
Sex- and age-dependent energetic dysfunction in
LRRK2 G2019S Parkinson’s model revealed by
structural analysis of RGC dendritic architecture
and metabolic profiling of optic nerve
Gloria Cimaglia 

UK Dementia Research Institute
James R. Tribble 

King's College London
Pete A. Williams 

Karolinska Institutet
James E. Morgan 

Cardiff University
Marcela Votruba 

Cardiff University
Dayne Beccano-Kelly 

UK Dementia Research Institute

Article

Keywords:

Posted Date: August 25th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10550625/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10550625/v1
https://doi.org/10.21203/rs.3.rs-10550625/v1
https://doi.org/10.21203/rs.3.rs-10550625/v1
https://creativecommons.org/licenses/by/4.0/


Sex- and age-dependent energeƟc dysfuncƟon in LRRK2 G2019S Parkinson’s 1 

model revealed by structural analysis of RGC dendriƟc architecture and metabolic 2 

proĮling of opƟc nerve.   3 

Cimaglia G.1,2, Tribble J.R. 3,4, Williams P.A.4,5,6, Morgan J.E. 7, Votruba M.7,8, Beccano-Kelly D.1,2*  4 

1 UK DemenƟa Research InsƟtute at Cardiī University, Cardiī, United Kingdom. 5 

2 Cardiī University, School of Medicine, Cardiī, United Kingdom. 6 

3 Wolfson Sensory, Pain and RegeneraƟon Centre, School of Neuroscience, King’s College London, 7 

London, United Kingdom. 8 

4 Department of Clinical Neuroscience, Division of Eye and Vision, St. Erik Eye Hospital, Karolinska 9 

Institutet, Stockholm, Sweden. 10 

5 Ophthalmology, Department of Surgery, University of Melbourne, Melbourne, Australia. 11 

6 Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital, Melbourne, Australia. 12 

7 School of Optometry and Vision Sciences, Cardiī University, Cardiī, United Kingdom. 13 

8 Cardiī Eye Unit, University Hospital of Wales, Cardiī, United Kingdom. 14 

* Primary corresponding author: Dayne Beccano-Kelly Beccano-KellyD@cardiī.ac.uk 15 

Abstract  16 

Pathological changes in the retina of Parkinson's disease (PD) patients precede diagnostic motor and 17 

cognitive symptoms; however, the temporal and sex-specific features of this prodromal pathology 18 

remains unclear. To begin to resolve this, we investigated retinal ganglion cell (RGC) structure and 19 

optic nerve metabolism in male and female LRRK2 G2019S knock-in mice and wild-type littermates at 20 

4, 8, and 72 weeks, using a combination of Sholl analysis and liquid chromatography–mass 21 

spectrometry. Male LRRK2 G2019S mice exhibited RGC structural abnormalities at 4 weeks, whereas 22 

comparable changes emerged in females at 8 weeks. Metabolomic profiling revealed distinct age- and 23 

sex-dependent alterations, including reduced purine and riboflavin metabolism in young males and 24 

increased nicotinate, nicotinamide, and butanoate metabolism in age-matched females. Differing sex-25 

specific metabolic start points and trajectories converged with age, suggesting distinct prodromal 26 

mechanisms leading to a shared pathological endpoint. These retinal signatures may facilitate early 27 

PD staging and precision medicine. 28 



IntroducƟon  29 

Parkinson's disease (PD) is the second most common age-related neurodegeneraƟve disorder and is 30 

projected to aīect more than 25 million people worldwide by 20501. Despite its increasing prevalence, 31 

early diagnosis and treatment is sƟll not possible, and understanding of the dysfuncƟon occurring at 32 

this stage is sƟll not completely deĮned. This is confounded by the observaƟon that in sporadic PD 33 

there is a sex bias in disease manifestaƟon with more male individuals developing the disorder 2. 34 

Furthermore, data suggests this interacƟon is even more complex in geneƟc forms of the disease such 35 

as LRRK2-PD where the overall sex bias is reduced2,3 but variants with early and prominent cogniƟve 36 

dysfuncƟon again shows a male bias4-7. Thus, understanding why these diīerences occur and their 37 

early manifestaƟon is criƟcal for pathomechanisƟc idenƟĮcaƟon and disease straƟĮcaƟon allowing for 38 

appropriate diagnosis and treatment.  39 

Although clinical diagnosis of cardinal motor signs (including resƟng tremor, rigidity, bradykinesia and 40 

postural instability) remains the gold standard, non-motor features are emerging as potenƟal 41 

diagnosƟc tools. One putaƟve measure is that of reƟnal degeneraƟon8,9. Loss of reƟnal ganglion cells 42 

(RGCs) has been shown to be present at early stages in rat rotenone PD models accompanied by reƟnal 43 

thinning as measured by opƟcal coherence tomography10. This pathology has been shown to translate 44 

to human cohorts and scales with clinical severity and dopamine transporter loss11,12. These data not 45 

only make it a potenƟally powerful biomarker for disease but, a Ɵssue type useful for studying the 46 

earliest stages of disease and the diīerences sex may exert. DeĮning a prodromal phase during which 47 

disease-modifying intervenƟons may be most eīecƟve. IdenƟfying molecular alteraƟons during the 48 

prodromal phases that occur before overt neurodegeneraƟon therefore remains a major challenge in 49 

