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Abstract
Metabolomics studies in the context of ophthalmology have largely focused on identifying metabolite concentrations that 
characterize specific retinal diseases. Studies involving mass spectrometry (MS) and nuclear magnetic resonance (NMR) 
spectroscopy have shown that individuals suffering from retinal diseases exhibit metabolic profiles that markedly differ from 
those of control individuals, supporting the notion that metabolites may serve as easily identifiable biomarkers for specific 
conditions. An emerging branch of metabolomics resulting from biomarker studies, however, involves the study of retinal 
metabolic dysfunction as causes of degeneration. Recent publications have identified a number of metabolic processes—
including but not limited to glucose and oxygen metabolism—that, when perturbed, play a role in the degeneration of 
photoreceptor cells. As a result, such studies have led to further research elucidating methods for prolonging photoreceptor 
survival in an effort to halt degeneration in its early stages. This review will explore the ways in which metabolomics has 
deepened our understanding of the causes of retinal degeneration and discuss how metabolomics can be used to prevent 
retinal degeneration from progressing to its later disease stages.
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Introduction

Over the past few decades, metabolomics has proven itself 
to be a highly versatile tool in medicine and translational 
research. The aim of metabolomics is to identify, quantify, 
trace, and interpret real-time metabolite concentrations in a 
given biological tissue sample [1]. Though the main goal of 
metabolomics is rather simple, the outcomes of such large-
scale analyses offer researchers the information needed to 
optimize diagnosis, identify therapeutic targets, monitor 
disease stage-specific biomarkers, and develop biochemi-
cal solutions to cure, slow, or prevent the progression of 

complex diseases [2, 3]. Because metabolites are the prod-
ucts and intermediates of metabolism, any metabolite con-
centration that is abnormally high or low in relation to others 
reveals clues to dysfunctional or perturbed metabolic path-
ways that may underlie the disease in question. Knowledge 
of such pathways can then enable researchers to develop a 
metabolic approach towards rectifying these ailments. With 
the simple knowledge of metabolite identities and quantities 
residing within healthy versus diseased tissue, researchers 
can account for the diagnosis, underlying causes, and poten-
tial treatments of various diseases.

Ophthalmology is just one of many fields in which 
metabolomics has expanded the scope of possible treatment 
options for diseases. Using high-throughput screening tech-
nologies such as mass spectroscopy (MS) and nuclear mag-
netic resonance (NMR) spectrometry, researchers have iden-
tified key biomarkers and metabolic pathways that underpin 
the pathogenesis of major retinal degenerative diseases. One 
such disease is age-related macular degeneration (AMD), 
which is currently the leading cause of adult blindness in 
the developed world [4]. Anticipated to affect over 196 mil-
lion people by 2020 [5], AMD is an incurable neurodegen-
erative disorder that mainly leads to loss of central vision 
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and a significant loss of independence in activities of daily 
living over time. Given that AMD may result in a number 
of distinct molecular phenotypes in patients, investigators 
have conducted a myriad of biomarker studies to identify 
potential metabolic pathways that may be targeted for future 
therapeutic studies.

Retinitis pigmentosa (RP) is another category of major 
retinal diseases for which a growing number of metabo-
lomics studies exists. Characterized by initial symptoms of 
night blindness followed by tunnel vision and photophobia, 
RP refers to a group of genetically heterogeneous diseases 
caused by the progressive loss of rod and cone photorecep-
tors. An estimated 1.5 million people worldwide bear the 
burdens of RP, preventing them from leading independ-
ent lives [6]. Studies that aim to develop non-gene-specific 
treatment options using metabolomics have especially been 
prevalent in the realm of RP research. Unlike gene therapy 
approaches, which are often gene-specific and only benefi-
cial to those who exhibit the “correct” genetic mutation, 
metabolic approaches to ocular diseases may be applied to 
patients regardless of their mutation, as long as the underly-
ing disease-causing pathways involved are identical. Though 
the process of reprogramming metabolism may necessitate 
gene-specific procedures, the resultant changes in cellular 
metabolism have the potential to repair the effects of any 
of the 60 genes known to be involved in RP pathogenesis. 
Consequently, this allows for a larger number of people to 
be treated by a single treatment intervention.

In this review, we will briefly discuss the utility and 
consequences of the most commonly employed technolo-
gies in metabolomics research. This will be followed by an 
overview of metabolomics studies that have identified key 
pathways involved in AMD and RP pathogenesis. Lastly, 
we will explore the ways in which researchers have repro-
grammed the metabolome of photoreceptors in an effort to 
rescue photoreceptors from cell death.

