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Metabolomic profiling of a neurodegenerative
retina following optic nerve transection

JUN-YA ZHU'?", XI-SEN NI'**, XIAO-YAN HAN?", SHALIU'?, YU-KE J1'?, JIN YAO'? and BIAO YAN?*?

1Department of Ophthalmology and Optometry, The Fourth School of Clinical Medicine, Nanjing Medical University,

Nanjing, Jiangsu 210029; 2Eye Institute and Department of Ophthalmology, Eye and Ear, Nose and Throat Hospital,

State Key Laboratory of Medical Neurobiology, Fudan University, Shanghai 200030; 3Department of Ophthalmology
and Optometry, The Affiliated Eye Hospital, Nanjing Medical University, Nanjing, Jiangsu 210029; “*National Health
Commission Key Laboratory of Myopia, Chinese Academy of Medical Sciences; 5Shanghai Key Laboratory of

Visual Impairment and Restoration, Fudan University, Shanghai 200030, P.R. China

Received January 10, 2023; Accepted July 19, 2023

DOI: 10.3892/mmr.2023.13065

Abstract. The degeneration of retinal ganglion cells (RGCs)
often causes irreversible vision impairment. Prevention of RGC
degeneration can prevent or delay the deterioration of visual
function. The present study aimed to investigate retinal meta-
bolic profiles following optic nerve transection (ONT) injury
and identify the potential metabolic targets for the prevention of
RGC degeneration. Retinal samples were dissected from ONT
group and non-ONT group. The untargeted metabolomics
were carried out using liquid chromatography-tandem mass
spectrometry. The involved pathways and biomarkers were
analyzed using Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and MetaboAnalyst 5.0. In the ONT
group, 689 disparate metabolites were detected, including
lipids and lipid-like molecules. A total of 122 metabolites were
successfully annotated and enriched in 50 KEGG pathways.
Among them, ‘sphingolipid metabolism’ and ‘primary bile
acid biosynthesis’ were identified involved in RGC degenera-
tion. A total of five metabolites were selected as the candidate
biomarkers for detecting RGC degeneration with an AUC value
of 1. The present study revealed that lipid-related metabolism
was involved in the pathogenesis of retinal neurodegeneration.
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Taurine, taurochenodesoxycholic acid, taurocholic acid
(TCA), sphingosine, and galabiosylceramide are shown as the
promising biomarkers for the diagnosis of RGC degeneration.

Introduction

Retinal ganglion cells (RGCs) are the only neurons that
transmit the visual information from the eye to brain retino-
recipient areas via the optic nerves (1). The bodies of RGCs
reside in the inner retina, while the long axons are located
in retinal nerve fiber layer, forming the optic nerve head (2).
Several pathological factors can cause RGC degeneration, such
as compression and transection of optic nerve, retinal isch-
emia, intracranial hypertension, as well as photic and thermal
damage (3). The degeneration of RGCs can lead to several
irreversible blindness, including glaucoma (4), traumatic
optic neuropathy (5) and optic neuritis (6). The mechanisms
causing RGC degeneration include neurotrophic factor depri-
vation, axonal transport failure, mitochondrial dysfunction,
excitotoxic damage, activation of apoptotic signals, oxidative
stress, misbehaving reactive glia and loss of synaptic connec-
tivity (7). In addition, RGC degeneration is associated with
abnormal proteostasis, including dysregulation of protein
translation, chaperone-assisted protein folding and protein
degradation (8,9). Protein imbalance can lead to the activation
of inflammatory pathways, excitotoxic lesions and oxida-
tive stress. A variety of neuroprotective methods have been
developed to reduce RGC degeneration, such as neurotrophic
agents, steroid hormones, glutamate receptor antagonists, anti-
oxidants and electrical stimulation (10). However, similar to
other parts of central nervous system (CNS) in adult mammals,
the degeneration of RGCs and axonal nerve fibers are difficult
to regenerate (11). Currently, it is still a great challenge for
restoring RGC function following RGC degeneration. Further
study is still required to clarify the potential mechanism of
RGC degeneration.

The optic nerve transection (ONT) model has been widely
used to study the regeneration of RGCs and axonal regen-
eration (12). Approximately 80% of RGCs die within 2 weeks
following RGC axon injury (13). A number of biomarkers have
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been found to be associated with RGC degeneration, ranging
from nucleic acids to proteins, such as microRNAs (14), long
noncoding RNAs (15) and circular RNAs (16). However, the
sensitivity, specificity and reliability of these biomarkers
remain elusive and limit their applications in clinical practices.

