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Abstract

Aging is a major risk factor for age-related ocular diseases including age-related macular
degeneration (AMD) in the retina and retinal pigment epithelium (RPE), cataracts in the lens,
glaucoma in the optic nerve, and dry eye syndrome in the cornea. We used targeted-metabolomics
to analyze metabolites from young (6 weeks) and old (73 weeks) eyes in C57 BL6/J mice. Old
mice had diminished electroretinogram responses and decreased number of photoreceptors in their
retinas. Among the 297 detected metabolites, 45-114 metabolites are significantly altered in aged
eye tissues, mostly in the neuronal tissues (retina and optic nerve) and less in cornea, RPE/choroid
and lens. We noted that changes of metabolites in mitochondrial metabolism and glucose
metabolism are common features in the aged retina, RPE/choroid and optic nerve. The aging
retina, cornea and optic nerve also share similar changes in NAD, 1- methylnicotinamides, 3-
methylhistidine and other methylated metabolites. Metabolites in taurine metabolism are strikingly
influenced by aging in the cornea and lens. In conclusion, the aging eye has both common and
tissue-specific metabolic signatures. These changes may be attributed to dysregulated
mitochondrial metabolism, re-programed glucose metabolism and impaired methylation in the
aging eye. Our findings provide biochemical insights into the mechanisms of age-related ocular
changes.
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Introduction

As we age, the eye undergoes a gradual decline of visual function. This age-related visual
deterioration is a combination of structural changes in the ocular tissues including the
cornea, lens, retina, retinal pigment epithelium (RPE), choroid and optic nerve. With aging,
the number of corneal endothelial cells declines and the epithelium-derived glands including
the lacrimal and meibomian glands decrease their production of tears to lubricate the cornea
(Gambato et al., 2015; Gipson, 2013; Mustonen et al., 1998). The aging lens decreases its
ability to change shape (presbyopia), which is most likely attributed to modifications in the
cortical fibre cells (Duncan et al., 1997; Salvi et al., 2006). The populations of neurons in the
retina decrease with loss of visual acuity and sensitivity (Lei et al., 2011; Nadal-Nicolas et
al., 2018). The microcirculation in the macula, the cone photoreceptor-enriched central
region of the retina also declines with age (Salvi et al., 2006). RPE loses melanin and
lipofuscin deposits accumulate in the RPE (Delori et al., 2001; Sarna et al., 2003). Aged
Bruch’s membrane, the innermost layer of the choroid, becomes thickened and basal laminar
and basal linear deposits accumulate (Johnson et al., 2007; Li et al., 2005). There also is an
age-related decrease in the number of optic nerve axons and an increase in elastic fibres
(Cavallotti et al., 2003; Salvi et al., 2006).

Aging is associated with many ocular diseases including Fuch’s dystrophy, dry eye
syndrome, cataracts, presbyopia, age-related macular degeneration (AMD), diabetic
retinopathy and glaucoma. These diseases cause visual impairment in 4—20% of adults over
the age of 65 (Chader and Taylor, 2013; Delcourt et al., 2010; Lin et al., 2016; Whitcomb et
al., 2013). Poor visual function significantly reduces quality of life and is a strong predictor
of mortality (Lott et al., 2010). However, the biochemical basis of aging and age- related eye
diseases has not been determined. Understanding how aging influences the eye should yield
valuable information for both basic and clinical applications.

Metabolic change is intimately entangled with aging and age-related disease at the
molecular and cellular levels (Dhillon and Denu, 2017; Feng et al., 2016). Mitochondrial
dysfunction including decreased energy metabolism and impaired antioxidant defenses has
been reported in aging lens epithelial cells, retina, RPE and optic nerve (Ferrington et al.,
2017; He et al., 2010; He and Tombran-Tink, 2010; Kubota et al., 2016; Lee et al., 2016;
Lopez Sanchez et al., 2016; Maresca et al., 2013; Rohrer et al., 2016; Stahon et al., 2016).
Improving mitochondrial metabolism can attenuate age-related visual decline in animal
models (Mills et al., 2016; Weinrich et al., 2017). A recent study reported that
supplementation with an NAD precursor could prevent glaucoma in aged mice by
modulating mitochondrial dysfunction (Williams et al., 2017). Identifying metabolic
changes that occur in the aging eye is critical for understanding the aging process and for
identifying novel targets for disease treatment.