PD research and would result in the idenƟĮcaƟon of important pathophysiological mechanisms and 50 

targets.  51 

AccumulaƟng evidence indicates that metabolic dysfuncƟon is a key early and fundamental feature of 52 

PD and one which may yield insight into disease pathways13. Mitochondrial impairment, altered 53 

glucose uƟlisaƟon, oxidaƟve stress and disrupƟon of cellular bioenergeƟcs have been reported across 54 

experimental models, paƟent-derived cells and post-mortem brain Ɵssue, suggesƟng that failure of 55 

metabolic homeostasis contributes to neuronal vulnerability long before clinical diagnosis14-16. 56 

Although these metabolic alteraƟons are increasingly recognised, the relaƟonship to sex and temporal 57 

evoluƟon in the context of PD remains poorly understood. 58 

RGCs possess excepƟonally high metabolic demands owing to their conƟnuous electrical acƟvity and 59 

long unmyelinated axons, requiring one of the highest mitochondrial densiƟes within the central 60 



nervous system. Like nigral dopaminergic neurons, RGCs rely predominantly on oxidaƟve 61 

phosphorylaƟon to sustain ATP producƟon and are therefore parƟcularly suscepƟble to disturbances 62 

in mitochondrial funcƟon and energy metabolism17-19. As an accessible extension of the central 63 

nervous system, the reƟna shares many structural, molecular and metabolic characterisƟcs with the 64 

brain. Thus, the reƟna provides a unique opportunity to invesƟgate early pathological events in a sex 65 

and temporal speciĮc manner.  66 

MutaƟons in leucine-rich repeat kinase 2 (LRRK2), parƟcularly the G2019S variant, represent the most 67 

common geneƟc cause of familial PD and are also detected in sporadic disease20-25. Increasing evidence 68 

suggests that LRRK2 regulates mulƟple processes central to cellular metabolism20-27, therefore, 69 

invesƟgaƟng metabolic trajectories in male and female LRRK2 mice may provide important insight into 70 

early adapƟve responses that inŇuence disease progression28. 71 

Here, we combined structural analysis of RGC dendriƟc architecture with untargeted metabolomic 72 

proĮling of the opƟc nerve (RGC axon bundles whose changes directly correlate to RGC29) to 73 

characterise metabolic changes across early development and through ageing in male and female wild-74 

type and LRRK2 G2019S mice30. By examining animals at 4, 8 and 72 weeks of age, we idenƟfy sex-75 

speciĮc metabolic trajectories associated with early neuronal structural changes and demonstrate that 76 

LRRK2 disrupts normal metabolic maturaƟon before progressively converging on a common age-77 

associated metabolic phenotype. These Įndings establish reƟnal metabolism as a sensiƟve readout of 78 

early Parkinson's disease-related dysfuncƟon and highlight metabolic pathways that may represent 79 

candidate targets for intervenƟons aimed at preserving neuronal resilience before irreversible 80 

neurodegeneraƟon occurs. CriƟcally these putaƟve targets and perturbed pathways are sex dependent 81 

and thus creates a basis for straƟĮcaƟon of aberrant biochemical pathways in PD. 82 

Materials and methods 83 

Animal strain and husbandry 84 

Animals, males and females LRRK2 G2019S+/- knock-in mice (B6.Cg-Lrrk2tm1.1Hlme/J; strain #030961 – 85 

RRID:IMSR_JAX:030961), and their control liƩer mates, were co-housed in environmentally enriched 86 

cages with a 12h/12h light/dark cycle with food and water available ad libitum.  87 

Ethics declaraƟon  88 

Experiments were performed in compliance with the Home Oĸce Animals (ScienƟĮc Procedures) Act 89 

1986 (PPL P49E8C976, PIL I73025511). 90 



Experimental cohorts 91 

The data collected were based onto an experimental cohort of 6 mice for each age point (4 weeks, 8 92 

weeks and 72 weeks), sex (male and female) and genotype (wild type and LRRK2 G2019S KI). For opƟc 93 

nerve untargeted low molecular weight metabolomics samples contaminated by blood were excluded 94 

from the analysis. Metabolomics raw data provided in the supplementary materials. Power 95 

calculaƟons were performed on G*Power (version 3.1). A priori power calculaƟons were performed to 96 

decide the minimum sample size based on Wilcoxon-Mann-Whytney test of the means of two groups 97 

for a predicted Sholl AUC change due to metabolic perturbaƟon according to previous published 98 

work29. Based on a mean ± SD of group 1 (4151.87 ± 2120.55) and group 2 (2552.53 ± 1201.66), the 99 

calculated eīect size was 0.97. With a two-tailed comparison with α of 0.05 and power of (1 – β) of 100 

0.95, the required sample size is N = 5 animal/group.   101 

Analysis of reƟnal ganglion cell dendriƟc structure. 102 

To analyse RGC structure, mice were euthanised by cervical dislocaƟon. Eyes were enucleated and 103 

Įxed in 1.5% paraformaldehyde (PFA)31, and kept in 1.5% PFA unƟl dissected. For reƟnal dissecƟons, 104 

eyes were transferred into HBSS, reƟnas dissected and placed ganglion cell layer up onto a microscope 105 

slide for DiOlisƟc labelling29,32. RGC dendriƟc structure was assessed in Ňat-mounted reƟnas by DiolisƟc 106 

labelling of individual reƟnal ganglion cell dendriƟc tree (Helios gene gun system, Bio-rad). 80 mg of 107 