As the ultimate products of the gene, mRNA and protein
activity, the metabolites represent the most downstream stages
of biological physiological and pathological processes (17).
Metabolomics has been used for studying the dynamic changes
of metabolites and metabolic pathways in response to external
and internal stimuli (18) and identifying the biomarkers for
disease prediction and therapeutic intervention. A growing
number of metabolomics studies have been conducted in
various types of cancer (19), neurological diseases (20) and
cardiovascular diseases (21). Recent studies have revealed the
obvious changes of metabolites in neurodegenerative diseases
through the metabolomics analysis of cerebrospinal fluid,
plasma, urine, saliva, and brain tissue from clinical samples
or animal models. For example, Mapstone et al (22) reported
that the changes in lipids and particularly phospholipids in
plasma can identify amnestic mild cognitive impairment or
Alzheimer's disease. The pathway enrichment data from the
brain suggests that the dysfunction of taurine and hypotau-
rine metabolism, bile acid biosynthesis, serine and threonine
metabolism or tricarboxylic acid cycle is tightly related to the
onset and progression of Parkinson's disease (23). Lipid and
sugar metabolism dysfunction is involved in the pathogenesis
of neurodegenerative diseases (24).

The metabolomics analysis of ocular neurodegenera-
tive diseases has also been conducted. The levels of several
amino acids, acetoacetate, and citrate increase in the aqueous
humor of chronic glaucoma rat model (25). Mitochondrial
dysfunction, senescence and polyamines deficiency have been
detected in the pathogenesis of glaucoma (26). Thus, altered
retinal metabolites can lead to abnormal nutrient availability
and impaired visual function.

At present, to the best of our knowledge, there is still no
metabolomics study for the prediction of RGC degeneration
based on retinal tissues, which can directly reflect the patho-
logical condition of retinal neurodegeneration. The present
study used untargeted metabolomics to investigate the changes
of retinal metabolomic profiles following ONT injury in a
mouse model.

Materials and methods

Animal experiment and ethical statement. C5TBL/6J mice (age,
8 weeks old; male; weight, 22-25 g) were obtained from the
Animal Core Facility of Nanjing Medical University (Nanjing,
China). All experiments were approved by the Animal Ethics
and Experimentation Committee of Nanjing Medical University
(approval no. 2103027). The animals were treated according to
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and housed with a 12 h light/12 h dark cycle
with standard chow and water ad libitum under the controlled
environment (temperature, 25°C; humidity, 50%). A total of 80
animals were used in this study.

Optic nerve transection. The mice were anesthetized with
an intraperitoneal injection of the mixture of ketamine

(100 mg/kg) and xylazine (10 mg/kg) and the eyes were topi-
cally anesthetized with 0.5% proparacaine hydrochloride. The
optic nerve was accessed within the ocular orbit via an inci-
sion in the tissue covering the superior border of orbital bone.
The eye muscle and orbital fat was bluntly dissected above
the eyeball. The optic nerve was disclosed through the orbital
muscle cone and transected 2 mm posterior to the eyeball with
a pair of jeweler forceps. The cut site was thoroughly examined
to ensure that the optic nerve was completely cut. The fundus
was examined fundoscopically to confirm the absence of inju-
ries to retinal vascular supply. After the surgery, erythromycin
eye ointment was applied to prevent further infection.

Retinal whole-mount immunofluorescence. At 7 days
following building ONT model, the mice were anesthetized
with an intraperitoneal injection of the mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Euthanasia was
performed by cervical dislocation when the animals were
under deep anesthesia. Then, the eyes were fixed in 4% parafor-
maldehyde (PFA; cat. no. BL539A; Biosharp Life Sciences) for
30 min at room temperature and dissected into the petal shape
as a whole-mount. Following incubation in 0.2% Triton-X-100
at 4°C overnight and 5% BSA for 1 h, the intact retina was
incubated with anti-B-III tubulin (Tujl) antibody (1:400; cat.
no. 801201; BioLegend, Inc.) overnight at 4°C. Following
washing with PBS buffer, the retinas were incubated with
Alexa Fluor 594 goat anti-mouse IgG (1:500; cat. no. A11005;
Invitrogen; Thermo Fisher Scientific, Inc.) antibody for 2 h at
room temperature. The representative images were captured
from the peripheral areas of the retinas using a fluorescence
microscope (x400 magnification; Olympus 1X-73; Olympus
Corporation). To evaluate RGC survival, four regions were
randomly selected for each retina. The number of Tujl* cells
was counted using ImageJ software (version 1.8.0; National
Institutes of Health) and averaged. The survival rate of RGCs
was presented as the percentage of the number of Tujl* cells in
the injured retina compared with that in the uninjured retina.