Steady state metabolite concentrations reflect the status of metabolism. Mass spectrometry
(MS) coupled with liquid chromatography (LC) or gas chromatography (GC), provides a
sensitive and high- throughput platform to measure hundreds of metabolites in a single
analysis (Cajka and Fiehn, 2016). In this study, we used targeted metabolomics to evaluate
297 metabolites in young and old ocular tissues including cornea, lens, retina, RPE/choroid,
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and optic nerve from C57BL/6J mice. Mice are not an ideal model for AMD as they do not
have an anatomical macula. Nevertheless, the mouse is the most widely used animal model
for research in eye diseases because of the availability of genetic mutants, its capability of
recapitulating key pathological processes in human eye diseases and its cost-effectiveness
(Elizabeth Rakoczy et al., 2006; Pennesi et al., 2012; Zeiss, 2010). We have found that
mitochondrial metabolism-related metabolites and some methylated metabolites are altered
in almost all the aging tissues, suggesting a common feature for the aging eye. Additionally,
we identified tissue-specific age- related metabolic changes. This study is the first
comprehensive comparison of metabolites in young and old ocular tissues from mice.

Materials and methods

2.1. Animals

2.2.

C57 BL/6J mice of both sexes at 6 weeks were used for the young group and 73 weeks for
the aged group. Both the young and aged mice were purchased from Jackson Lab. Mouse
experiments were performed in accordance with the National Institutes of Health guidelines
and the protocol approved by Institutional Animal Care and Use Committee of West Virginia
University.

Electroretinogram (ERG)

ERGs were performed using the UTAS Visual Diagnostic System with BigShot Ganzfeld
with UBA- 4200 amplifier and interface, and EMWIN 9.0.0 software (LKC Technologies,
Gaithersburg, MD, USA). Mice were dark adapted overnight. All preparations were done
under red light. Eyes were dilated using a 1:1 mixture of 2.5 % phenylephrine (Paragon) and
1% tropicamide (Sandoz). Mice were sedated (1.5% isoflurane with 2.5 I/min (Ipm) oxygen
flow rate, 40°C) with an induction chamber (N=10 from five animals). After ten minutes of
dilation, animals were placed on a heated platform (40°C) where they continued to receive a
constant flow of isoflurane from a nose cone. A reference electrode was placed
subcutaneously in the back of the neck (LKC Technologies, #95-016.) Electrodes made
from 0.125 mm silver wire were carefully positioned closely above the cornea with contact
being made by GenTeal Tears Lubricant Eye gel (Alcon). In darkness, scotopic recordings
were elicited using flashes of LED white light at increasing flash intensities (=32, —24, -12,
-4, 0 dB) responses were averaged at each light intensity. Immediately after scotopic
recordings, animals were light adapted for 10 minutes to white background light (30 cds/
mZ2.) To keep eyes moist, Systane Ultra Lubricant Eye Drops (Alcon) were applied
periodically. With continuous background light, photopic response was elicited with
increasing flash intensities (0, 3, 5, 10, 15, 25 dB) again, with LED white light. During data
analysis, values were normalized to the baseline and each eye was evaluated separately to
determine the A-wave and B-wave amplitudes. Amplitudes were averaged together and
graphed.

2.3. H&E staining

Animals were euthanized by CO, and eyes were immediately enucleated. Specimens were
fixed in Excalibur’s Z-Fix and processed (Sakura VIP) to paraffin. 4-5 micron sections were
cut (AO820) and placed on slides. H&E staining was performed with Gill I11 hematoxylin
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(StatLab Medical) and Alcoholic Eosin (StatLab Medical). Images were taken with a Nikon
C2 confocal microscope system equipped with a Nikon Ds-Ri2 camera. Large scale images
were generated using NIS elements AR 4.50 software with 5% overlap. ImageJ was used to
count the nuclei of the outer nuclei layer at six different positions of the retina
(Supplementary Fig 1). Nuclei of the outer nuclei layer were counted at each measurement
point. The —3 and 3 positions were established by counting 20 nuclei in from the outermost
edge. The -1 and 1 positions were defined 20 nuclei away from the optic nerve on the left
and right side respectively. —2 and 2 positions were points in the middle of the other two
measurements. Each measurement was replicated ten nuclei away from the first
measurement. For each eye, ten sections were analyzed and the values averaged (20
measurements per position per eye) to obtain the final nuclei count (N=30 from three eyes
from different animals for each group).

Isolation of retina, RPE/choroid, cornea, lens and optic nerve

All mice were euthanized through quick cervical dislocation. Eyes were enucleated and
submerged in 3 ml cold HBSS on ice. Upon isolation, the eye was placed under the
microscope on cold HBSS-soaked filter paper. The anterior half of the eye was removed to
collect the cornea and lens. The posterior half was moved and submerged in a drop of 50 pl
cold HBSS solution for retina isolation. Once the retina was removed, the remaining RPE/
choroid was transferred to another drop of 50 pl cold HBSS. The lingering fat and muscle
tissue was cleaned before harvesting the optic nerve and RPE/choroid. Once collected in
microtubes, all tissues were snap-frozen in liquid N2. The procedure from enucleation to
snap-frozen took about 15-20 seconds per lens, 18-25 seconds per cornea, 40-50 seconds
per retina, 75-80 seconds per optic nerve and 80-90 seconds per RPE/choroid (N=4 from
four different animals).