1.7 μm M-25 Tungsten parƟcles (Bio-rad) were coated with methylene chloride (400 μL)-dissolved 1,1’-108 

Dioctadecyl-3,3,3′3’Tetramethylindocarbocyanine Perchlorate (DiI, 2 mg; Invitrogen) and 3,3’- 109 

Dioctadecyloxacarbocyanine Perchlorate (DiO, 4 mg; Invitrogen). Coated parƟcles were then 110 

distributed onto the interior surface of Tefzel tubing (30 cm; Bio-Rad) which was then cut into 12 mm 111 

segments. DiI/DiO- coated tungsten parƟcles were delivered (100–110 psi, helium) with the gene gun 112 

to the reƟnal Ňat mount, 5 cm from the reƟna surface through a 3 μm polyethylene terephthalate 113 

membrane (Fisher ScienƟĮc) to prevent tungsten parƟcle clumping.  Flat mounted reƟnas were then 114 

incubated overnight in HBSS at room temperature, Įxed for 1 h in 4% paraformaldehyde (PFA), washed 115 

in 1 M PBS, nuclei labelled with Hoescht (1:1000 in PBS) and washed again. ReƟnas were then mounted 116 

with FluoroSave (Millipore) mounƟng media, coverslipped, and dried at room temperature for 1 h. 117 

Images of RGC dendriƟc Įelds were taken with Leica SP8 confocal microscope (Leica; 20X 118 

magniĮcaƟon, 0.345 μm/pixel, 1 μm z-thickness). RGCs were idenƟĮed by their locaƟon in the ganglion 119 

cell layer, the presence of an axon projecƟng to the opƟc nerve, and a dendriƟc tree extending within 120 

the inner plexiform layer (IPL). Only the cells that fulĮlled these selecƟon criteria were imaged and 121 

traced. Complete dendriƟc Įelds were reconstructed using Imaris soŌware (version 9.3.1, Bitplane), 122 



where individual reƟnal ganglion cell dendriƟc Įelds were manually selected as areas of interest and 123 

dendrites automaƟcally traced using the Įlament tool 32. Any tracing errors were corrected manually. 124 

StaƟsƟcal parameters were exported from Imaris for Sholl analysis at set intervals of 10 μm. All 125 

experimental procedures by the same invesƟgator (GC). To avoid any bias, the genotype was masked 126 

during dendriƟc reconstrucƟon and unmasked following analysis of the raw data. 127 

Low molecular weight enriched metabolomics 128 

Metabolomics were performed as previously described29,33. BrieŇy, mice were euthanised by cervical 129 

dislocaƟon, and eyes with aƩached opƟc nerves were enucleated. OpƟc nerves were severed at the 130 

opƟc nerve head and immediately snap frozen. The Ɵssue was stored at -80° C and shipped on dry ice 131 

to the Karolinska InsƟtutet Small Molecule Mass Spectrometry Core Facility (Solna, Sweeden) for 132 

processing. Prior analysis, samples were divided into extracƟon batches keeping samples from the 133 

same group together. The samples were Įrst placed on a tray in dry ice. Then, a volume of 400 µL of 134 

ice-cold LC-MS methanol was added to each tube. Tubes were then closed, and samples were quickly 135 

vortexed to ensure that the opƟc nerve was in soluƟon. Then, aŌer an addiƟonal vortex step of 5 136 

seconds, samples were placed in an ultrasound bath with ice (so that the temperature does not 137 

increase above 10 °C) and sonicated for 15 minutes (Sweep mode). Samples were aŌerwards 138 

centrifuged at 12000 g for 12 minutes (8°C). Finally, 200 µL of the supernatant was transferred to an 139 

LC-MS vial equipped with a 300 µL insert, ready for injecƟon on the polar plaƞorms. AddiƟonally, 140 

around 30 µL of each supernatant from the Įrst batch were pooled together in one Eppendorf tube. 141 

The tube was then capped and vortexed and 200 µL of the mix was transferred to Įve LC-MS vials 142 

equipped with a 300 µL insert to be used as a quality control of injecƟon (QCInj). 143 

Data were collected in polar posiƟve and negaƟve ionizaƟon mode. For polar posiƟve collected data: 144 

chromatographic column, ACQUITY Premier BEH Amide Vanguard FIT, 2.1 x 100 mm, 1.7 µm; guard 145 

column, Vanguard FIT (integrated in column); mobile aqueous phase (A), 20 mM ammonium formate 146 

+ 0.1% formic acid in Milli-Q H2O; mobile organic phase (B), 0.1% Formic acid in LC-MS acetonitrile. 147 

Chromatographic gradient (minute, %B, Ňowrate µl/min), 0.0, 95, 400; 1.5, 95, 400; 12.0, 61.5, 400; 148 

12.2, 52, 400; 13.2, 52, 400; 13.5, 95, 400; 14.2, 95, 475,18.5, 95, 475; 18.7, 95, 400. Colum 149 

temperature 30° C, injecƟon volume 2 µl. For polar negaƟve collected data: chromatographic column, 150 

AtlanƟs Premier BEH Z-HILIC Vanguard FIT, 2.1 x 100 mm, 1.7 µm; guard column, Vanguard FIT 151 

(integrated in column); mobile aqueous phase (A), 10 mM ammonium acetate at 9.2 pH (adjusted with 152 

