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Abstract

Background: Pediatric myopia is highly prevalent in Asian populations and has been associated with
scleral extracellular matrix remodeling. Doxycycline hyclate, a tetracycline-class compound with
matrix metalloproteinase—inhibitory activity at sub-antimicrobial doses, is under investigation for
long-term ophthalmic use. Methods: A GLP-compliant 9-month repeat-dose ocular toxicity study
(Study No. 2098-005) was conducted in juvenile Dutch Belted rabbits. Animals received topical
bilateral administration of doxycycline hyclate ophthalmic solution (0.01%, 0.1%, or 0.5%) twice daily,
followed by a recovery period. Evaluations included clinical and ophthalmic observations,
intraocular pressure, clinical pathology, toxicokinetics, and gross and microscopic pathology.
Results: No treatment-related mortality or adverse clinical findings were observed. Body weight
gain, ophthalmic examinations, intraocular pressure, and clinical pathology parameters showed no
test article-related effects. Systemic exposure increased with increasing dose, with low accumulation
following repeated administration and no apparent sex-related differences. No test article-related
macroscopic or microscopic findings were identified. Conclusion: Long-term topical administration
of doxycycline hyclate ophthalmic solution was well tolerated in juvenile rabbits, supporting its
further clinical development for chronic ophthalmic indications.

Keywords: doxycycline hyclate; pediatric myopia; ophthalmic solution; GLP toxicology;
toxicokinetics; MMP inhibitor; NOAEL

1. Introduction

Pediatric myopia has emerged as a global public health crisis, affecting >80% of urban Taiwanese
schoolchildren with projections estimating 2.5 billion cases worldwide by 2050 [1]. The global
escalation of myopia represents a critical shift from a simple refractive error to a major public health
crisis. While Vitale et al. established a baseline prevalence of 33.1% in the U.S. [2], the situation is
more dire in East Asian urban centers, where Morgan et al. reported myopia rates of 80-90% among
youth, driven by intensive education and limited outdoor sunlight [3]. This rising prevalence
inevitably increases the risk of irreversible vision loss. Wong et al. highlighted that pathologic myopia
affects up to 3% of the population, often leading to myopic choroidal neovascularization and legal
blindness during an individual's most productive working years [4].

Current pharmacotherapies remain suboptimal. Low-dose atropine (0.01%-0.05%) slows
progression by approximately 50% in the LAMP and ATOM trials; however, side effects such as
photophobia (35%) and near-vision blur (25%) lead to nearly 20% discontinuation [5-8]. The
biological rationale for alternative therapies lies in the excessive remodeling of the scleral
extracellular matrix, a process mediated by matrix metalloproteinases (MMPs) that facilitates axial
elongation. Specifically, MMP-2 and MMP-9 are key drivers of collagen degradation in the myopic
sclera [9-11]. Emerging MMP-targeted alternatives include tetracycline derivatives like doxycycline
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hyclate, which inhibit MMP transcription and activity at sub-antimicrobial doses (1-10 pg/mL) [12].
These preclinical studies have demonstrated exploratory in preventing scleral thinning and achieving
>60% MMP-9 reduction in animal models [13]. Such findings support the repurposing of doxycycline
as a topical ophthalmic solution, leveraging its favorable ocular pharmacokinetics to stabilize the
scleral matrix.

Given the pediatric focus, ICH M3(R2) mandates 6-9 month non-rodent studies for chronic
pediatric applications [14]; ICH S4 validates 9-month rabbit duration [15]. This GLP-compliant study
(No. 2098-005, Charles River Laboratories) in juvenile Dutch Belted rabbits —exhibiting human-like
corneal permeability (limited systemic absorption /low corneal penetration typical of topical dosing)
and developmental timelines [16]—characterizes doxycycline hyclate ophthalmic solution's
ocular/systemic safety and toxicokinetics during maturation, generating regulatory-grade data for
pediatric IND submission.

2. Results
2.1. Clinical and Ocular Observations

No mortalities occurred during the study. Clinical observations revealed no Doxycycline-related
systemic effects. Body weights in both male and female animals increased steadily over the 9-month
study period, and these changes were consistent with the control group. Ophthalmic examinations
showed no clinically significant or test article-related findings. Intraocular pressure (IOP)
measurements remained stable and showed no clinically significant differences compared to the
control group.