2.5. Mass spectrometry sample preparation

Frozen Samples were homogenized in cold 80% methanol (methanol:water (80:20 V/V),
pre-cold on dry ice) using THb Handheld Tissue Homogenizer (Omni International,
#THB115). After homogenization for 10-30 seconds, the samples were stored on dry ice for
30 min then centrifuged at 15000 RPM for 10 min at 4 °C. The supernatant was dried by the
FreeZone 4.5 L freeze dryer (Labconco). The dried extract was either reconstituted for LC
MS/MS or derivatized for GC MS. The pellets were dried and weighed for normalization.

2.6. Metabolite analysis by LC-MS/MS

Targeted metabolomics using LC-MS/MS was performed according to previous a validated
procedure (Schelli et al., 2017; Xu et al., 2017; Zhong et al., 2017) with minor
modifications. Briefly, a Thermo Fisher Scientific Dionex Ultimate 3000 HPLC system was
used for chromatographic separation and analyte detection was performed using a TSQ-
Quantiva triple quadrupole tandem mass spectrometer equipped with an electrospray
ionization (ESI) source. Each sample was injected twice to perform detection in both
negative and positive ionization modes. Regardless of ionization mode, chromatographic
separations of targeted metabolites were performed on an Xbridge BEH hydrophilic
interaction chromatography column (Waters Corporation, Milford, MA, 150 x 2.1 mm, 3.0
pum). HPLC separation was performed (0.30 mL/min) with the autosampler thermostatted to
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4°C, and the column compartment to 40 °C. Mobile phase A consisted of 5 mM ammonium
acetate prepared in 10% acetonitrile containing 0.2% acetic acid and mobile phase B was 5
mM ammonium acetate prepared in 90% acetonitrile containing 0.2% acetic acid. Total
running time for both ionization modes was 20 min with chromatographic gradient
separation (0-2 min, 70% B; 5 min, 30% B; 9 min, 30% B; 11 min, 70% B; 20 min, 70% B).
The LC- MS/MS was controlled by Xcalliber version 2.0 (Thermo Fisher Scientific).
Authentic standards corresponding to the measured metabolites were purchased from
Sigma-Aldrich (Saint Louis, MO) or IROA Technologies (Boston, MA). Stable isotope-
labeled amino acids (U-13C, 97-99%; U-15N, 97-99%) were purchased from Cambridge
Isotope Laboratories (Tewksbury, MA). LC-MS grade acetonitrile, ammonium acetate, and
acetic acid were all purchased from Fisher Scientific (Pittsburgh, PA). The targeted
metabolic profiling was performed in selected-reaction-monitoring (SRM) mode, established
by running multiple authentic chemical standards and then the combination of retention time
and SRM transition from standards were used to detect and identify metabolites from
biological samples. The 241 metabolites were selected according to our published work
(Schelli et al., 2017; Zhu et al., 2015; Zhu et al., 2014). The detection parameters for these
metabolites are listed in supplementary Table 1.

Metabolite analysis by GC MS

The extracts were derivatized by methoxyamine (Sigma-Aldrich, # 226904) at 37 °C for 90
min then derivatized by N,O-Bis(trimethylsilytrifluoroacetamide with
trimethylchlorosilane (Sigma-Aldrich #15238) at 70 °C for 60 min. An Agilent 7890B/
5977B GC/MS system with an Agilent DB-5MS column (30 m x 0.25 mm x 0.25 pm film)
was used for GC separation and analysis of metabolites. Ultra-high- purity helium was the
carrier gas at a constant flow rate of 1 mL/min. One microliter of sample was injected in
split-less mode by the auto sampler. The temperature gradient started at 80 °C with a hold
time of 2 min and increased at a rate of 10 °C/min to 180 °C, then at a rate of 5 °C/min to
240 °C, finally at a rate 25 °C/min to 290 °C where it was held for 9 min. The total run time
was 35 min. The temperatures were set as follows: inlet 250 °C, transfer line 280 °C, ion
source 230 °C, and quadrupole 150 °C. Mass spectra were collected from 50-500 m/z under
selective ion monitoring mode (SRM). All of the metabolites were tested by using authentic
standards and the parameters for target ions and retention time used for SRM was listed in
supplementary Table 2. Myristic acid-d27 was added into each sample as the internal
standard. The data was analyzed by Agilent MassHunter Quantitative Analysis Software.

