Poudel S, Cui Y, Meng T, Liang W, Zhou K, Cheng R, et al. Long-acting fenofibrate- 
loaded microparticles for treating retinal disorders. Int J Pharm (2026) 689:126503. doi: 
10.1016/j.ijpharm.2025.126503

119. Persistent effects of intensive glycemic control on retinopathy in type 2 diabetes in 
the action to control cardiovascular risk in diabetes (ACCORD) Follow-On study. 
Diabetes Care (2016) 39(7):1089–100. doi: 10.2337/dc16-0024

120. Kim NH, Choi J, Kim YH, Lee H, Kim SG. Addition of fenofibrate to statins is 
associated with risk reduction of diabetic retinopathy progression in patients with type 
2 diabetes and metabolic syndrome: a propensity-matched cohort study. Diabetes Metab 
(2023) 49(3):101428. doi: 10.1016/j.diabet.2023.101428

121. Meer E, Bavinger JC, Yu Y, VanderBeek BL. Association of fenofibrate use and the 
risk of progression to vision-threatening diabetic retinopathy. JAMA Ophthalmol (2022) 
140(5):529–32. doi: 10.1001/jamaophthalmol.2022.0633

122. Ong KL, Januszewski AS, Francis H, O’Connell RL, Mangani A, Li L, et al. 
Relationship of haptoglobin phenotype and levels with sight-threatening diabetic 
retinopathy in type 2 diabetes: a fenofibrate intervention and event lowering in 
diabetes (FIELD) substudy. Diabetes Res Clin Pract (2025) 222:112080. doi: 10.1016/ 
j.diabres.2025.112080

123. Quinn N, Januszewski AS, Brazionis L, O’Connell R, Aryal N, O’Day J, et al. 
Fenofibrate, which reduces risk of sight-threatening diabetic retinopathy in type 
2 diabetes, is associated with early narrowing of retinal venules: a FIELD trial 
substudy. Intern Med J (2022) 52(4):676–9. doi: 10.1111/imj.15733

124. Bonora BM, Albiero M, Morieri ML, Cappellari R, Amendolagine FI, Mazzucato M, 
et al. Fenofibrate increases circulating haematopoietic stem cells in people with diabetic 
retinopathy: a randomised, placebo-controlled trial. Diabetologia (2021) 64(10): 
2334–44. doi: 10.1007/s00125-021-05532-1

125. Lin YC, Chen YC, Horng JT, Chen JM. Association of fenofibrate and diabetic 
retinopathy in type 2 diabetic patients: a population-based retrospective cohort 
study in Taiwan. Medicina (Kaunas) (2020) 56(8):385. doi: 10.3390/ 
medicina56080385

126. Srinivasan S, Hande P, Shetty J, Murali S. Efficiency of fenofibrate in facilitating the 
reduction of central macular thickness in diabetic macular edema. Indian J Ophthalmol 
(2018) 66(1):98–105. doi: 10.4103/ijo.IJO_566_17

127. Massin P, Peto T, Ansquer JC, Aubonnet P, Fensift M. Effects of fenofibric acid on 
diabetic macular edema: the MacuFen study. Ophthalmic Epidemiol (2014) 21(5): 
307–17. doi: 10.3109/09286586.2014.949783

128. Huang L, Liang W, Zhou K, Wassel RA, Ridge ZD, Ma JX, et al. Therapeutic 
effects of fenofibrate nano-emulsion eye drops on retinal vascular leakage and 
neovascularization. Biology (Basel) (2021) 10(12):1328. doi: 10.3390/ 
biology10121328

129. Lu Z, Fan B, Li Y, Zhang Y. RAGE plays key role in diabetic retinopathy: a review. 
Biomed Eng Online (2023) 22(1):128. doi: 10.1186/s12938-023-01194-9

130. Almalki WH, Almujri SS. The impact of NF-κB on inflammatory and angiogenic 
processes in age-related macular degeneration. Exp Eye Res (2024) 248:110111. doi: 10. 
1016/j.exer.2024.110111

131. Cugati S, Varma DD, Chen CS, Lee AW. Treatment options for central retinal 
artery occlusion. Curr Treat Options Neurol (2013) 15(1):63–77. doi: 10.1007/s11940- 
012-0202-9

