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Abstract

Tetracyclines are among the earliest broad-spectrum antibiotics introduced into clinical medicine. Over the past
two decades, increasing evidence has demonstrated that tetracyclines—particularly doxycycline and
minocycline—possess potent non-antimicrobial properties, including anti-inflammatory, anti-matrix
metalloproteinase, immunomodulatory, anti-angiogenic, and neuroprotective effects. These pleiotropic actions
have facilitated their repurposing for a wide spectrum of ocular disorders extending beyond infection control.
This review provides a comprehensive, layer-by-layer overview of the expanding role of tetracyclines in
ophthalmology, spanning eyelid and ocular surface disease, corneal pathology, uveitis and scleral inflammation,
and emerging posterior segment applications such as diabetic retinopathy, age-related macular degeneration,
and inherited retinal degenerations. Current clinical evidence, experimental data, limitations, and future
therapeutic prospects are discussed.
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I.  Introduction

Tetracyclines were first introduced in the early 1950s as broad-spectrum antimicrobial agents with
activity against a wide range of Gram-positive and Gram-negative organisms (. For several decades, their
clinical use was largely restricted to infectious diseases. However, accumulating experimental and clinical
evidence has revealed that tetracyclines exert a variety of biological effects independent of their antimicrobial
action ?¥ These non-antibiotic properties include suppression of inflammatory cytokines, inhibition of matrix
metalloproteinases (MMPs), modulation of immune cell activation, attenuation of oxidative stress, and inhibition
of pathological angiogenesis “~7. Importantly, many of these effects occur at subantimicrobial doses, minimizing
the risk of antibiotic resistance while retaining therapeutic benefit ®.

Ophthalmology has emerged as a particularly fertile field for tetracycline repurposing. Inflammatory
mechanisms, extracellular matrix remodeling, and neurodegeneration form the pathological basis of numerous
anterior and posterior segment disorders !9, Initially employed for blepharitis and ocular rosacea, tetracyclines
are now increasingly investigated for corneal disease, uveitis, diabetic retinopathy, and inherited retinal
degenerations (1713, This review examines the expanding role of tetracyclines in ophthalmology, progressing

anatomically from the ocular surface to the retina.
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II.  Pharmacological And Molecular Mechanisms Relevant To Ophthalmology

Tetracyclines inhibit bacterial protein synthesis by binding reversibly to the 30S ribosomal subunit,
thereby preventing aminoacyl-tRNA attachment (14). While this mechanism underlies their historical use in
ocular infections, it does not account for their efficacy in noninfectious inflammatory eye disease.

Tetracyclines suppress multiple inflammatory pathways. They inhibit phospholipase A2, inducible nitric
oxide synthase, and cyclooxygenase-2, leading to reduced prostaglandin and nitric oxide production (310, In
addition, they downregulate key pro-inflammatory cytokines such as interleukin-1p, interleukin-6, and tumor
necrosis factor-a 1719,

Minocycline exerts pronounced immunomodulatory effects by suppressing T-cell proliferation,
macrophage activation, and microglial activation—mechanisms highly relevant to uveitis and retinal
neuroinflammation 2022,

One of the most clinically relevant non-antibiotic properties of tetracyclines is inhibition of MMPs,
particularly MMP-2 and MMP-9 @324, These enzymes are involved in corneal epithelial basement membrane
degradation, stromal collagen breakdown, scleral thinning, and blood-retinal barrier disruption 327,

Doxycycline directly inhibits MMP activity through chelation of zinc and calcium ions essential for
enzymatic function ®®. This mechanism forms the pharmacological basis for its use in recurrent corneal erosions
and corneal melting.

Minocycline demonstrates neuroprotective effects by inhibiting apoptotic pathways, suppressing
oxidative stress, and reducing microglial-mediated neuronal injury @*=Y. Both doxycycline and minocycline
inhibit pathological angiogenesis by modulating MMP activity and inflammatory mediators rather than directly
targeting VEGF G279,

III.  Eyelid and Ocular Surface Disorders

Meibomian gland dysfunction (MGD) is a major cause of evaporative dry eye disease and is
characterized by altered lipid secretion, gland obstruction, and chronic lid margin inflammation ©>. Bacterial
lipases produced by lid margin flora degrade meibum lipids into pro-inflammatory free fatty acids, exacerbating
ocular surface inflammation ©9,

Oral tetracyclines reduce bacterial lipase activity, alter meibum composition, and suppress inflammatory
mediators within the meibomian glands ¢7-%. Multiple randomized and observational studies have demonstrated
improvement in symptoms, tear break-up time, and gland secretion quality with low-dose doxycycline (20—100
mg/day) “%*2. Minocycline has been shown to be effective in refractory MGD, likely due to superior tissue
penetration and stronger anti-inflammatory effects 3.

A recent systematic review and meta-analysis confirmed that systemic tetracyclines significantly
improve both subjective and objective parameters in moderate to severe MGD, although adverse effects
necessitate judicious use “¥.

Ocular rosacea is a chronic inflammatory condition frequently associated with MGD and blepharitis.
Subantimicrobial-dose doxycycline (40 mg/day) has been shown to reduce lid margin telangiectasia, conjunctival
hyperemia, and ocular surface symptoms while minimizing gastrointestinal and photosensitivity-related adverse

effects 4547,

IV.  Corneal Applications
Recurrent corneal erosion syndrome is characterized by defective epithelial adhesion to the underlying
basement membrane and elevated MMP activity “®. Oral doxycycline, particularly when combined with topical

corticosteroids, inhibits MMP-mediated degradation of anchoring fibrils and improves epithelial stability 4=,
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This combination has become an established non-surgical option for recalcitrant disease.