2.8. Statistical analysis

Principle component analysis and volcano plot (P<0.05 with non-parametric test and fold
change >1.2) were analyzed using MetaboAnalyst (http://www.metaboanalyst.ca/). Changed
metabolites from Volcano plot were further enriched for pathways using Enrichment
Analysis from MetaboAnalyst for significantly altered metabolic pathways. For univariate
analysis, the significance of differences was determined by unpaired two-tailed t tests or
analysis of variance with Bonferroni post hoc test. Data were mean + SE. A p value < 0.05
was considered to be significant.
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3. Results

3.1. Visual function declines and photoreceptor neurons decrease in the old animals

3.2.

3.3.

We evaluated visual function by electroretinography (ERG) of both the young and old mice.
The animals were dark-adapted overnight and ERG a-wave and b-wave responses were
measured over a range of flash intensities. The ERG responses increased with flash intensity
(Fig 1). Old mice had significantly small dark-adapted (scotopic) a-wave and b-wave
responses starting at —10 decibel (dB). For cone responses, old mice had smaller light-
adapted (photopic) b-wave at all flash intensities (Fig 1C). To determine whether the decline
of ERG response was due to loss of photoreceptors, we stained retinal sections with H &E
and quantified the number of nuclei in the outer nuclear layer (ONL) at six different
positions (Supplementary Fig 1 and Fig 1D-E). The number of nuclei in the ONL was sparse
and significantly lower in the aging retina (Fig 1D-E), indicating loss of photoreceptors in
the old mice.

Metabolic changes in the aged retina

To study the metabolic profile of the aging eye, we combined LC MS/MS and GC MS to
target 297 metabolites from several major metabolic pathways (Supplementary Table 1-2).
The selection of 297 metabolites is based on previous literature on targeted metabolomics
(Zhu et al., 2014), our previous work on retinal metabolomics (Chao et al., 2017; Du et al.,
2016) and the availability of standards. The quantified metabolite data from young and old
retinas were evaluated by PCA analysis. Score plots separated the young and old into two
different groups, indicating that the metabolic profile is different between these retinas.
Volcano plots showed 68 significantly changed metabolites between young and old retinas
(Supplementary Fig 2, Table 3). We enriched the metabolic pathways for these changed
metabolites using MetaboAnalyst (http://www.metaboanalyst.ca/). Glucose metabolism
(TCA cycle, gluconeogenesis, glycolysis, pentose phosphate pathway) and amino acid
metabolism (malate-aspartate shuttle, aspartate and glutamate) were the major pathways that
were affected (Fig 2B). For specific metabolites, we identified metabolites that were most
decreased or increased in the aged retina (Fig 2 CD). Consistently, oxaloacetate, a critical
metabolite in the TCA cycle and Malate-Aspartate Shuttle, was the most reduced.
Metabolites in glycolysis and mitochondrial metabolism (Fructose 1,6-biphosphate (F- 1,6-
BP), 2 phosphoglyceric acid (2-PG), 2-hydroxyglutarate (2-HG)) were diminished about
half in old retinas, indicating that glucose utilization might be impaired. Carbohydrates
including deoxyribose and glycerate, increased substantially in the old retinas. Remarkably,
among the top fifteen increased metabolites in the old retina, seven were amino acids. Most
of these amino acids are acetylated or methylated such as acetylcysteine and
methylglutamate, suggesting that posttranslational modification is dysregulated in the aged
retina.

Metabolic changes in the aged RPE/choroid

Since RPE is tightly bound to the choroid, we analyzed metabolites from the RPE/choroid
complex. Multivariate analysis showed two distinctive groups for the metabolites from the
young and old RPE/choroid in the score plots (Fig 3A). We identified 45 significantly

changed metabolites by Volcano plot analysis (Supplementary Fig 3, Supplementary Table
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4). Among these 45 metabolites, pathways in mitochondrial metabolism, glucose
metabolism and amino acid metabolism were highly enriched (Fig 3B). Both NAD and
riboflavin (a precursor for FAD) were depleted to less than half of the young levels in the
aged RPE/choroid (Fig 3C). However, nicotinamide, the substrate for NAD synthesis, and
the substrates for mitochondrial metabolism such as pyruvate and DHAP accumulated to
higher levels in the old mice (Fig 3D), suggesting impaired mitochondrial energy
metabolism. Additionally, leucine, 5- oxoproline (a metabolite in the glutathione cycle) and
homocysteine were about 5 times lower in the old RPE/choroid, demonstrating that the
utilization of these amino acids is severely impaired in the aged RPE/choroid (Fig 3C).