Hematoxylin and eosin (HE) staining. At day 7 following
building ONT model, euthanasia was performed by cervical
dislocation when the animals were under deep anesthesia with
the mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg).
The eyeballs were immediately enucleated and fixed in the
Fekete's solution for 3 h at room temperature and the optic
nerves were fixed in 4% PFA at 4°C overnight. Then, the optic
nerves were dehydrated using gradient ethanol, embedded
in paraffin and sliced into 5 gm thickness. To observe the
structural changes of axons, the longitudinal sections were
deparaffinized with xylene, rehydrated through a graded
ethanol series, and stained with hematoxylin and eosin (H&E;
BP-DLO001; Nanjing SenBeilia Biological Technology Co.,
Ltd.). The sections were observed using a light microscope
(x400 magnification; Olympus IX-73; Olympus Corporation)
equipped with a DP80 camera.

Sample collection and preparation. ONT model was induced
in the left optic nerve and the contralateral eye served as the
control. On the day 7 following ONT injury, the mice were
euthanized and the retinas were harvested. The pooled retinas
from the ipsilateral eyes of five mice was taken as a sample.
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Approximately 7 mg of retinal sample was subsequently
vortexed in 200 ul methanol/H,O (4/1, vol/vol) cold solvent,
containing 10 ul of 2-chlorophenylalanine (0.06 mg/ml) as the
internal standard. After grinding at 60 Hz and -20°C for 2 min,
each retinal sample was sonicated at 40 KHz in an ice-water
bath for 10 min at 0°C and then centrifuged at 4°C (15,620 x g)
for 10 min. The supernatant of each sample was dried with a
freeze-concentration centrifugal dryer and dissolved in 190 pl
of methanol/H,O (4/1, vol/vol) solvent at 4°C for 30 sec. After
that, the samples were sonicated at 40KHz in an ice-water
bath at 0°C for 3 min and centrifuged at 4°C (15,620 x g) for
10 min, followed by the collection through a crystal syringe
and filtration through a 0.22 ym microfilter into LC vials. The
vials were stored at -80°C before analysis. The quality control
(QC) samples were prepared by mixing the aliquots from all
retinal samples.

Liquid-chromatography tandem mass spectrometry
(LC-MS/MS) analysis. Metabolic profiling was performed
using the ACQUITY UPLC I-Class plus system (Waters
Corporation) coupled with Q-Exactive plus quadrupole-Orbi-
trap mass spectrometer (Thermo Fisher Scientific, Inc.) in both
positive ion and negative ion modes of electrospray ionization
(ESI). In brief, ultra-performance liquid chromatography
separation was performed on an ACQUITY UPLC HSS T3
column (100x2.1 mm; 1.8 ym) at 45°C. Gradient elution was
performed using (A) water (0.1% formic acid) and (B) acetoni-
trile (0.1% formic acid) as the mobile phase with an injection
volume of 5 ul and a flow rate of 0.35 ml/min, starting at 95%
A for 2 min and decreasing to 20% within 8 min. Next, the
gradient decreased to 0 within 4 min and kept for 1 min, and
then increased to 95% within 0.1 min and kept for 1 min.

The sample mass spectrum signals were collected in the
positive and negative ion scanning modes. The scanning range
was from 100 to 1,200 mass-to-charge ratio (m/z). The resolu-
tion was set at 70,000 in the full scan mode and 17,500 in the
HCD MS/MS scan model. The aux gas and sheath flow rates
were 10 and 40 arbitrary units, respectively. The nitrogen gas
temperature was 350°C. The spray voltages were set to 3800
V(+) and 3200 V(-). QCs were added periodically to assess the
repeatability.

Metabolomics data analysis. Software Progenesis QI V2.3
(Nonlinear Dynamics) was used to handle raw peak exaction,
baseline filtering, retention time correction, peak alignment,
peak identification and normalization. The compounds were
identified based on m/z, secondary fragments and isotopic
distribution. They were then characterized using the Human
Metabolome Database (HMDB; https://hmdb.ca/), Metlin
(https://metlin.scripps.edu), Lipidmaps (V2.3) (https:/www.
lipidmaps.org/) and EMDB2.0 (27). EMDB2.0 database is
a local mass spectrometry database established by Lu-ming
Biotechnology through standardized methods and standards,
covering over 2,000 common metabolites. The extracted data
were then processed by removing the peaks with a missing
value (ion intensity=0) in >50% in groups, replacing O value
by half of the minimum value, and screening according to
the qualitative results of the compound. Compounds with the
resulting scores below 36 (out of 60) points were also deemed
to be inaccurate and removed. A data matrix was combined