2.2. Clinical Pathology and Histopathology

Clinical pathology (hematology, coagulation, clinical chemistry, and urinalysis) evaluations
revealed no test article-related changes in hematology, coagulation, clinical chemistry, or urinalysis
parameters in either sex at any dose level. All observed fluctuations were considered sporadic,
consistent with biological and/or procedural variability, and not related to Doxycycline Hyclate
administration. There were no test article-related macroscopic findings at terminal or recovery
necropsy. Histopathologic evaluation demonstrated no test article-related microscopic findings in
ocular or systemic tissues.

2.3. Toxicokinetics

Toxicokinetic parameters demonstrated low systemic accumulation following repeated dosing,
with no significant sex-related differences observed; therefore, data from male and female animals
were pooled for analysis (Table 1, Figure 1). Dose proportionality was not formally assessed due to
the low systemic exposure and limited sample size.

Table 1. Toxicokinetic parameters of doxycycline following single and repeated topical ocular administration in

Dutch Belted rabbits (males and females combined).

Dose Day N Cmax Tmax? AUCo-24nr Accumulation
(mg/day) (ng/mL) (hr) (hr*ng/mL) Ratio?
0.02 1 6 0.00 NA NA NA
0.2 1 6 1.21 9 NA NA
1 1 10 7.60 1 60.7 NA
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0.02 180+1 6 0.00 NA NA NA
0.2 180+1 6 1.12 9 NA NA
1 180+1 10 6.61 9 64.5 1.17
0.02 270 6 0.00 NA NA NA
0.2 270 6 0.812 9 5.84 NA
1 270 10 7.52 9 82.0 1.46
1. N, number of animals with evaluable TK data per sex and dose group.
2. Tmax, represents the observed sampling time at which the maximum plasma concentration
was recorded.
3. Accumulation Ratio = AUCo24n: Day 270/AUCo-24nr Day 1.
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Figure 1. Mean plasma doxycycline concentration-time profiles following single and repeated
administration. Mean (+SD) Doxycycline Plasma Concentration-Time Profiles on Days 1, 1801, and 270
Following Twice Daily Topical Ocular Administration of 0.005, 0.05, and 0.25 mg/eye/dose (Total Daily Dose of
0.02, 0.2, and 1 mg/day) Doxycycline to Rabbits (Males and Females Combined).

3. Discussion

This 9-month GLP study (No. 2098-005) establishes a favorable nonclinical safety profile
following long-term topical administration, with no adverse findings at the highest tested dose (0.25
mg/eye BID (0.5% w/v)) without ocular/systemic effects [Study 2098-005]. The juvenile Dutch Belted
rabbit emulates human corneal absorption and scleral ontogeny [17], consistent with ICH M3(R2)
and 5S4 considerations for chronic nonclinical safety assessment.

No ocular irritation was observed in the present study. Ocular tolerability remains an important
consideration for existing myopia therapies. Intraocular pressure remained within the physiological
range throughout the study. [18]. Topical ophthalmic administration further mitigates the potential
for systemic adverse effects traditionally associated with tetracyclines, such as dental staining.
Notably, while tetracycline-class antibiotics are historically linked to permanent tooth discoloration.
Previous clinical observations have suggested that doxycycline may differ from other tetracyclines
with respect to dental staining risk. [19] Systemic exposure remained substantially below
antibacterial levels. [20]. Accumulation ratios remained close to unity and were not considered
indicative of systemic accumulation. Thus, toxicokinetic parameters demonstrated low accumulation
following repeated administration support BID dosing.
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This 9-month GLP-compliant study (Study No. 2098-005) demonstrated a favorable nonclinical
safety profile for doxycycline hyclate ophthalmic solution following long-term topical administration
in juvenile Dutch Belted rabbits, with no ocular or systemic adverse findings observed at the highest
tested dose. The juvenile rabbit model, which exhibits ocular developmental features relevant to
pediatric populations, is commonly used for the assessment of chronic ophthalmic safety.

Ocular tolerability was unremarkable throughout the study, with no treatment-related irritation
or changes in intraocular pressure observed. Systemic exposure following topical administration
increased with dose but remained low, with accumulation ratios close to unity and not indicative of
systemic accumulation after repeated dosing. These findings are consistent with the localized route
of administration and support the feasibility of chronic ophthalmic dosing.