3.4. Metabolic changes in the aged lens

Lens metabolites in young and old mice could be divided into two distinctive groups in the
score plots (Fig 4A). Volcano plots showed 54 metabolites were significantly different
between these two groups (Supplementary Fig 4, Supplementary Table 5). Among the top
enriched pathways, 60% were involved in amino acid metabolism such as taurine, alanine,
methionine and tryptophan (Fig 4B). Taurine and hypotaurine are known to be abundant in
the lens (Yanshole et al., 2014). Both hypotaurine and cystathionine, intermediates in taurine
metabolism, decreased more than 70% in the aging lens (Fig 4C). Other amino acids and
their intermediates such as deoxycarnitine (an intermediate in lysine and methionine
metabolism), acetylalanine, kyneurenine (an intermediate for NAD synthesis from
tryptophan), and methoxytryamine (an intermediate in phenylalanine and tyrosine
metabolism) also were substantially decreased (Fig 4C). Additionally, the intermediates in
glucose metabolism including glycolysis (F-1,6 BP) and mitochondrial TCA cycle (a-KG,
malate and oxaloacetate) were diminished in the aging lens. Among the top increased
metabolites, most are amino acids such as anthranilate (an intermediate for tryptophan),
Cys-Gly and arginine, indicating that amino acid metabolism is severely disturbed in the
aged lens.

3.5. Metabolic changes in the aged cornea

PCA analysis revealed significant metabolic differences between corneas from young and
old mice. (Fig 5A). Among the 297 detected metabolites, we identified 45 changed
metabolites in the aged cornea (Supplementary Fig 5, Supplementary Table 6). Taurine
metabolism was the most enriched pathway (Fig 5B). Both taurine and cysteic acid
decreased dramatically in the aged cornea while hypotaurine increased (Fig 5C-D).
Additionally, the metabolism of other amino acids such as tryptophan and histidine also
were highly enriched (Fig 5C-D). Different from lens, cholesterol was significantly lower
and many methylated metabolites were upregulated, indicating there are some unique
alterations in these pathways in the aged cornea.

3.6. Metabolic changes in the aged optic nerve

Similar to other aged ocular tissues, the aged optic nerve had a significantly different
metabolic profile from the young optic nerve (Fig 6A). A total of 114 metabolites were
changed in the volcano plot (Supplementary Fig 6, Supplementary Table 7). Besides glucose
and amino acid metabolism, many of the changed metabolites were involved in lipid
metabolism (Fig 6B-D). Among the top 15 downregulated metabolites, 11 were lipids
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including cholesterol, fatty acid, phospholipid and steroids (Fig 6B). Acetylserotonin, a
known neuroprotectant, decreased dramatically in the aged optic nerve (Fig 6B).
Remarkably, erythritol, a sugar alcohol, increased 75 fold over the young optic nerve (Fig
6D). Glucose and its intermediates also increased significantly in the aged optic nerve.
Similar to changes that occur in the aged cornea, many methylated metabolites such as
methylated nucleotides and amino acids accumulated in the aged optic nerve (Fig 6D).

3.7. Common metabolites in aged ocular tissue

Among the changed metabolites in five aged ocular tissues we analyzed, no metabolite was
changed in all tissues, indicating the specificity for each tissue. However, there were 31
metabolites that were changed in at least three tissues (Supplementary Table 8). Six of them
were changed in four tissues (Fig 7A). It is noteworthy that 1-methylnicotinamide (1-
methyINAA) was the only metabolite that accumulated to higher levels in all four tissues. 1-
methyINAA is produced by methylation of nicotinamide, a precursor for NAD biosynthesis.
This is important because NAD is a key cofactor that links cellular redox states with energy
metabolism. NAD accumulated to higher levels with aging in all tissues except RPE, where
it was depleted with aging (Fig 7A-B). Strikingly, other methylated metabolites such as 3-
methylhistidine, trimethyllysine and 5’-methylthioadenosine accumulated to higher levels in
the aging tissues, indicating dysregulated methyl group metabolism. Carnitine plays an
important role in transporting long-chain CoA (derived from long-chain fatty acid) into the
mitochondria for oxidation. Interestingly, the level of both carnitine and the long chain fatty
acid, oleate, changed with aging in four aged tissues (Fig 7A), indicating dysregulation of
lipid metabolism.

4. Discussion

4.1.

In this report, we have described how the metabolome is altered in the aging eye in mice.
Our ERG analysis confirms that visual function and the number of photoreceptors decline in
the aging eye. Among the 297 metabolites we detected, 45-114 change significantly in
aging eye tissues. The changes are the largest in the neuronal tissues (retina and optic nerve)
and smaller in other tissues. Mitochondrial metabolism (TCA cycle, electron transport chain
and electron shuttle) and glucose metabolism (glycolysis and gluconeogenesis) are the
pathways most affected by aging in retina, RPE/choroid, optic nerve and lens. NAD and its
derivative 1-methyINAA are changed in four aging ocular tissues. Besides 1- methyINAA,
the accumulation of other methylated metabolites also is common in the aging retina,
cornea, optic nerve and lens. In the aging cornea and lens, metabolites in taurine metabolism
are strikingly influenced. Each of these substantial alterations in the metabolome may
contribute to or may be caused by age-associated neuronal cell loss and declining visual
function.