from the positive and negative ion data. Principal component
analysis (PCA) was performed to reduce data dimensionality
and visualize the relationship among samples. Orthogonal
Partial Least-Squares-Discriminant Analysis (OPLS-DA)
was applied for multivariate statistical analysis to identify
the differential metabolites. To assess the quality of a model,
7-fold cross-validation and 200 Response Permutation Testing
were conducted to prevent overfitting. A two-sided unpaired
Student's t-test was used to calculate the statistical significance
and fold-change of the metabolites. The relative importance
of each metabolite to the OPLS-DA model was evaluated by
the parameter, variable importance in projection (VIP). The
metabolites with P<0.05 and VIP =1 were considered as the
differential metabolites for group discrimination.

The impact pathway was determined using the Pathway
Analysis Module of MetaboAnalyst 5.0 (http://www.metabo-
analyst.ca/) based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway library (https://www.kegg.jp/),
with the criteria as P<0.05, false discovery rate (FDR) <0.05
and impact >0.05. Before MetaboAnalyst analysis, the sample
was normalized by the median and the data was loglO-trans-
formed for comparison. The parameters were as follows:
‘Scatter plot’ visualization method, ‘global test’ enrichment
method, ‘relative-betweeness centrality’ topology analysis
and reference metabolome of all compounds in the selected
pathway library of ‘Mus musculus (KEGG)'.

The areas under the receiver operating characteristic
(ROC) curves (AUC) analysis was performed using the
Biomarker Analysis Module of MetaboAnalyst 5.0 to assess
the predictive capacities of the potential biomarkers with an
AUC of >0.8 as the potential markers. Before MetaboAnalyst
analysis, the sample was normalized by the median. The
data was logl0-transformed for comparison and auto-scaled
(mean-centered and divided by the standard deviation of
each variable). The 95% confidence intervals were calculated
using 500 bootstrappings. For multivariate ROC analysis, the
linear support vector machine algorithm was used to evaluate
the combined biomarker model of the selected metabolites
via ROC curve based model evaluation (Tester) section. 100
cross-validation were performed and the results were averaged
to generate the plot.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 8 software (Dotmatics). All data were
expressed as the mean + SD. For normally distributed data, an
unpaired Student's t-test was used for pairwise comparisons.
For non-normally distributed data, Mann-Whitney U test was
performed for pairwise comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

Establishment of murine ONT model. The untargeted metabo-
lomics was used to detect the changes of retinal metabolomic
profile in the ONT model. The experimental flow of metabolo-
mics analysis is presented in Fig. 1A. To confirm the successful
establishment of the ONT model, the whole-mounted retinas
were stained with Tujl to detect the survival of RGCs at day 7
following ONT injury. The results showed that ONT injury led
to a ~50% decrease in the number of survival RGCs (Fig. 1B).
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Figure 1. Establishment of murine ONT model. (A) Flowchart of the experimental design. (B) Fluorescent images of the retinas stained with anti-Tujl antibody
were observed from the peripheral areas. The percentage of surviving RGCs were detected by calculating the average number of Tujl* cells in the area of the
injured retina compared with that in the normal retina. The representative images are shown (n=5; scale bar, 20 ym). (C) Hematoxylin and eosin staining was
conducted to detect the degeneration of myelin sheath in the injured optic nerves (n=5; scale bar, 20 ym). "P<0.05 vs. Ctrl. ONT, optic nerve transection; RGC,
retinal ganglion cells; KEGG, Kyoto Encyclopedia of Genes and Genomes; Ctrl, control; Tujl, B-III tubulin.

H&E staining of the longitudinal sections revealed that the
axons in the normal group were well organized and the optic
nerve fibers were intact. By contrast, the axons in ONT injured
group were swollen and contained vacuole structures (Fig. 1C).
The aforementioned results indicated that the building of ONT
model was successful.