132. Tobalem S, Schutz JS, Chronopoulos A. Central retinal artery occlusion - rethinking 
retinal survival time. BMC Ophthalmol (2018) 18(1):101. doi: 10.1186/s12886-018- 
0768-4

133. Ouiddir A, Planès C, Fernandes I, VanHesse A, Clerici C. Hypoxia upregulates 
activity and expression of the glucose transporter GLUT1 in alveolar epithelial cells. Am 
J Respir Cell Mol Biol (1999) 21(6):710–8. doi: 10.1165/ajrcmb.21.6.3751

134. Wang D, Liu F, Zhu L, Lin P, Han F, Wang X, et al. FGF21 alleviates 
neuroinflammation following ischemic stroke by modulating the temporal and 
spatial dynamics of microglia/macrophages. J Neuroinflammation (2020) 17(1):257. 
doi: 10.1186/s12974-020-01921-2

135. Fu Z, Wang Z, Liu CH, Gong Y, Cakir B, Liegl R, et al. Fibroblast growth factor 
21 protects photoreceptor function in type 1 diabetic mice. Diabetes (2018) 67(5): 
974–85. doi: 10.2337/db17-0830

136. Wang X, Wang J, Ying C, Xing Y, Su X, Men K. Fenofibrate alleviates NAFLD by 
enhancing the PPARα/PGC-1α signaling pathway coupling mitochondrial function. 
BMC Pharmacol Toxicol (2024) 25(1):7. doi: 10.1186/s40360-023-00730-6

137. Jin M, Liu Z, Shi R, Deng Y, Lin J, Zhang Y, et al. Disrupted mitochondrial 
dynamics impair corneal epithelial healing in neurotrophic keratopathy. Int J Mol Sci 
(2025) 26(3):1290. doi: 10.3390/ijms26031290

138. Kubota M, Shimmura S, Kubota S, Miyashita H, Kato N, Noda K, et al. Hydrogen 
and N-acetyl-L-cysteine rescue oxidative stress-induced angiogenesis in a mouse corneal 
alkali-burn model. Invest Ophthalmol Vis Sci (2011) 52(1):427–33. doi: 10.1167/iovs.10- 
6167

139. Kim YW, Byzova TV. Oxidative stress in angiogenesis and vascular disease. Blood 
(2014) 123(5):625–31. doi: 10.1182/blood-2013-09-512749

140. Lingappan K. NF-κB in oxidative stress. Curr Opin Toxicol (2018) 7:81–6. doi: 10. 
1016/j.cotox.2017.11.002

141. Wang CH, Wu SB, Wu YT, Wei YH. Oxidative stress response elicited by 
mitochondrial dysfunction: implication in the pathophysiology of aging. Exp 
Biol Med (Maywood) (2013) 238(5):450–60. doi: 10.1177/1535370213493069

142. Esteras N, Abramov AY. Nrf2 as a regulator of mitochondrial function: energy 
metabolism and beyond. Free Radic Biol Med (2022) 189:136–53. doi: 10.1016/j. 
freeradbiomed.2022.07.013

143. Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, et al. 
Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory 
cytokine transcription. Nat Commun (2016) 7:11624. doi: 10.1038/ncomms11624

144. Gupta S, Rodier JT, Sharma A, Giuliano EA, Sinha PR, Hesemann NP, et al. 
Targeted AAV5-Smad7 gene therapy inhibits corneal scarring in vivo. PLoS One (2017) 
12(3):e0172928. doi: 10.1371/journal.pone.0172928

145. Deng Z, Fan T, Xiao C, Tian H, Zheng Y, Li C, et al. TGF-β signaling in health, 
disease, and therapeutics. Signal Transduct Target Ther (2024) 9(1):61. doi: 10.1038/ 
s41392-024-01764-w

146. Davis TM, Ting R, Best JD, Donoghoe MW, Drury PL, Sullivan DR, et al. Effects of 
fenofibrate on renal function in patients with type 2 diabetes mellitus: the fenofibrate 
intervention and event lowering in diabetes (FIELD) study. Diabetologia (2011) 54(2): 
280–90. doi: 10.1007/s00125-010-1951-1