Mitochondrial metabolism in the aging eye

Metabolites in mitochondrial metabolism occur in many of the tissues in the aging eye.
These changed metabolites include intermediates in TCA cycle (oxaloacetate, a-
ketoglutarate, citrate and malate), electron transport chain (NAD and its derivatives or
precursors (nicotinamide, 1-methyINAA, trigoneline and tryptophan); FAD and its precursor

Neurobiol Aging. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 9

riboflavin) and malate-aspartate shuttle (Fig 2-7, supplementary Table 3-8). Mitochondria
are abundant in the retina, RPE and optic nerve. To be transparent for light refraction, both
the cornea and lens have fewer mitochondria, which are limited to endothelial cells and
epithelial cells. Consistently, we found the mitochondrial metabolic changes occur mostly in
the aging retina, RPE and optic nerve. Mitochondrial dysfunction has been identified as an
important target for aging and age-related eye diseases (Barot et al., 2011; Lefevere et al.,
2017; Lopez Sanchez et al., 2016). The disruption of mitochondrial intermediate metabolism
and electron transport could reduce energy production and increase the generation of
reactive oxygen species, resulting in oxidative stress and damage to the aging eyes.
Additionally, several mitochondrial TCA cycle intermediates also decrease in the aging lens,
indicating that lens epithelial cells are dysfunctional in mitochondrial energy metabolism.
These results are consistent with a recent report that mitochondrial oxygen metabolism is
diminished in the older human lens epithelial cells (Kubota et al., 2016). Mitochondria-
derived oxidative stress has been regarded as an important target for cataract treatment
(Babizhayev and Yegorov, 2016).

1-methyINAA accumulates to higher levels in all of the aging tissues except RPE. 1-
methyINAA is produced from nicotinamide N-methyltransferase (NNMT) by transferring a
methyl group from S- adenosylmethionine (SAM) onto nicotinamide (Fig 7B). Since SAM
is a universal methyl donor and nicotinamide is an important precursor for NAD* (Pissios,
2017), the enhanced production of 1- methyINAA can affect the activity of NAD*-dependent
enzymes and SAM-dependent methyltransferases. A recent study showed that both NNMT
activity and the level of 1-methyINAA are sensitive to energy deficit and their upregulation
can shift human muscle from glucose metabolism to lipid metabolism (Strom et al., 2018).
NNMT expression increases in white adipose tissue and liver of obese and diabetic mice.
Knockdown of NNMT augments cellular energy expenditure, upregulates histone
methylation and protects against diet-induced obesity (Kraus et al., 2014). In the urine
metabolome from aging mice, 1- methyINAA is the top increased metabolite (Calvani et al.,
2014). Our results suggest that 1-methyINAA might be a hallmark for the aging eye. It may
be associated with mitochondrial deficiency and stimulation of lipid metabolism that occur
with aging.

4.2. Glucose and lipid metabolism of the aging eye

Glycolysis is a predominant metabolic pathway in both the retina and lens (Ait-Ali et al.,
2015; Gillis et al., 1981; Hejtmancik et al., 2015; Hurley et al., 2015; Kanow et al., 2017).
The decrease of glycolytic intermediates in the aging retina and lens indicates a deficiency in
glucose metabolism. In contrast, in the RPE and optic nerve, glucose and glycolytic
intermediates accumulate to higher levels while lipids including fatty acids, cholesterol,
phospholipids and steroids become depleted in the aging RPE and optic nerve. Since
mitochondrial oxidative phosphorylation is very active in the RPE and optic nerve, our
findings suggest that the mitochondria of the aging RPE and optic nerve do not utilize
glucose efficiently to accumulate glycolytic intermediates. Aging mitochondria may shift to
lipid metabolism as fatty acids are depleted in the aging RPE and optic nerve. Additionally,
age-related formation of lipofuscin and perturbed cholesterol efflux (Crouch et al., 2015;
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Dolman et al., 1980; Fernandez de Castro et al., 2013; Lakkaraju et al., 2007) also may
contribute to the depletion of lipids.