Untargeted metabolomic profile of retinal tissues of
ONT mice and non-ONT controls. To reveal the global
metabolomic profile change following ONT injury, a total
of 12 retinal samples were collected from six ONT retinas
and six non-ONT retinas. A total of 2,928 anionic peaks
and 3,745 cationic peaks of metabolites were recorded.
Two-dimensional and three-dimensional PCA models
with the score plots indicated that ONT samples clustered
together, while the non-ONT Ctrl samples clustered together,
indicating that the experiments displayed good repeatability
(Fig. 2A and B). Next, OPLS-DA model with the supervised
method was constructed to determine the metabolomic
profile differences for the separation of two groups. As
shown in Fig. 2C, separations of ONT group and non-ONT
control group were observed, with the model values of R2X
(cum)=0.688, R2Y (cum)=0.939, and Q2 (cum)=0.93. In
addition, the permutation analysis showed that the R* value
was lower compared with the original value. The Q? intercept
was negative, indicating that there was no sign of overfitting,

which ensured the validity and stability of the OPLS-DA
model fitting (Fig. 2D).

Identification of altered metabolites and metabolic pathways
following ONT injury. A volcano plots was used to calculate the
fold-change and P-value of all metabolites for the identification
of altered metabolites following ONT injury. VIP was used to
measure the effects of metabolite expression patterns on the
classification and discrimination of the samples in each group.
The results showed 689 differential metabolites were identi-
fied according to the threshold of P<0.05 and VIP >1 (Fig. 3A),
including lipids and lipid-like molecules (36.57%), organic
acids and derivatives (12.19%), organic oxygen compounds
(7.69%), organoheterocyclic compounds (7.26%), nucleosides,
nucleotides, and analogues (4.64%), phenylpropanoids and
polyketides (2.61%), benzenoids (1.89%), organic nitrogen
compounds (1.16%), alkaloids and derivatives (0.58%), homo-
geneous non-metal compounds (0.29%), lignans, neolignans
and related compounds (0.15%), organosulfur compounds
(0.15%), and unclassified (24.82%) (Fig. 3B).

KEGG analyses were then carried out to determine the
involvement of the signaling pathways of altered metabolites
following ONT injury. The results revealed that 122 metabo-
lites were annotated and enriched in 50 KEGG pathway
databases (Table SI). A total of 25 metabolic pathways were
identified with P<0.05 and impact >0.05. As demonstrated
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Figure 2. Untargeted metabolomic profile of retinal tissues of ONT mice and non-ONT controls. (A) Two-dimensional PCA score plot of ONT group and
non-ONT control group. (B) Three-dimensional PCA score plot of ONT group and non-ONT control group. (C) OPLS-DA score plot of ONT group and
non-ONT control group. (D) 200 response permutation analysis plot of OPLS-DA model. ONT, optic nerve transection; PCA, principal component analysis;
OPLS-DA, Orthogonal Partial Least-Squares-Discriminant Analysis; Ctrl, control.

in Fig. 4A, the top 10 enriched pathways were: i) ‘Primary
bile acid biosynthesis’; ii) ‘Fructose and mannose metabo-
lism’; iii) ‘Pentose phosphate pathway’; iv) ‘Sphingolipid
metabolism’; v) ‘B-Alanine metabolism’; vi) ‘Riboflavin
metabolism’; vii) ‘Arginine biosynthesis’; viii) ‘Steroid
hormone biosynthesis’; ix) ‘Phenylalanine, tyrosine and
tryptophan biosynthesis’; and x) ‘Tyrosine metabolism’. The
impact factors were 0.07, 0.16, 0.17, 0.08, 0.06, 0.5, 0.23,
0.05, 0.5 and 0.14, respectively. As demonstrated in Fig. 4B,
20 altered metabolites were identified in the aforementioned
10 metabolic pathways, including 13 upregulated metabolites
and 7 downregulated metabolites in ONT retinal tissues
(Table SII).

Potential biomarkers for ONT injury. Lipids are the major
macromolecule in the brain, accounting for 50% of dry brain
weight (28). The lipid content of CNS is only lower compared
with that in adipose tissue. Moreover, altered lipid metabolism
has been proven to be involved in the pathogenesis of neurode-
generative diseases (29).