NH4OH) in double deionized water; mobile organic phase (B), LC-MS acetonitrile. Chromatographic 153 

gradient (minute, %B, Ňowrate µl/min), 0.0, 85, 450; 3, 79, 450; 6, 60, 450; 7.0, 45, 450; 7.5, 40, 450; 154 

10, 40, 450; 10.5, 85, 450; 12.8, 85, 450. Colum temperature 30° C, injecƟon volume 1.5 µl. Hundred 155 



ĮŌy-six low molecular weight metabolites that could be veriĮed with standards were detected. 156 

Metabolites were quanƟĮed as area under the curve of the mass spectrometry peak. Since the opƟc 157 

nerves were collected to have all the same weight and internal standard data for AMP showed a stable 158 

intensity suggesƟng that normalisaƟon was not necessary, samples data were not furtherly normalised 159 

to Ɵssue weight. Data were analysed using MetaboAnalyst34-37. Groups were compared by two-sample 160 

t-test with an adjusted p value cut oī of 0.05 considered signiĮcant. Metabolic analyses were 161 

undertaken using Pareto scaling. Pathway analysis was performed in MetaboAnalyst using the Mus 162 

musculus Kyoto Encyclopaedia of Genes and Genome (KEGG) library.  163 

StaƟsƟcal analysis 164 

StaƟsƟcal analyses were performed in GraphPad Prism (version 11.0.2(92)). The Normality of the data 165 

sets was tested using the Shapiro-Wilk test. Two group comparisons were evaluated by t-test or Mann-166 

Whitney U test as appropriate. To compare three or more groups one-way ANOVA, two-way ANOVA, 167 

or Kruskal-Wallis one-way ANOVA were used as appropriate, followed by Tukey post-hoc or Dunn’s test 168 

respecƟvely.  169 

Results 170 

ReƟnal ganglion cell changes over Ɵme are sex and genotype dependent  171 

First, we sought to establish whether reƟnal degeneraƟon seen in chemically induced models of PD 172 

and PD paƟents was observed in our geneƟc model9,38-43. Using reƟnal explants taken from LRRK2 mice 173 

we performed DiOlisƟcs and assessed the resultant stained cells using Sholl analysis. Data showed no 174 

major signiĮcant diīerence compared to liƩermate controls among the groups (4w, 8w, and 72w; no 175 

sex split, supplementary Fig. 1). However, when separated by sex, a reducƟon in neuriƟc arborizaƟon 176 

was observed in male LRRK2 mice at 4 weeks (Fig. 1 A and B) and this was sƟll present at 8 weeks (Fig. 177 

2 A and B). In contrast, a similar reducƟon in arborizaƟon was observed in female LRRK2 mice only at 178 

8 weeks (Fig. 2 C and D).  These diīerences were not apparent at 72 weeks due to a reducƟon in wild 179 

type arborisaƟon in both sexes. Direct comparison of sexes showed a generally more complex 180 

architecture in the female compared to the males, at 4 weeks (Fig. 1 E). At 8 weeks this greater 181 

complexity of the female LRRK2 group was lost (Fig. 2 C and D). Although the Sholl curves of both male 182 

and female cohorts looks similar (WT vs LRRK2), we observed the opposite trend, with male RGCs 183 

acquiring dendriƟc complexity at this age point. At an advanced age point (72 weeks), all the 184 

diīerences that characterised each age point were lost (Fig. 3 A - D), with no major diīerences 185 

between the groups (Fig. 3 E). 186 



Temporal metabolic analysis revealed genotype sex speciĮc diīerences. 187 

Having conĮrmed a genotype speciĮc early RGCs degeneraƟon with sex and age dependence, we next 188 

sought to determine whether any speciĮc metabolic changes accompanied the degeneraƟon. First, we 189 

veriĮed if similar sex speciĮc diīerences could be observed in the metabolomic analysis (Fig. 5 A – F). 190 

At each age point both WT and LRRK2 male and female groups diīered metabolically, which conĮrmed 191 

our RGC structural observaƟons. At 4 weeks in the WT group the abundance of more than 30 192 

metabolites was signiĮcantly decreased in the females compared to the males (e.g. NAD, choline; Fig. 193 

5 A). However, in the female LRRK2 group an increased abundance of 15 metabolites (e.g. pyruvate, 194 

choline, tyrosine; Fig. 5 D) was observed. At 8 weeks the WT metabolic proĮle reversed (Fig. 5 B). In 195 

contrast with the metabolic Įngerprint at 4 weeks, at 8 weeks point around 20 metabolites were more 196 

abundant in the females (e.g. nicoƟnamide, glycerol-3-phosphate; Fig. 5 B), with no metabolites 197 

appearing in the leŌ side of the volcano plot. For the LRRK2 (Fig. 5 E), as suggested by the Sholl analysis, 198 

we observed a more homogeneous metabolic proĮle between the two sexes, as shown by the 199 

alignment in dendriƟc complexity at 8 weeks. At 72 weeks female and male WT groups did not show 200 

any great imbalance in their energeƟc proĮle, with only 3 metabolites less abundant in the females 201 

(Fig. 5 C). In contrast, at 72 weeks in the LRRK2 G2019S model we started to observe again metabolic 202 

diīerences between the two sexes (Fig. 5 F). At that speciĮc late Ɵme point, female LRRK2 showed 203 

both increased and decreased metabolic changes, with 3 upregulated metabolites involved in energy 204 

forming cascades (e.g. NAD).  205 

Thus, given the sex dependent diīerences observed both in the RGC arborizaƟon and metabolism, we 206 

decided to assess the metabolic status at each age point separately.  207 

Age and sex speciĮc metabolic analysis revealed sex-related energy changes in LRRK2.  208 