4.3. Methylated metabolites in the aging eye

In addition to 1-methyINAA, many other methylated metabolites such as 3-methylglutarate,
3- methylhistidine, trimethyllysine and 5’-methylthioadenosine accumulate in the aging
retina, cornea, optic nerve and lens. 3-methylglutarate, an intermediate in leucine
degradation, can disrupt mitochondrial function, induce oxidative stress and damage DNA in
the rat brain (Colin-Gonzalez et al., 2016; da Rosa et al., 2015). The formation of 1-
methyINAA, 3-methylhistidine, trimethyllysine and 5’- methylthioadenosine relies on
methyltransferases which transfer methyl groups from SAM. Epigenetic regulation by
methylation of DNA and histone also requires activated methyl groups. Lower levels of
global DNA methylation have been reported in various aging tissues in animals and humans
(Liu et al., 2003; Unnikrishnan et al., 2018). We speculate that the consumption of methyl
groups to generate these methylated metabolites may limit the availability of SAM for DNA
methylation in the aging eye. In aged skeletal muscle, 3-methylhistidine, a marker for
muscle protein breakdown increases substantially (Sato et al., 2017). Elevated levels of 5’-
methylthioadenosine (MTA) appears in urine of older people with diabetes. Interestingly,
large amounts of trimethyllysine accumulate in intracellular deposits from patients with
Juvenile ceroid lipofuscinosis, a hereditary disorder characterized by progressive visual loss,
seizures, cognitive and psychomotor deterioration (Katz and Rodrigues, 1991). These
reports and our findings suggest that the increase of these methylated metabolites might
disrupt the balance of methyl group metabolism to impact epigenetic regulation, resulting in
aging-associated structural changes. Further studies are needed to elucidate the roles of these
methylated metabolites in the eye.

4.4, Taurine metabolism in the aging cornea and lens

Taurine metabolism is the most altered pathway in both the aged cornea and aged lens.
Taurine is one of the most abundant amino acids in the retina, cornea and lens (Ripps and
Shen, 2012). Different from all the other amino acids, taurine has a sulfonic acid group
instead of the classic carboxylic group. It is an important cytoprotective metabolite involved
in anti-oxidative stress, anti-inflammation, osmoprotection, regeneration and regulation of
Ca?* concentration (Ripps and Shen, 2012; Rusciano et al., 2016). In the rat, the amount of
taurine level declines with age in the cornea and lens (Baskin et al., 1977; Yanshole et al.,
2014). Topical taurine application can contribute to epithelial wound healing and taurine is
typically included in contact lens cleaning solutions to protect the corneal stroma and
epithelium (Funke et al., 2012; Rusciano et al., 2016). The major route for the biosynthesis
of taurine is from methionine and cysteine, and requires the oxidation of hypotaurine or
cysteic acid to taurine. Cysteine sulfoinic acid decarboxylase (CSAD) is a key enzyme in
taurine biosynthesis from hypotaurine and it has the highest activity in the cornea among
ocular tissues (Heinamaki, 1988). In the aging cornea, the amount of taurine and cysteic acid
decreases substantially while hypotaurine increases, suggesting the aging cornea might have
impaired CSAD activity and compensate with CSAD-independent taurine synthesis from
cysteic acid. However, in the aging lens, hypotaurine and cystathionine (a precursor for
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cysteine) are depleted while cysteic acid accumulates, suggesting different mechanisms for
dysregulated taurine metabolism between the cornea and lens.

4.5. Future directions

Among different aging ocular tissues, alterations of methylated metabolites and
mitochondrial metabolites are the most striking and common features in the metabolic
profile of aging. It will be interesting to investigate whether these two common changes are
inter-connected, whether these alterations are the cause or the effect of aging in the eye, how
these metabolites are changed in age-associated ocular diseases and whether manipulation of
genes responsible for the methylations will slow down or prevent visual decline in animal
models /n vivo. Furthermore, the targeted metabolomics in this study provides only a
snapshot of metabolism by measuring steady state metabolites without dynamic information,
e.g. the accumulation of metabolites can be caused by either more synthesis or less
degradation. Future studies using tracers to label the reactions in mitochondrial metabolism
and/or methylation are critical to understand the mechanisms for these metabolic alterations.
Additionally, metabolites can be exported out of cells and transported between ocular tissues
(Chao et al., 2017; Kanow et al., 2017). How the changes in the tissue metabolomes that we
report here impact metabolites in the vitreous also will be important to investigate, as it
could potentially be translated into diagnosis or prognasis in patients.

5. Conclusions

In conclusion, aging has a remarkable metabolic signature in the various tissues of the eye,
including dysregulated mitochondrial metabolism, shifted patterns in the utilization of
glucose and lipid, accumulated methylated metabolites and impaired taurine metabolism.
These findings should help to reveal the biochemical mechanisms in age-related ocular
changes and the decline of visual function, identify novel markers for the aging eye and shed
light on anti-aging research.
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45-114 metabolites are changed in the aging retina, RPE, lens, cornea and optic nerve
Altered mitochondrial metabolism and glucose metabolism in the aging ocular tissue
NAD and 1-methylnicotinamide are altered in four of aging ocular tissue Taurine
metabolism are the top influenced pathway in the aged lens and cornea
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Figure 1. Aging causes a decline in ERG response and a reduction in the number of
photoreceptors.