Among the altered metabolic pathways following ONT injury,
the primary bile acid biosynthesis and sphingolipid metabolism
are the key pathways affecting lipid metabolism. To screen for the
metabolites as the candidate markers for ONT injury, the present
study investigated the altered metabolites enriched in these two
pathways. As demonstrated in Fig. 5A, three altered metabolites
were chosen as the candidate biomarkers in the primary bile acid
biosynthesis pathway, including taurine, taurochenodesoxycholic
acid and taurocholic acid (TCA). The P-values were 7.16x10°°,
4.79x10*, and 0.0083, respectively. AUC-ROC was used to detect
the possibility of these metabolites as the candidate biomarkers.
The results showed the AUC values of these biomarkers were
1 (Fig. 5B-D). The levels of taurochenodesoxycholic acid and
TCA were significantly increased following ONT injury, while
the level of taurine was significantly decreased following ONT
injury. Next, the multivariate biomarker model was used by
applying these three metabolites for ROC analysis to test whether
the primary bile acid biosynthesis was sufficient to distinguish
ONT group from non-ONT control group. The result also showed
that the value of AUC was 1 (Fig. 5E).
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As shown in Fig. 6A, two metabolites, sphingosine and
galabiosylceramide (d18:1/16:0), were selected as the candidate
biomarkers of sphingolipid metabolism pathway, with P-values
of 0.0010 and 0.0026, respectively. The level of sphingosine was
significantly increased following ONT injury. By contrast, the
level of galabiosylceramide (d18:1/16:0) was decreased following
ONT injury. ROC analysis showed that the AUC values of
these two metabolites were 1 (Fig. 6B and C). The multivariate
biomarker model also showed the value of AUC was 1 (Fig. 6D).

Discussion
RGCs serve as the connecting ring between the neuroretina

and the sensory retina. Their axons can form optic nerve
and bring the visual input to the brain (4). Once the axons

pass through the lamina cribrosa, they are surrounded by
the myelin, thereby accelerating the transmission speed of
neurons. However, due to the limitation in the length, trajec-
tory and space, the axons are highly susceptible to external
damage (30). RGC loss has been recognized as the hallmark
of neurodegenerative diseases. Several animal models of RGC
degeneration have been established, which can be induced by
ocular hypertension (injection of saline/silicon oil/hyaluronic
acid into the eyes, episcleral vein occlusion, pressure-induced
retinal ischemia/reperfusion, and inbred DBA/2J mice) (31),
mechanical stress (optic nerve compression/transection and
ocular blast) (12,14), and glutamate neurotoxicity (intravitreal
injection of N-methyl-D-aspartate, glutamate transporter or
specific NMDAR deficit mice) (1). However, the injury sites in
these models are not identical.
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The optic nerve is composed of fibers projecting to the
brain from the neuronal RGCs, whose cell bodies are located
in the retina. Ocular hypertension and glutamate neurotoxicity
primarily leads to an obvious injury to RGC axons and somas,
which is intraretinal (1,32). However, optic nerve injury in the
models of mechanical stress is extraretinal. Following optic
nerve injury, the injury signals travel retrogradely to RGC
somata located in the retina, eventually causing RGC degen-
eration (33). Thus, mechanical stress models are important
models for studying the mechanism of RGC degeneration
following extraretinal injury.

Notably, the animal models mimicking mechanical
injury mainly include optic nerve crush (ONC) and ONT
models (34). ONC is generally less severe compared with
ONT and can be used to determine axon regeneration
across the lesion sites. However, the differences in crush
force and duration can affect tissue responses and lesions,
resulting in the difficulty in replication and bias in the iden-
tification of potential biomarkers. ONT is a model of RGC
degeneration through direct injury of RGC fibers, ensuring
that the severity of injury in the experimental individuals is
consistent (35).

The present study thus selected an ONT model for studying
retinal neurodegeneration. ONT can cause rapid degeneration
of RGCs due to the loss of trophic support. In an ONT model,
axonal injury directly damages the axolemma, immediately
exposing the injured axonal cylinder to extracellular envi-
ronment and causing the influx of sodium and calcium (36).
The resultant calcium-dependent cysteine protease called
calpain is activated in the later stage of axonal degeneration,
which degrades the axons and causes neuronal death (37).
Similarly to other CNS in the higher vertebrates, optic nerve
axon damage can cause the loss of RGCs, resulting in irre-
versible vision impairment. Hence, functional recovery of
vision requires restoring the functions of injured RGCs (38).
However, the exact mechanism of RGC degeneration remains
unclear. Metabolomics has been widely used to investigate
the mechanism and identify the metabolic signatures of
disease progression (39). The untargeted metabolomics can
obtains the comprehensive reads of the detailed analyses of
detected metabolites (40). Thus, identifying the metabolic
signature of RGC degeneration can provide novel insights into
the identification of potential drug targets for treating retinal
neurodegeneration.
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Figure 5. Multivariate analysis of primary bile acid biosynthesis. (A) Graphical presentation of KEGG signaling map of primary bile acid biosynthesis.
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area under the curve.