To deĮne the diīerences that could determine a pathological Įngerprint, we analysed the metabolic 209 

diīerences caused by the G2019S mutaƟon versus controls within the same sex, at the speciĮc Ɵme 210 

points (Fig. 6-8). Metabolic analysis of female mice at 4 weeks (Fig. 6 A-C), showed a signiĮcant 211 

metabolic upregulaƟon in the LRRK2, with 47 over abundant metabolites (e.g. NAD, nicoƟnamide, 212 

nicoƟnamide riboside, tyrosine; Fig. 6 A) creaƟng a signiĮcant impact on 25 pathways, among which 213 

tyrosine biosynthesis and metabolism, nicoƟnamide and glutathione metabolism had the biggest shiŌ 214 

compared to the control, along with changes in the TCA cycle (Fig. 6 B and C). In contrast, at the same 215 

age point, LRRK2 male metabolic snapshot, showed a downregulaƟon of 9 metabolites (e.g. glycerol-216 

3-phosphate, choline; Fig. 6 D), with a general signiĮcant eīect on only three pathways, mainly lipid 217 

metabolism (Fig. 6 E and F).  218 



At 8 weeks, we could not observe any energeƟc discrepancy when female LRRK2 were compared to 219 

control, which resulted in no major pathways imbalance (Fig. 7 A-C). A similar tendency was observed 220 

for the male groups, with just the caīeine metabolism pathway slightly aīected by the metabolic 221 

diīerences (Fig. 7 D-F). With aging the metabolic scenario shiŌs again (Fig. 8). At 72 weeks, female 222 

LRRK2 displayed a mixed metabolic imbalance (metabolic up- and down-regulaƟon) compared to 223 

control (Fig. 8 A), signiĮcantly aīecƟng 13 pathways with pathological relevance as the tyrosine 224 

metabolism pathway (Fig. 8 B and C). In contrast, metabolomics analysis of the LRRK2 male, idenƟĮed 225 

a less prominent metabolic phenotype with 5 downregulated (e.g. NAD) and 2 upregulated (e.g. 226 

benzoic acid) metabolites compared to controls (Fig. 8 D), with an overall inŇuence on only two 227 

pathways (Fig. 8 E-F).  228 

Metabolomics changes overƟme show a clear sex-speciĮc metabolic phenotype linked to 229 

LRRK2  230 

Although we could evidence metabolic changes between sex and genotype at speciĮc Ɵme points, we 231 

undertook a speciĮc set of metabolic analysis to pinpoint the metabolic changes overƟme, by mean of 232 

progressive changes based on sex and genotype condiƟons. StarƟng with females (Fig. 9 and 11), we 233 

observed several metabolic shiŌs in the progression from 4 to 8 weeks (Fig. 9 A and 11 A).  Analysis 234 

showed, around 70 downregulated metabolites in WT (Fig. 11 A) compared to 16 in the LRRK2 group 235 

(Fig. 9 A). However, none of those metabolites were similar between the two group, suggesƟng a 236 

diīerent energeƟc developmental path, with only three common pathways, glycolysis and 237 

gluconeogenesis, faƩy acid degradaƟon and nicoƟnamide metabolism (Fig. 9 B and C, Fig. 11 B and C).  238 

In contrast, 8 to 72 weeks transiƟon addressed almost no changes in the WT (Fig. 11 D-F), with 239 

nicoƟnamide metabolism and faƩy acid degradaƟon pathways sƟll relevant, whereas the changes in 240 

LRRK2 female showed a more dysregulated metabolic proĮle (Fig. 9 D-F). This late-stage progression 241 

addressed an upregulaƟon of the main biochemical components of the glycolyƟc pathways (e.g. 242 

glucose-6-phospate and fructose-6-phospate; Fig. 9 D) suggesƟng a compromised energy catabolism 243 

(cellular respiratory pathway). Indeed, ingenuity pathway analysis revealed signiĮcant disrupƟon in all 244 

the main energy forming pathways, as TCA cycle and glycolysis, with a shiŌ to faƩy acid degradaƟon 245 

as a compensatory mechanism (Fig. 9 E and F).   246 

Male metabolic temporal progression showed a diīerent tendency compared to the females (Fig. 10 247 

and 12). In the WT, 4 to 8 weeks transiƟon was deĮned by a quite homogeneous metabolic proĮle, 248 

with no major shiŌs (up or down), and no impact on any pathway, except for caīeine metabolism (Fig. 249 

12 A-C). In the LRRK2, temporal progression analysis showed a consistent downregulated metabolic 250 



proĮle, with 18 signiĮcantly downregulated metabolites (e.g. pyruvate, fructose, and phenylalanine; 251 