Corneal melting represents a sight-threatening condition driven by excessive stromal collagen
degradation ©?. Doxycycline has been widely used as adjunctive therapy to inhibit collagenolysis in
inflammatory, autoimmune, and infectious keratopathies ¢33%. Both experimental and clinical studies
demonstrate reduced corneal thinning and improved structural integrity with systemic doxycycline ©9).

Experimental models have demonstrated that tetracyclines suppress corneal neovascularization by
inhibiting MMP activity and angiogenic signaling pathways ¢, While routine clinical use remains limited,

these findings suggest a potential adjunctive role in selected cases.

V.  Uveal And Scleral Disorders

Upveitis encompasses a heterogeneous group of intraocular inflammatory disorders mediated by cytokine
release and immune cell infiltration ¢®. Minocycline suppresses T-cell activation, macrophage infiltration, and
pro-inflammatory cytokine production ©¢'-%9, Experimental autoimmune uveitis models demonstrate reduced
retinal inflammation and structural damage following minocycline therapy ©¥.

Emerging clinical studies are evaluating minocycline as an adjunctive agent in chronic autoimmune
uveitis, particularly in cases associated with retinal degeneration .

MMP-mediated collagen degradation contributes to scleral thinning and necrosis in severe scleritis ©9,
Given their MMP-inhibitory properties, tetracyclines have been proposed as adjunctive therapy to limit tissue
destruction, although robust clinical trials are lacking ©7.

Retinal and Posterior Segment Applications

VI. Diabetic Retinopathy And Diabetic Macular Edema
Diabetic retinopathy is increasingly recognized as a chronic inflammatory neurovascular disease %69,

Elevated cytokines, microglial activation, and blood—retinal barrier breakdown contribute to disease progression
(70-72).

A randomized pilot study demonstrated that oral minocycline improved visual acuity and reduced central
macular thickness in diabetic macular edema ®. Studies evaluating doxycycline in non-proliferative diabetic
retinopathy reported stabilization of retinal function, although structural outcomes were variable 479, These

findings support a potential adjunctive role alongside anti-VEGF therapy 7.

VII.  Age-Related Macular Degeneration
Minocycline has been investigated for geographic atrophy due to its neuroprotective properties. Phase 11
trials failed to demonstrate significant slowing of lesion enlargement 839 suggesting that inflammation alone

may be insufficient as a therapeutic target in advanced dry AMD.

VIII. Retinitis Pigmentosa
Retinitis pigmentosa is characterized by progressive photoreceptor degeneration and secondary
neuroinflammation . Prospective studies have reported improved visual function and visual field indices in
patients treated with oral minocycline ®*#. Although larger randomized trials are needed, RP represents one of

the most promising retinal indications for tetracyclines.

IX. Safety And Limitations
Common adverse effects include gastrointestinal intolerance, photosensitivity, vestibular symptoms, and

esophagitis ®>%7), Rare complications include drug-induced lupus, autoimmune hepatitis, and hyperpigmentation
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ss). Contraindications include pregnancy and children under 8 years of age ¢,

X.  Future Directions
Future research should focus on large randomized controlled trials, chemically modified tetracyclines
with enhanced anti-inflammatory activity, targeted ocular drug delivery systems, and combination strategies with

anti-VEGF and neuroprotective agents ©%°%,

XI.  Summary

Tetracyclines, traditionally regarded as broad-spectrum antimicrobial agents, have emerged as versatile
therapeutic drugs in ophthalmology due to their diverse non-antibiotic properties. Increasing evidence
demonstrates that doxycycline and minocycline exert potent anti-inflammatory, anti-matrix metalloproteinase,
immunomodulatory, anti-angiogenic, and neuroprotective effects that are highly relevant to ocular disease
pathophysiology.

At the ocular surface, tetracyclines play an established role in the management of meibomian gland
dysfunction, posterior blepharitis, and ocular rosacea by reducing bacterial lipase activity, improving meibum
quality, and suppressing chronic inflammation. Their matrix metalloproteinase—inhibitory action has been
effectively leveraged in corneal disorders such as recurrent corneal erosion syndrome, corneal melting, and
inflammatory keratopathies, where tissue degradation is a central pathological feature.

Beyond the anterior segment, emerging experimental and clinical evidence suggests that tetracyclines
may serve as adjunctive immunomodulatory agents in uveitis and scleral inflammation. Of particular interest is
the expanding investigation of tetracyclines in posterior segment diseases. In diabetic retinopathy and diabetic
macular edema, tetracyclines target inflammatory and neurovascular pathways not fully addressed by current
anti-VEGF therapies. Inherited retinal degenerations, especially retinitis pigmentosa, represent a promising area
where minocycline-mediated neuroprotection and microglial inhibition may slow disease progression.
Conversely, studies in age-related macular degeneration highlight the limitations of inflammation-targeted
monotherapy, underscoring the need for combination treatment strategies.

Overall, tetracyclines exemplify successful drug repurposing in ophthalmology. While their role in
anterior segment disease is well established, posterior segment applications remain investigational and warrant
further large-scale randomized clinical trials. A deeper understanding of patient selection, dosing strategies, and

long-term safety will be essential to optimize their future clinical utility.

XII.  Conclusion
Tetracyclines represent a successful example of drug repurposing in ophthalmology. Their expanding
role—from ocular surface disease to retinal neuroprotection—reflects their diverse biological actions and

underscores the need for continued clinical investigation.
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