LC-MS/MS technology was used to screen for the altered
metabolites following ONT injury. The metabolomics profiles
were conducted between ONT retinas and non-ONT retinas
and 689 differential metabolites were identified. The metabolite
pathways, including primary bile acid biosynthesis and sphin-
golipid metabolism related to lipid metabolism, were altered
following ONT injury. A total of five metabolites were identi-
fied as the candidate biomarkers for retinal neurodegeneration.
In addition, altered amino acids and glucose metabolism were
observed in the retinas following ONT injury.

The present study also observed that lipids and lipid-like
molecules were mainly involved in the altered metabolite
pathways following ONT injury, suggesting that lipids exert
imperative effects on the progression of ONT injury, which
confirmed the association between lipid metabolism and
neurodegeneration (28). As the major components of the

bilayer membrane, lipids exert imperative effects in main-
taining normal physiological functions of CNS, including
energy production and cell-to-cell signal transduction (41).
Damaged neurons require large amounts of lipids to form
the membranes during regeneration (42). A previous study
has revealed that lipinl, a critical regulator of glycerolipid
metabolism in neurons, can enhance axon regeneration after
optic nerve injury (43).

Subsequently, the altered metabolites following ONT injury
were annotated using KEGG, HMDB, Lipidmaps (V2.3),
Metlin and EMDB2.0. These altered metabolites following
ONT injury were highly enriched in 50 metabolite pathways.
Among the top 10 metabolic pathways, ‘fructose and mannose
metabolism’ (44), ‘pentose phosphate’ (45), ‘B-Alanine
metabolism’ (46), ‘arginine biosynthesis’ (47), ‘sphingolipid
metabolism’ (48) and ‘steroid hormone biosynthesis’ (49) are
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involved in the pathogenesis of diabetic retinopathy. Altered
‘sphingolipid metabolism’ (50), ‘tyrosine metabolism’ (51)
and ‘steroid hormone biosynthesis’ (52) have been found
in the pathogenesis of glaucoma. Altered ‘arginine metabo-
lism’ has been detected between Vogt-Koyanagi-Harada and
healthy controls (53). The metabolites of primary bile acid
biosynthesis are tightly associated with the pathogenesis of
age-related macular degeneration (54). Riboflavin deficiency
can cause severe decreases in retinal function accompanied
by structural changes in the neural retina and retinal pigment
epithelium (55). Among these altered pathways, ‘primary bile
acid biosynthesis’ and ‘sphingolipid metabolism’ are tightly
associated with lipid metabolism and involve several patho-
logical processes, such as inflammation, neovascularization,
survival and death of neurons and migration of endothelial
cells (54,56).

Primary bile acid biosynthesis is a crucial pathway for
cholesterol catabolism and homeostasis maintenance (57).

Primary bile acid is synthesized from cholesterol in the liver
and converted to secondary bile acid by anaerobic bacteria in
the gut. Finally, bile acid is reabsorbed by enterocytes and tran-
sited back to the liver via the portal vein to produce glycine and
taurine (58). Dysfunction of bile acid biosynthesis is involved
in the onset and progression of Parkinson’s disease (23). In
addition, a previous study has revealed that patients with
Alzheimer’s disease have lower levels of serum primary bile
acids compared with the normal healthy controls (58). The
present study detected the differential expression of taurine,
taurochenodesoxycholic acid and TCA following ONT injury.
ROC curve analysis indicated that these altered metabolites
could be selected as the candidate biomarkers for detecting
retinal neurodegeneration. Taurine, a sulfur-containing
amino acid, is reduced by 76.29% in the ONT group (59,60).
Taurochenodesoxycholic acid and TCA are increased in
concentrations following optic nerve injury. Taurine is highly
expressed in the mammalian brain, heart and leukocytes, and
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is one of the most abundant amino acids (61). Taurine plays
protective roles in diverse CNS disorders by regulating intra-
cellular calcium transport, affecting antioxidation and acting
as a neuroprotector against L-glutamate-induced neurotox-
icity (62,63). Additionally, treatment with taurine can suppress
NMDA-induced retinal cell apoptosis by reducing oxidative
stress (64).