Fig. 10 A), which overall inŇuenced dopamine related pathways (e.g. tyrosine metabolism, 252 

phenylalanine metabolism and tyrosine biosynthesis), and TCA cycle (Fig. 10 B and C). Proceeding to 253 

the 8 to 72 weeks metabolic transiƟon, the impact of age was deĮned by a metabolic readjustment in 254 

the WT (Fig. 12 E and F), with changes mainly aīecƟng the faƩy acid degradaƟon pathway, which was 255 

upregulated at 72 weeks. Similarly, LRRK2 aging metabolic transiƟon shiŌed the energy producƟon 256 

toward faƩy acids as suggested by carniƟne increase at 72 weeks (downregulaƟon 8 weeks means 257 

upregulaƟon at 72; Fig. 10 D) coupled with the signiĮcant funcƟonal increase in the faƩy acid 258 

degradaƟon pathway (Fig. 10 E and F).    259 

Discussion  260 

This study demonstrates that reƟnal pathology associated with LRRK2 G2019S is age- and sex-261 

dependent and is detectable early in life. By integraƟng RGC morphology with opƟc nerve 262 

metabolomic proĮling across three age cohorts, we show that structural and metabolic alteraƟons 263 

emerge during early postnatal development, follow disƟnct trajectories in males and females, and 264 

become more similar with aging. These Įndings idenƟfy the reƟna–opƟc nerve system as a sensiƟve 265 

model of early LRRK2-associated dysfuncƟon and indicate that biological sex inŇuences its temporal 266 

evoluƟon. 267 

Maintenance of neuronal structure requires eĸcient energy metabolism, and metabolic impairment 268 

is increasingly recognised as a central feature of Parkinson's disease22,44-46. RGCs have high energeƟc 269 

demands because of their conƟnuous electrical acƟvity and long unmyelinated axons, and they rely 270 

heavily on oxidaƟve phosphorylaƟon to maintain dendriƟc and axonal integrity19. This energeƟc 271 

burden may make the reƟna parƟcularly sensiƟve to early bioenergeƟc disturbance and therefore 272 

useful for examining disease-associated changes before overt neuronal loss is apparent47,48. 273 

Consistent with this vulnerability, male LRRK2 mice exhibited reduced dendriƟc complexity together 274 

with metabolic suppression at four weeks of age. ReducƟons in purine and riboŇavin metabolism, 275 

alongside changes in metabolites associated with mitochondrial energy producƟon, suggest impaired 276 

oxidaƟve metabolism, diminished cofactor availability and reduced anƟoxidant capacity during a 277 

criƟcal developmental period49,50. Their associaƟon with reduced dendriƟc complexity supports a 278 

relaƟonship between early bioenergeƟc disrupƟon and altered neuronal structure, although the 279 

present data do not establish causality. However, previous published data showed direct metabolic 280 

inŇuence on RGCs structural preservaƟon as a measure of neuronal funcƟonal integrity29,33.  281 



In contrast, female LRRK2 mice demonstrated preserved, dendriƟc complexity at four weeks despite 282 

carrying the same pathogenic mutaƟon. The comparaƟve diīerence to the male LRRK2 model is 283 

seemingly the diīerent metabolic state. This showed a broad upregulaƟon of pathways involved in 284 

mitochondrial metabolism, anƟoxidant defence, nucleoƟde synthesis and cellular maintenance. 285 

Rather than represenƟng enhanced basal metabolism, these changes may reŇect an early adapƟve 286 

response that temporarily preserves neuronal homeostasis under metabolic stress46,51-53. Consistent 287 

with this interpretaƟon, the early metabolic advantage observed in females was no longer evident at 288 

eight weeks, when reduced dendriƟc complexity emerged. Thus, the principal early eīect of sex may 289 

lie not in protecƟon from LRRK2-associated dysfuncƟon, but in the Ɵming and nature of the response 290 

to it. 291 

Longitudinal proĮling indicated a biphasic paƩern of metabolic changes, with extensive 292 

developmental reprogramming between four and eight weeks followed by more selecƟve changes 293 

between 8 and 72 weeks. Wild-type animals showed metabolic maturaƟon consistent with the 294 

establishment of adult homeostasis, whereas LRRK2 G2019S altered these age-related trajectories. 295 

The mutaƟon therefore appears to perturb metabolic maturaƟon rather than simply reproduce an 296 

accelerated aging proĮle. Importantly for understanding sex diīerences in LRRK2-associated PD, this 297 

early disrupƟon was expressed diīerently in males and females before the metabolic proĮles became 298 

more similar with age.  299 

Despite their disƟnct early responses, aged male and female LRRK2 mice shared features consistent 300 

with impaired mitochondrial faƩy acid oxidaƟon, reduced tricarboxylic acid cycle acƟvity, altered one-301 

carbon and polyamine metabolism, and decreased anƟoxidant buīering. These changes suggest an 302 

age-related loss of metabolic resilience extending beyond mitochondrial dysfuncƟon alone. 303 

Nevertheless, convergence was incomplete. Female mice retained evidence of enhanced glycolyƟc 304 

and pentose phosphate pathway acƟvity, potenƟally supporƟng glucose uƟlisaƟon and NADPH-305 

dependent redox homeostasis, whereas aged males showed a more globally suppressed proĮle with 306 

less evidence of compensatory adaptaƟon. 307 

These persistent diīerences suggest that females may retain greater metabolic plasƟcity in the 308 

presence of progressive mitochondrial dysfuncƟon. The early metabolic acƟvaƟon observed in 309 

females was associated with delayed dendriƟc abnormaliƟes but did not prevent their later 310 

emergence. Metabolic resilience, rather than the abundance of any single metabolite or pathway at 311 

one age, may therefore inŇuence the Ɵming of neuronal dysfuncƟon. This interpretaƟon oīers a 312 

testable framework for sex diīerences in PD. SpeciĮcally, female adapƟve responses may shiŌ the 313 



temporal onset of pathology without providing permanent protecƟon. Direct manipulaƟon of the 314 

implicated pathways will be required to determine whether these responses are protecƟve, 315 

compensatory or secondary to altered development, before tesƟng would be possible.  316 