Dark-adapted mice were stimulated with different flash intensities. The average response of
(A) scotopic a-wave, (B) scotopic b-wave and (C) photopic b-wave decreased in older mice.
*P<0.05, N=10 from five animals for each group. (D) A representative H&E staining from
young and old retinas at the —1 position. OS, outer segments; IS, inner segments; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion layer. (D) The number of nuclei in the ONL in the retina.
*P<0.05, N=30 from three animals for each group.
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Figure 2. Differential metabolic profile between young and old retinas.
(A) Metabolites from young and old retinas were separated into two different groups in

Scores Plot by PCA. (B) Top enriched pathways from significantly changed metabolites.
ETC, electron transport chain; PPP, pentose phosphate. (C) Top decreased metabolites in old
retinas. 2-HG, 2-hydroxyglutarate; 2-PG, 2-Phosphoglyceric Acid; DMPD, N,N-
Dimethyl-1,4-Phenylenediamine; IAA, Indole-3-Acetic Acid; IPP, Isopentyl Pyrophosphate;
Amidino-ASP, N-Amidino-L-Aspartate; HNT, 1-Hydroxy-2-Naphthoate. (D) Top increased
metabolites in old retinas. Data report fold change of ion intensity of the old vs the young.
N=4 from four different animals.
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Figure 3. Differential metabolic profile between young and old RPE/choroid.
(A) Metabolites from young and old RPE/Choroid were separated into two different groups

in Scores Plot by PCA. (B) Top enriched pathways from the significantly changed
metabolites. (C) Top decreased metabolites in the old RPE/choroid. TRH, Thyrotropin
Releasing Hormone. (D) Top increased metabolites in the old RPE/choroid. DHAP,
Dihydroxyacetone Phosphate; NMDA, N-Methyl-D-Aspartic Acid; 2-HBA, 2-
Hydroxybutyric Acid; BAIB, 3-Aminoisobutanoate; IMAC, 4-Imidazoleacetic Acid. Data
were fold change of ion intensity of the old vs the young. N=4 from four different animals.
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Figure 4. Differential metabolic profile between young and old lens.
(A) Metabolites from young and old lens were separated into two different groups in Scores

Plot by PCA. (B) Top enriched pathways from the significantly changed metabolites. (C)
Top decreased metabolites in the old lens. 5-MT-Adenosine, 5’- Methylthioadenosine; 4-
GDBA, 4-Guanidinobutanoate; DMPD, N,N-Dimethyl-1,4-Phenylenediamine. (D) Top
increased metabolites in the old lens. 1-methyINAA, 1-Methylnicotinamide; CDP, Cytidine
5’- Diphosphocholine. Data are fold change of ion intensity of the old vs the young. N=4.
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Figure 5. Differential metabolic profile between young and old cornea.
(A) Metabolites from young and old cornea were separated into two different groups in

Scores Plot by PCA. (B) Top enriched pathways from the significantly changed metabolites.
(C) Top decreased metabolites in the old cornea. 4HPG, 4-Hydroxy-L-Phenylglycine;
DMPD, N,N-Dimethyl-1,4-Phenylenediamine; HNP, 1-Hydroxy-2- Naphthoate. (D) Top
increased metabolites in the old lens. 1-MethyINAA, 1-Methylnicotinamide; 5’-MT-
Adenosine, 5’-Methylthioadenosine. Data are fold change of ion intensity of the old vs the
young. N=4 from four different animals.
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Figure 6. Differential metabolic profile between young and old optic nerve.
(A) Metabolites from young and old cornea were separated into two different groups in

Scores Plot by PCA. (B) Top enriched pathways from the significantly changed metabolites.
(C) Top decreased metabolites in the old optic nerve. Farnesyl PPi, Farnesyl pyrophosphate.
(D) Top increased metabolites in the old optic nerve. 1- MethyINAA, 1-Methylnicotinamide;
5-MT-Adenosine, 5’-Methylthioadenosine; 5-M-cytosine, 5’- Methylcytosine; 3-M-
Histidine, 3-methyl-L-histidine; 3-M-Glutarate, 3-methylglutarate; DHAA, dehydroascorbic
acid. Data are fold change of ion intensity of the old vs the young. N=4 from four different
animals.
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Figure 7. Common metabolic signature in the aging eye.
(A) Significantly changed metabolites at four different aging ocular tissues. 1-methyINAA,

1-Methylnicotinamide; DMPD, N,N-Dimethyl-1,4- Phenylenediamine. (B) A schematic of
commonly changed metabolites in the aging eyes. The red represents the changed
metabolites. Methyl group (CH3) is used by methyltransferases to methylate nicotinamide,
methionine, lysine and histidine into 1-methyINAA, 5’-Methylthioadenosing, 3-
methylhistidine and trimethyllysine. Nicotinamide is a precursor of NAD which is critical
electron donor in both glycolysis and the TCA cycle for ATP production. Carnitine is a
transporter for lipid oxidation in the mitochondria.
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