Taurochenodesoxycholic acid and TCA have been reported
to be the highest bile acid in the serum of the patients with
cirrhosis (65). Taurochenodesoxycholic acid, the conjugate
of taurine and bile acid, exerts its anti-inflammatory and
immunomodulatory functions and enhances apoptosis via
the activation of PKC-c-JNK/P38 signaling (66). The signifi-
cant upregulation of taurochenodesoxycholic acid in ONT
group may be associated with the activation of inflammatory
response and apoptosis of RGCs following ONT injury. TCA
(a major 12a-hydroxylated bile acid), composed of taurine and
chlolic acid, is significantly increased in the ONT group (67).
Even though its roles in neurodegeneration have not yet been
elucidated, previous studies reported the altered plasma levels
of bile acids in patients with AMD, demonstrating a protec-
tive effect of TCA on both degeneration and neovascular
AMD (54). Moreover, plasma levels of TCA are tightly related
to inflammatory biomarkers in patients coinfected with human
immunodeficiency virus/hepatitis C virus (68). As an upstream
compound of taurochenodesoxycholic acid and TCA, taurine
is becoming a promising target for reversing the disorders
caused by axonal injury.

Sphingolipid is highly expressed in myelin sheaths and
plays important roles in maintaining neuronal survival, signal
transduction and synaptic stability (69). Abnormal sphingo-
lipid metabolism occurs in several CNS diseases (70). Altered
sphingolipid metabolism due to Golgi-associated retrograde
protein (GARP) mutations contributes to neurodegeneration,
and inhibitor of sphingolipid synthesis can greatly improve the
outcomes and survival in GARP mutant wobbler mice (a model
of motor neuron degeneration) (71). Sphingolipid metabolites,
particularly sphingosine-1-phosphate and ceramide, are crucial
for the proliferation, survival and activation of astrocytes,
microglia and neurons (72,73). The present study observed
higher levels of sphingosine and lower levels of galabiosylce-
ramide (d18:1/16:0) in the ONT group compared with those in
the control group. Furthermore, the combination of these two
metabolites showed good sensitivity and specificity. Altered
patterns of lipid metabolism and apoptosis through ceramide
pathways have been reported in another metabolomics study
targeting 195 metabolites (74).

Sphingosine consists of hydrophobic sphingoid long-chain
bases and can be converted to sphingosine-1-phosphate by
sphingosine kinase (75). Increased levels of sphingosine have
also been detected in the patients with primary open-angle
glaucoma based on an untargeted plasma metabolomic
study (76). This study suggests that axonal injury-induced
excessive sphingosine may be involved RGC degeneration
through ceramide apoptosis signaling. However, no difference
was detected in sphingosine-1-phosphate level in the ONT
group in the present study, which differed from another study
on Parkinson's disease (77). The study consistency and differ-
ences present the opportunities for further metabolic in retinal
neurodegenerative diseases. Galabiosylceramide (d18:1/16:0),

the last unit of glycosphingolipids, decreased by 62.5% after
axonal injury in the present study. Although the mechanism
of galabiosylceramide (d18:1/16:0) remains unknown, it may
serve as a potential biomarker of retinal neurodegeneration to
some extent.

There are still some limitations in the present study. A rela-
tively typical sampling time was selected. The potential impacts
of sampling time points on retinal metabolic profile should be
further considered. Although the present study predicted the
involvement of altered metabolite pathways following ONT
injury, the potential mechanism associated with the altered
pathways and metabolites in ONT and retinal neurodegenera-
tion remains unclear and requires further study. In addition,
the key metabolic enzymes, including bile acid-CoA:amino
acid N-acyltransferase (78,79), Acyl-coenzyme A amino acid
N-acyltransferase 1 (80), acid ceramidase, neutral ceramidase,
alkaline ceramidase (81), sphingosine-1-phosphate phospha-
tase (82) and phospholipid phosphatase, which are in charge
of the production of these altered metabolites, should be
analyzed in the further research (83). To identify the reliable
biomarkers for the diagnosis of retinal neurodegeneration,
the targeted metabolomics should also be conducted on the
clinical samples.

In conclusion, the present study identified the changes
of metabolomic profile in retinal tissues of ONT mice via
LC-MS/MS analysis. A total of 689 differential metabolites
and 50 altered metabolic pathways were identified following
ONT injury. The major types of altered metabolites were
lipids and lipid-like molecules, suggesting that lipid-related
metabolism was tightly associated with the process of retinal
neurodegeneration. Primary bile acid biosynthesis pathway,
sphingolipid metabolism pathway and five altered metabolites
with high sensitivity and specificity (AUC>0.8) were identified
following ONT injury. The levels of taurochenodesoxycholic
acid, TCA and sphingosine increased, while the levels of
taurine and galabiosylceramide decreased in the ONT model,
implying that these altered metabolites are the potential thera-
peutic target for ONT injury. The present study may provide
novel insights into the pathogenesis of RGC degeneration and
provide the candidate metabolic targets for the diagnosis and
treatment of retinal neurodegenerative diseases.
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