InteresƟngly, similar metabolic perturbaƟons have been reported in a two-hit mouse model of PD. 317 

Using the same LRRK2 knock-in mice as the presented study, and exposing the animals to a high fat 318 

diet, Ma et al. observed perturbaƟons similar to our own in 16 months old mice54. This work not only 319 

validates the metabolic alteraƟons as a key part of PD biology, but highlights the strength that redouts 320 

from the reƟna oīer as early diagnosƟc and the value of metabolomics invesƟgaƟon for early 321 

intervenƟons.  322 

The correspondence between RGC dendriƟc remodelling and opƟc nerve metabolic changes suggests 323 

that combined structural and molecular proĮling can reveal genotype-, sex- and age-dependent 324 

disease features. These changes may be evident due to reƟnal neurons possessing limited capacity for 325 

metabolic compensaƟon, thus subtle genotype-dependent disturbances become detectable before 326 

widespread neurodegeneraƟon develops. The reƟnal structure is clinically accessible, but further work 327 

in brain is required to determine whether the opƟc nerve metabolic signatures idenƟĮed here are 328 

reŇected in measurable reƟnal or systemic biomarkers and whether they correspond to pathology 329 

elsewhere in the nervous system. 330 

Whilst there may be limitaƟons, such as samples being representaƟve of cross-secƟonal cohorts rather 331 

than repeated measurements in the same animals, our data demonstrate that LRRK2 G2019S disrupts 332 

normal metabolic maturaƟon in a sex-dependent manner long before overt neurodegeneraƟon. Early 333 

metabolic adaptaƟon delays, but does not prevent, structural pathology in females, whereas males 334 

exhibit earlier metabolic failure and neuronal vulnerability. With aging, both sexes converge toward a 335 

common state characterised by impaired mitochondrial funcƟon and loss of metabolic resilience. 336 

These Įndings idenƟfy metabolic changes as an early determinant of LRRK2-associated reƟnal 337 

pathology, emphasise the importance of considering sex as a biological variable, and support reƟnal 338 

metabolic proĮling as a promising strategy for idenƟfying biomarkers and therapeuƟc targets during 339 

the prodromal stages of Parkinson's disease. Further work looking at the connecƟon between pathway 340 

level metabolic changes and dendriƟc architecture is required in future work. In addiƟon, future work 341 

should look at regional (brain area) and spaƟal (diīerent areas of the cell) to establish temporality of 342 

metabolic dysfuncƟon and provide a Įngerprint for neuronal dysfuncƟon.  343 



Conclusions 344 

These findings identify sex as a determinant of the timing of early LRRK2-associated retinal pathology. 345 

Female mice showed a transient metabolic response associated with delayed dendritic abnormalities, 346 

whereas males exhibited earlier structural and metabolic disruption; with aging, the two sexes 347 

developed increasingly similar features of impaired mitochondrial function and reduced metabolic 348 

resilience. Defining the mechanisms that support the early female response may reveal strategies for 349 

prolonging neuronal homeostasis. More broadly, the results demonstrate that both sex and disease 350 

stage should be incorporated into the investigation and development of metabolism-based 351 

interventions for Parkinson's disease. 352 
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Figures 370 

 371 

Figure 1. ReƟnal ganglion cell dendriƟc morphology at 4 weeks. Sholl analysis of DiolisƟcally labelled RGCs of A) male with B) 372 
corresponding Sholl AUC. Similarly, data for female C) Sholl analysis and D) Sholl AUC are also presented. RepresentaƟve RGCs 373 
are shown below each Sholl. E) Sholl AUC comparison at 4 weeks. For Sholl curves, bars ± SEM. For Sholl AUCs, bars ± SEM. To 374 
compare two groups Mann-Whitney U test was used. To compare three or more groups Kruskal-Wallis one-way ANOVA 375 
followed by Dunn’s test was performed. RepresentaƟve images: scale bar 30 µm, image pixel size 2048 x 2048. Sample size 376 
N=6 for each group (sex and genotype).      377 



 378 

Figure 2. ReƟnal ganglion cell dendriƟc morphology at 8 weeks. Sholl analysis of DiolisƟcally labelled RGCs of A) male with B) 379 
corresponding Sholl AUC. Similarly, data for female C) Sholl analysis and D) Sholl AUC are also presented. RepresentaƟve RGCs 380 
are shown below each Sholl. E) Sholl AUC comparison at 8 weeks. For Sholl curves, bars ± SEM. For Sholl AUCs, bars ± SEM. To 381 
compare two groups Mann-Whitney U test was used. To compare three or more groups Kruskal-Wallis one-way ANOVA 382 
followed by Dunn’s test was performed. RepresentaƟve images: scale bar 30 µm, image pixel size 2048 x 2048. Sample size 383 
N=6 for each group (sex and genotype).      384 