Collectively, the ocular and systemic safety findings from this long-term juvenile animal study
provide a nonclinical foundation to support further early-phase clinical evaluation of doxycycline
hyclate ophthalmic solution for chronic myopia control. Given the high prevalence of pediatric
myopia and the limitations associated with current therapeutic options, continued investigation of
alternative strategies targeting scleral remodeling pathways, including matrix metalloproteinase
modulation, is warranted.

4. Materials and Methods
4.1. Test Article and Dosing

Doxycycline hyclate ophthalmic solution (developed at National Taiwan University, Taipei,
Taiwan) comprised sterile, isotonic, preservative-free aqueous vehicle (pH 7.0-7.4). GLP dose
formulation analysis (HPLC; Days 1/28/90/180/270) confirmed >88% recovery, CV<9% across
concentrations.

Juvenile Dutch Belted rabbits ({Haz:(DB)SPF}, Envigo RMS, USA, ~7 weeks). Dosing: 50 puL/eye
BID (~8-10 h interval), inferior conjunctival sac via calibrated micropipette. Recovery: 14 days post-
270 days dosing (Groups 1,4) (Table 2).

Table 2. Experimental Design.

Dose Dose Dose Main Study Recovery Study
Group
Test Material Level Volume Concentration No. of No. of No. of No. of
No.
(mg/eye) (uL) (mg/mL) Males Females Males Females
1 Vehicle Control 0 50 0 3 3 2 2
Doxycycline
2 0.005 50 0.1 3 3
Hyclate (Low)
Doxycycline
3 0.05 50 1.0 3 3
Hyclate (Mid)
Doxycycline
4 0.25 50 5 3 3 2 2
Hyclate (High)
No. = Number
-=NA

4.2. Histopathology and Toxicokinetics

TK sampling (K;EDTA plasma; Days 1/180/270; predose/0.5-24 h; n=3~5 /sex/group/time): LC-
MS/MS (LLOQ 1 ng/mL), Phoenix WinNonlin v8.0 non-compartmental analysis.

At scheduled necropsy (Day 284 or 298), a full examination was performed. Over 40 tissues per
animal were collected; eyes and optic nerves were preserved in Davidson’s fixative, while other
systemic tissues were fixed in 10% neutral buffered formalin. All tissues were paraffin-embedded,
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sectioned, and stained with H&E. Histopathologic evaluation was conducted via a blinded, peer-
reviewed process.

4.3. Statistical Analysis

Statistical Analysis

Continuous data (e.g., body weights, IOP, and clinical pathology parameters) were analyzed
using one-way ANOVA followed by Dunnett’s post-hoc test (a=0.05) for multiple comparisons;
Kruskal-Wallis tests were employed for non-parametrically distributed data?. Trends over time were
evaluated using repeated-measures ANOVAS. Categorical data, such as the incidence of clinical or
macroscopic observations, were analyzed using Fisher’s Exact Test9. All statistical analyses were
performed using SAS software (v9.4).

5. Conclusions

Doxycycline hyclate ophthalmic solution was well tolerated following long-term topical
administration in juvenile rabbits, with no evidence of ocular or systemic toxicity at the highest tested
dose. Toxicokinetic evaluations indicated increasing systemic exposure with dose and low
accumulation following repeated administration. Collectively, the GLP findings from Study No.
2098-005 support further clinical development of doxycycline hyclate for chronic ophthalmic
indications.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Summary of Ophthalmic Examination Findings; Table S2 : Summary of
Hematology Values.
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BID Twice Daily
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Ccv Coefficient of Variation

ECM Extracellular Matrix

GLP Good Laboratory Practice

H&E Hematoxylin and Eosin

HPLC High-Performance Liquid Chromatography

TACUC Institutional Animal Care and Use Committee

ICH International Council for Harmonisation

0P Intraocular Pressure

LAMP Low-Concentration Atropine for Myopia Progression
LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry
LLOQ Lower Limit of Quantification

MMP Matrix Metalloproteinase

NSTC National Science and Technology Council

NOAEL No Observed Adverse Effect Level

NTU National Taiwan University

SAD Single Ascending Dose

TK Toxicokinetics
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