Tools for identifying biomarkers 
in metabolism

One of the most common metabolomics studies conducted 
by researchers today is the discovery of metabolite bio-
markers that correlate with specific disease phenotypes. 
Advancements in high-throughput screening technologies 
have enabled researchers to capture the metabolic profiles or 
“fingerprints” of individuals suffering from a particular dis-
ease. In ophthalmology, retinal degenerative diseases have 
been linked to a number of metabolic pathways essential 
for energy metabolism and cell survival [7–9]. To study the 
metabolic basis of these diseases, however, researchers must 
first be able to identify and quantify metabolites in tissues.

Mass spectrometry (MS)

Mass spectrometry (MS) is a frequently employed tool in the 
identification and quantification of metabolic biomarkers. 
Used to measure molecular masses by ionizing chemical 
samples and measuring its mass-to-charge ratio, MS is a 
highly selective, sensitive, and powerful technique that aids 
in the identification of metabolites [10]. Indeed, the emer-
gence of metabolomics as a field of study was in large part 
due to the high analytical power of MS, which is capable 
of analyzing several hundred metabolites in a given sample 
simultaneously.

In general, MS strategies can be divided into two catego-
ries: direct MS, which involves the analysis of metabolites 
without chromatographic separations, and MS coupled to a 
chromatographic technique, which involves the separation of 
metabolites in addition to their analysis and quantification 
[11]. Although direct MS presents with a number of inher-
ent challenges, such as its inability to differentiate between 
isomers and its reduced accuracy in metabolite quantitation 
due to ion suppression effects [11, 12], it is nevertheless 
highly practical for studies that require analysis of thousands 
of samples.

Nuclear magnetic resonance spectroscopy

Compared to MS, nuclear magnetic resonance (NMR) spec-
troscopy is the preferred choice of method for obtaining 
detailed structural information of metabolites. NMR relies 
on the magnetic resonance properties of atoms within mol-
ecules to determine their physical and chemical properties. 
The main advantages of NMR include data reproducibility 
and reliability in its structural analysis of compounds—
metabolites that are difficult to identify and distinguish 
by MS, such as those with identical masses, can easily be 
resolved with NMR spectra [13]. However, an increasing 
number of metabolomics studies have gradually transitioned 
to MS analysis in part due to the lower sensitivity of NMR—
an average of 60 metabolites are analyzed in NMR studies 
compared to several hundreds in studies using MS [14].

Stable isotope tracers

In metabolomics studies of the retina, both MS and NMR 
have been used to capture the metabolic profiles of diseased 
retinas. Of equal importance, however, is the ability to trace 
the products and intermediates of metabolic pathways that 
are altered by disease. Stable isotope tracers such as 13C, 2H, 
15N, and 18O can be used to map key pathways in the retina 
such as the tricarboxylic acid (TCA) cycle, the pentose phos-
phate pathway (PPP), and glycolysis, among others [15]. 
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Isotope labeling has been applied to studies of metabolic 
interactions between retinal glia and neurons [16], nutrient 
consumption in the retinal pigment epithelium (RPE) [17], 
and phototransduction and metabolic flux in mice retina 
[18]. Given the strong link between aberrant retinal metabo-
lism and retinal degeneration [7–9], there is great potential 
for the application of stable isotope tracers to studies of reti-
nal degeneration as well.

Metabolomics elucidates key pathways 
involved in retinal degenerative diseases

Biomarkers for age‑related macular degeneration 
(AMD)

Studies that aim to establish disease biomarkers are of great 
clinical interest, as their results may help identify new thera-
peutic targets and diagnose specific conditions in clinical 
settings. Understandably, much of biomarker research in 
ophthalmology has been dedicated to AMD (Fig. 1): recent 
genome-wide association studies (GWAS) have pinpointed 
four distinct single-nucleotide polymorphisms (SNPs) pre-
sent in the AMD-associated CFH, ARMS2, and HTRA1 
genes [19], each of which may result in distinct metabolic 
fingerprints and thus requires different therapeutic treat-
ments. The identification of AMD biomarkers is, therefore, 
a crucial stepping stone to future studies that pinpoint the 
most appropriate treatment option according to the patient’s 
specific disease phenotype.