 385 

Figure 3. ReƟnal ganglion cell dendriƟc morphology at 72 weeks. Sholl analysis of DiolisƟcally labelled RGCs of A) male with 386 
B) corresponding Sholl AUC. Similarly, data for female C) Sholl analysis and D) Sholl AUC are also presented. RepresentaƟve 387 
RGCs are shown below each Sholl. E) Sholl AUC comparison at 72 weeks. For Sholl curves, bars ± SEM. For Sholl AUCs, bars ± 388 
SEM. To compare two groups Mann-Whitney U test was used. To compare three or more groups Kruskal-Wallis one-way 389 
ANOVA followed by Dunn’s test was performed. RepresentaƟve images: scale bar 30 µm, image pixel size 2048 x 2048. Sample 390 
size N=6 for each group (sex and genotype).      391 



 392 

Figure 5. Sex dependent metabolomic diīerences in WT and LRRK2 opƟc nerves at diīerent Ɵme points. Volcano plots showing sex-dependent metabolomic diīerences in wild type at A) 4 weeks, 393 
B) 8 weeks, and C) 72 weeks, and in LRRK2 G2019S KI at D) 4 weeks, E) 8 weeks, and F) 72 weeks. Blue dots metabolite abundance signiĮcantly decreased, red dots metabolite abundance 394 
signiĮcantly increased.  395 



 396 

Figure 6. Sex and genotype-dependent metabolic diīerences at 4 weeks. Volcano plots showing metabolic diīerences in A) female and D) male between LRRK2 G2019S and wild type, and the 397 
respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) female and E) male. Ingenuity pathway analysis (IPA) in C) female and F) male showing the number of metabolites changes 398 
(hits) in each pathway according to their signiĮcance as listed in B) and E); labels in C) added for the most relevant. For volcano plots, blue dots metabolite abundance signiĮcantly decreased, red 399 
dots metabolite abundance signiĮcantly increased.  400 



 401 

Figure 7. Sex and genotype-dependent metabolic diīerences at 8 weeks. Volcano plots showing metabolic diīerences in A) female and D) male between LRRK2 G2019S and wild type, and the 402 
respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) female and E) male. Ingenuity pathway analysis (IPA) in C) female and F) male showing the number of metabolites changes 403 
(hits) in each pathway according to their signiĮcance. For volcano plots, blue dots metabolite abundance signiĮcantly decreased, red dots metabolite abundance signiĮcantly increased. 404 



 405 

Figure 8. Sex and genotype-dependent metabolic diīerences at 72 weeks. Volcano plots showing metabolic diīerences in A) female and D) male between LRRK2 G2019S and wild type, and the 406 
respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) female and E) male. Ingenuity pathway analysis (IPA) in C) female and F) male showing the number of metabolites changes 407 
(hits) in each pathway according to their signiĮcance as listed in B) and E); labels in C) added for the most relevant. For volcano plots, blue dots metabolite abundance signiĮcantly decreased, red 408 
dots metabolite abundance signiĮcantly increased. 409 



 410 

Figure 9. Longitudinal metabolic analysis of female LRRK2 G2019 KI. Volcano plots showing metabolic diīerences in A) early/juvenile transiƟon (4w vs 8w) and D) late/aging transiƟon (8w vs 411 
72w), and the respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) early/juvenile Ɵme points and E) late/aging Ɵme points. Ingenuity pathway analysis (IPA) in C) early/juvenile 412 
and F) late/aging showing the number of metabolites changes (hits) in each pathway according to their signiĮcance as listed in B) and E); labels in C) and F) added for the most relevant. For 413 
volcano plots, blue dots metabolite abundance signiĮcantly decreased, red dots metabolite abundance signiĮcantly increased. 414 



 415 

Figure 10. Longitudinal metabolic analysis of male LRRK2 G2019 KI. Volcano plots showing metabolic diīerences in A) early/juvenile transiƟon (4w vs 8w) and D) late/aging transiƟon (8w vs 416 
72w), and the respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) early/juvenile Ɵme points and E) late/aging Ɵme points. Ingenuity pathway analysis (IPA) in C) early/juvenile 417 
and F) late/aging showing the number of metabolites changes (hits) in each pathway according to their signiĮcance as listed in B) and E); labels in C) and F) added for the most relevant. For 418 
volcano plots, blue dots metabolite abundance signiĮcantly decreased, red dots metabolite abundance signiĮcantly increased.  419 



 420 

Figure 11. Longitudinal metabolic analysis of wild type female. Volcano plots showing metabolic diīerences in A) early/juvenile transiƟon (4w vs 8w) and D) late/aging transiƟon (8w vs 72w), 421 
and the respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) early/juvenile Ɵme points and E) late/aging Ɵme points. Ingenuity pathway analysis (IPA) in C) early/juvenile and 422 
F) late/aging showing the number of metabolites changes (hits) in each pathway according to their signiĮcance as listed in B) and E); labels in C) added for the most relevant. For volcano plots, 423 
blue dots metabolite abundance signiĮcantly decreased, red dots metabolite abundance signiĮcantly increased.  424 



 425 

Figure 12. Longitudinal metabolic analysis of wild type male. Volcano plots showing metabolic diīerences in A) early/juvenile transiƟon (4w vs 8w) and D) late/aging transiƟon (8w vs 72w), and 426 
the respecƟve pathways signiĮcantly inŇuenced by those diīerences in B) early/juvenile Ɵme points and E) late/aging Ɵme points. Ingenuity pathway analysis (IPA) in C) early/juvenile and F) 427 
late/aging showing the number of metabolites changes (hits) in each pathway according to their signiĮcance as listed in B) and E). For volcano plots, blue dots metabolite abundance signiĮcantly 428 
decreased, red dots metabolite abundance signiĮcantly increased.429 
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