147. Park MS, Youn J-C, Kim EJ, Han KH, Lee SH, Kim SH, et al. Efficacy and safety of 
fenofibrate-statin combination therapy in patients with inadequately controlled triglyceride 
levels despite previous statin monotherapy: a multicenter, randomized, double-blind, phase 
IV study. Clin Ther (2021) 43(10):1735–47. doi: 10.1016/j.clinthera.2021.08.005

148. Jacobson TA, Zimmerman FH. Fibrates in combination with statins in the 
management of dyslipidemia. The J Clin Hypertens (2006) 8(1):35–41. doi: 10.1111/j. 
1524-6175.2005.05278.x

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 21

Ho et al. 10.3389/jpps.2026.16995

https://doi.org/10.1038/s41392-025-02249-0
https://doi.org/10.1007/s11481-014-9531-7
https://doi.org/10.1007/s11481-014-9531-7
https://doi.org/10.1007/s00592-015-0759-3
https://doi.org/10.1007/s00592-015-0759-3
https://doi.org/10.1089/jop.2020.0068
https://doi.org/10.1016/j.exer.2015.08.010
https://doi.org/10.1167/iovs.11-7282
https://doi.org/10.3892/ijmm.2015.2195
https://doi.org/10.1002/jcp.22970
https://doi.org/10.3390/cells11233869
https://doi.org/10.1021/acs.molpharmaceut.8b01319
https://doi.org/10.1016/j.ijpharm.2025.126503
https://doi.org/10.2337/dc16-0024
https://doi.org/10.1016/j.diabet.2023.101428
https://doi.org/10.1001/jamaophthalmol.2022.0633
https://doi.org/10.1016/j.diabres.2025.112080
https://doi.org/10.1016/j.diabres.2025.112080
https://doi.org/10.1111/imj.15733
https://doi.org/10.1007/s00125-021-05532-1
https://doi.org/10.3390/medicina56080385
https://doi.org/10.3390/medicina56080385
https://doi.org/10.4103/ijo.IJO_566_17
https://doi.org/10.3109/09286586.2014.949783
https://doi.org/10.3390/biology10121328
https://doi.org/10.3390/biology10121328
https://doi.org/10.1186/s12938-023-01194-9
https://doi.org/10.1016/j.exer.2024.110111
https://doi.org/10.1016/j.exer.2024.110111
https://doi.org/10.1007/s11940-012-0202-9
https://doi.org/10.1007/s11940-012-0202-9
https://doi.org/10.1186/s12886-018-0768-4
https://doi.org/10.1186/s12886-018-0768-4
https://doi.org/10.1165/ajrcmb.21.6.3751
https://doi.org/10.1186/s12974-020-01921-2
https://doi.org/10.2337/db17-0830
https://doi.org/10.1186/s40360-023-00730-6
https://doi.org/10.3390/ijms26031290
https://doi.org/10.1167/iovs.10-6167
https://doi.org/10.1167/iovs.10-6167
https://doi.org/10.1182/blood-2013-09-512749
https://doi.org/10.1016/j.cotox.2017.11.002
https://doi.org/10.1016/j.cotox.2017.11.002
https://doi.org/10.1177/1535370213493069
https://doi.org/10.1016/j.freeradbiomed.2022.07.013
https://doi.org/10.1016/j.freeradbiomed.2022.07.013
https://doi.org/10.1038/ncomms11624
https://doi.org/10.1371/journal.pone.0172928
https://doi.org/10.1038/s41392-024-01764-w
https://doi.org/10.1038/s41392-024-01764-w
https://doi.org/10.1007/s00125-010-1951-1
https://doi.org/10.1016/j.clinthera.2021.08.005
https://doi.org/10.1111/j.1524-6175.2005.05278.x
https://doi.org/10.1111/j.1524-6175.2005.05278.x
https://doi.org/10.3389/jpps.2026.16995

	Fenofibrate in ophthalmology: therapeutic efficacy and mechanisms
	Introduction
	Peroxisome proliferator-activated receptors and fenofibrate
	Corneal anatomy and physiology
	Retinal anatomy and physiology
	Search strategy and selection criteria
	Diabetic corneas and diabetic corneal neuropathy
	Dry eye disease
	Corneal chemical burns and neovascularization
	Fuchs endothelial corneal dystrophy
	Diabetic retinopathy and diabetic macular edema
	Neovascular age-related macular degeneration
	Central retinal artery occlusion
	Discussion
	Limitations of current evidence
	Future directions
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	References