A comprehensive overview of potential AMD biomark-
ers was done by Hoyng et al. in their 2017 review, which 
focused on systemic and ocular fluid compounds [20]. 
Unsurprisingly, the compounds with significantly differing 
levels between control and AMD subjects are those involved 
in key metabolic pathways known to underpin AMD. For 
example, several studies detected increased levels of oxi-
dation products such as malondialdehyde (MDA) [21], a 

by-product of polyunsaturated fatty acid (PUFA) oxidation, 
and nitric oxide (NO) in patients with wet and dry forms of 
AMD [22]. Given that oxidative stress is one of the known 
causes underlying AMD [23], we would expect to observe 
abnormally high concentrations of oxidation products in 
retinal tissue. Other AMD biomarkers include vascular 
endothelial growth factor (VEGF) [24], which is involved 
in neovascularization, and low-density lipoprotein (LDL) 
[25], which suggests potential abnormalities in retinal lipid 
metabolism.

Metabolic processes involved in AMD and RP 
pathogenesis

An advantage of metabolomics in the context of therapeutic 
treatments lies in the fact that all tissues rely on the proper 
functioning of metabolic processes. There are as many as 
140 genes that, when mutated, can cause retinal degenera-
tion [26], but research suggests that only a handful of meta-
bolic pathways underlie most of the effects of these mutated 
genes [27, 28]. For this reason, understanding the altered 
metabolome pathways responsible for retinal degeneration 
can serve as a gateway to non-gene-specific treatments that 
account for a large diversity of inherited retinal disorders.

Aerobic glycolysis

One of several metabolic pathways in the retina that are of 
interest to researchers is aerobic glycolysis, also known as 
the Warburg effect. Though commonly known to take place 
in rapidly dividing cancer cells [29], aerobic glycolysis was 
also found to be crucial for non-dividing cells like light-
adapted photoreceptors in the retina, whose outer segments 
undergo high rates of anabolism due to daily photoreceptor 
turnover [30].

A recent study by Kanow et al. has highlighted the impor-
tance of maintaining a gradient of aerobic glycolytic activ-
ity between the retina and the RPE [31]. In a normal retina 

Fig. 1   Short-wave fundus auto-
fluorescence images of right and 
left eye retina from consented 
patients seen at our clinic (IRB-
AAAB6560) with age-related 
macular degeneration. Round 
hypoautofluorescent areas repre-
sent RPE death
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(Fig. 2), aerobic glycolysis is rapid and relatively robust in 
the outer retina, whereas the opposite can be said of the RPE. 
This seemingly paradoxical phenomenon can be explained 
by what the authors describe as a “metabolic ecosystem,” in 
which glucose is transported from the RPE to the outer retina 
for glycolysis, and the lactate produced by glycolysis in the 
outer retina is shuttled into the RPE, suppressing glycolytic 
activity in the RPE. When glycolytic activity is abnormally 
high in the RPE, less glucose is available for consumption in 
the retina, also leading to photoreceptor death [28].

This ecosystem model is one example of a metabolic pro-
cess that could underlie major retinal diseases that correlate 
with aging. As aging progresses in humans, glycolysis tends 
to decline in the outer retina and increase in the RPE, which 
may lead to a disruption in the retinal metabolic ecosystem 
and hence contribute to age-related vision loss [31]. Kanow 
et al. also suggest that this model could be used to explain 
the connection between mitochondrial DNA damage in RPE 
cells and AMD [32]—as the RPE becomes more dependent 
on glycolysis over time, less glucose remains for photorecep-
tor consumption in the retina, leading to AMD, and the RPE 
mitochondria become dysfunctional, leading to mitochon-
drial DNA damage.

Hypoxia‑induced metabolic stress

Besides aging, another factor that could contribute to dys-
functional glucose metabolism is abnormal retinal oxygen 
levels [33]. Kurihara et al. demonstrated that a number of 
metabolic processes, including glucose and lipid metabo-
lism, can be affected by hypoxic conditions in the RPE 
[34]. Hyperactivation of hypoxia-inducible factor alpha 
subunits (HIF-αs) via the alteration of VHL/HIF/VEGF 
pathways led to not only photoreceptor degeneration and 
structural changes in the RPE but also altered lipid oxida-
tion and a reduction in oxidative phosphorylation in the 
RPE. These findings relate in particular to AMD, which 

is caused by low oxygen levels in the retina due to the 
thickening of Bruch’s membrane [35].

Oxidative stress

Cellular mechanisms that defend against oxidative stress 
have been of high interest in retinal research given the key 
role oxidative stress plays in the progression of retinal dis-
eases [23]. Caused by a deficient antioxidant defense sys-
tem against high levels of reactive oxygen species (ROS), 
oxidative stress accelerates the development of multiple 
diseases such as AMD, glaucoma, and diabetic retinopa-
thy. The retina is especially vulnerable to oxidative stress 
due to its naturally high oxygen tension and high levels of 
polyunsaturated fatty acids, which increases retinal sensi-
tivity to oxidative damage [36, 37].

A key metabolic pathway that may protect against oxi-
dative stress is reductive carboxylation. In brief, reductive 
carboxylation is a process that occurs in select cells under 
hypoxic conditions; instead of citrate production via the 
TCA cycle, citrate is generated via the reductive carboxy-
lation of α-ketoglutarate (αKG) to isocitrate by NADPH-
dependent isocitrate dehydrogenases (IDH) [38]. Using 
13C as an isotope tracer in human RPE cells, Du et al. dis-
covered that the RPE possesses a high capacity for reduc-
tive carboxylation and, consequently, is protected against 
the loss of redox homeostasis [39]. They purported that 
the RPE may be further protected from oxidative stress by 
enhancing reductive carboxylation via an excess supple-
mentation of αKG, a substrate of IDH2, and the restoration 
of NAD+, an important substrate of glycolysis shown to 
override the effects of ROS on reductive carboxylation. 
These findings reveal potential inroads into therapeutics 
that may rescue RPE cell death and hence prevent the pro-
gression of retinal diseases induced by oxidative stress.

Fig. 2   Short-wave fundus auto-
fluorescence images of normal 
retina in the right and left eye, 
respectively, from consented 
patients seen at our clinic (IRB-
AAAB6560)
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Reprogramming the metabolome to halt 
retinal degeneration

Recently, gene-editing tools such as clustered regularly 
interspaced short palindromic repeats (CRISPR) have 
gained enormous popularity in their potential to precisely 
repair genetic mutations and alter the course of disease 
in animal models and humans. While gene therapy con-
fers endless clinical applications for many genetically 
inherited diseases, it is compromised by its impracticality 
when applied to highly diverse genetic disorders such as 
RP (Fig. 3), for which there are mutations in more than 60 
known genes. For this reason, researchers have turned to 
metabolomics to not only uncover the underlying mecha-
nisms behind retinal degeneration but also exploit meta-
bolic processes to reprogram cells, delay cell death, and 

halt the progression of disease (Table 1). Comparatively 
less progress has been made towards developing therapeu-
tics for AMD via metabolomics.

Typically, RP is a rod-cone dystrophy, in which rod 
degeneration occurs first prior to cone degeneration 
[6]. However, it remains unclear why cone degenera-
tion almost always follows rod degeneration, especially 
given that diseases caused by mutations in cone-specific 
genes do not always result in rod cell death. To answer 
this question, Punzo et al. measured the gene expression 
changes of four RP mouse models with mutations in rod-
specific genes and identified the cellular processes to 
which the changes in expression pattern corresponded 
[27]. Based on microarray analysis data obtained from 
the onset phase of cone cell death, almost 35% of the 
genes annotated were found to play roles in cellular 
metabolism, in particular the insulin/mechanistic target 

Fig. 3   Short-wave fundus 
autofluorescence images of 
consented patients from our 
clinic (IRB-AAAB6560) with 
retinitis pigmentosa caused by 
mutations in the gene encoding 
PDE6B [48]. A hyperautofluo-
rescent ring is usually observed 
in patients with retinitis pig-
mentosa, while the retinal area 
enclosed has preserved visual 
function. Peripheral to the high 
density ring, no visual function 
can be detected. Hence, this 
patient experiences “tunnel 
vision”

Table 1   Reprogramming the metabolome in preclinical RP models to rescue retinal degeneration

Targeted metabolic pathway Treatment Purpose Result References

Insulin/mTOR Intraperitoneal injection of 
insulin in four RP mouse 
models

Prevent cone starvation Prolonged cone survival [27]

Insulin/mTOR Ablation of mTOR inhibitor 
Tsc1in Pde6bH620Q/H620Q mice

Upregulation of mTOR to 
enhance rod anabolism

Prolonged rod and cone 
survival

[41]

Insulin/mTOR Conditional deletion of Pten in 
rd1 mice

Activation of mTORC1 to 
improve glucose metabolism 
and increase NADPH levels 
in cones

Prolonged cone survival [45]

Glycolysis Ablation of glycolytic 
enzyme repressor Sirt6 in 
Pde6bH620Q/H620Q mice

Increase rod glycolytic activity Rescue of retinal layers, 
cellular OS, and improved 
photoreceptor function

[28]

MEF2D-nuclear factor 
(erythroid-derived 2)-like 2 
(NRF2) pathway

Treatment with carnosic acid in 
Mef2d+/− mice

Upregulation of endogenous 
NRF2 pathway in photore-
ceptors

Rescue of photoreceptors from 
light-induced oxidative stress

[46]

Reactive oxygen metabolism Overexpression of SOD1 in 
β-actin promoter/sod1 trans-
genic mice

Protection against hyperoxia-
induced oxidative retinal 
damage

Reduced oxidative stress levels 
in retina

[47]
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of rapamycin (mTOR) signaling pathway. A key regula-
tor of metabolism, the insulin/mTOR pathway promotes 
anabolic processes such as protein synthesis and ribosome 
biogenesis under conditions of high cellular energy [40]. 
In addition, the authors observed that cone cell death was 
characterized by cone autophagy, which occurs during 
cellular starvation. These findings suggested that, in RP 
pathogenesis, nutrient deficiency may be a key factor fun-
damental to cone degeneration. To confirm the effect of 
mTOR-associated starvation on cone degeneration, the 
authors tested the effect of insulin level on cone survival 
using one of the mouse models. They discovered that, 
as hypothesized, daily systemic treatment of mice with 
insulin led to prolonged cone survival, in contrast to the 
effects of endogenous depletion of insulin, which led to 
cell death.

Building upon Punzo et al.’s results on the importance 
of the insulin/mTOR pathway in cone cell survival, Zhang 
et al. revealed another way to slow photoreceptor degen-
eration using Cre-lox to ablate the mTOR-negative regu-
lator tuberous sclerosis complex 1 (Tsc1) in the rods of 
a Pde6bH620Q/H620Q preclinical RP mouse model [41, 42]. 
Among the genes involved in RP pathogenesis, mutations 
in the phosphodiesterase 6 (PDE6) gene disturb the bal-
ance between anabolic and catabolic processes in pho-
toreceptors, resulting in the progressive shortening of 
photoreceptor outer segments (OS) and, ultimately, cell 
death [6, 34, 43]. To rectify this imbalance, the authors 
aimed to enhance rod anabolism in Pde6bH620Q/H620Q mice 
by upregulating mTOR via Tsc1 knockout. Interestingly, 
Tsc1 knockout led to not only phenotypic and functional 
rescue of rods in the early stages of RP but also that of 
cones; rods were preserved for up to 12 weeks, while 
cones were preserved for up to 20 weeks. In line with 
Punzo et al.’s hypothesis on cone starvation and degenera-
tion, Zhang et al.’s data supported the notion that cone 
survival may be dependent upon rod-derived nutritional 
factors.

In a different study, Zhang et al. additionally focused 
on manipulating a different metabolic pathway, gly-
colysis, to achieve the same aforementioned goal of 
slowing the progression of photoreceptor degeneration 
throughout the course of RP [28]. Their study generated 
Sirt6−/−Pde6bH620Q/H620Q mice that lacked sirtuin 6 (Sirt6), 
a transcriptional repressor of glycolytic enzymes [44], 
which caused rods to enter a state of perpetual glycolysis. 
Given that glycolytic intermediates promote the survival of 
rods [30], the authors hypothesized that knockout of Sirt6 
should increase glycolytic activity in rods, thereby protect-
ing rods against OS degeneration and prolonging the life of 
rod cells. Indeed, ablation of Sirt6 preserved cellular OS, 
rescued the morphology of retinal layers, and improved 
photoreceptor function in Sirt6−/−Pde6bH620Q/H620Q mice.

Concluding remarks

Metabolomics studies of the retina have much to offer to 
the field of ophthalmology, given its potential to improve 
diagnosis of retinal diseases and reveal avenues for pos-
sible therapeutic targets. Recent advancements in MS and 
NMR technology have allowed the metabolomics field to 
develop into what it is today: a versatile discipline adapt-
able to both research and clinical settings. In this review, 
we explored the common techniques employed in the iden-
tification and quantification of metabolites, which allow 
researchers to establish disease biomarkers. In addition 
to being utilized as diagnostic tools, biomarkers are also 
invaluable in that they pinpoint specific signaling pathways 
and cellular processes that may underpin diseases of inter-
est. As the mechanisms of disease pathogenesis become 
better understood, researchers can then develop strategies 
to exploit naturally occurring metabolic pathways and 
reprogram the metabolome with the goal of reversing reti-
nal degeneration. The appeal of metabolomics lies in its 
capacity to account for a number of diseases because it is 
non-gene-specific; though gene therapy treatments, which 
usually account for single genes, may prove effective in 
treating disease, only a small fraction of patients would 
benefit from it for genetically heterogeneous disorders like 
RP. The metabolomics field should, therefore, be seen as a 
tool to complement current existing forms of gene therapy 
that may fall short in disorders with genetic heterogeneity.
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