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Tissue Inhibitor of Metalloproteinase 3 (TIMP3)
mutations increase glycolytic activity and
dysregulate glutamine metabolism in RPE cells
Allison Grenell1,2,**, Charandeep Singh3, Monisha Raju 2, Alyson Wolk 2, Sonal Dalvi 4, Geeng-Fu Jang 2,
John S. Crabb2, Courtney E. Hershberger 5, Kannan V. Manian 4, Karen Hernandez 1,2, John W. Crabb2,
Ruchira Singh 4, Jianhai Du6, Bela Anand-Apte2,7,*
ABSTRACT

Objectives: Mutations in Tissue Inhibitor of Metalloproteinases 3 (TIMP3) cause Sorsby’s Fundus Dystrophy (SFD), a dominantly inherited, rare
form of macular degeneration that results in vision loss. TIMP3 is synthesized primarily by retinal pigment epithelial (RPE) cells, which constitute
the outer blood-retinal barrier. One major function of RPE is the synthesis and transport of vital nutrients, such as glucose, to the retina. Recently,
metabolic dysfunction in RPE cells has emerged as an important contributing factor in retinal degenerations. We set out to determine if RPE
metabolic dysfunction was contributing to SFD pathogenesis.
Methods: Quantitative proteomics was conducted on RPE of mice expressing the S179C variant of TIMP3, known to be causative of SFD in
humans. Proteins found to be differentially expressed (P < 0.05) were analyzed using statistical overrepresentation analysis to determine
enriched pathways, processes, and protein classes using g:profiler and PANTHER Gene Ontology. We examined the effects of mutant TIMP3 on
RPE metabolism using human ARPE-19 cells expressing mutant S179C TIMP3 and patient-derived induced pluripotent stem cell-derived RPE
(iRPE) carrying the S204C TIMP3 mutation. RPE metabolism was directly probed using isotopic tracing coupled with GC/MS analysis. Steady state
[Ue13C6] glucose isotopic tracing was preliminarily conducted on S179C ARPE-19 followed by [Ue

13C6] glucose and [Ue
13C5] glutamine isotopic

tracing in SFD iRPE cells.
Results: Quantitative proteomics and enrichment analysis conducted on RPE of mice expressing mutant S179C TIMP3 identified differentially
expressed proteins that were enriched for metabolism-related pathways and processes. Notably these results highlighted dysregulated glycolysis
and glucose metabolism. Stable isotope tracing experiments with [Ue13C6] glucose demonstrated enhanced glucose utilization and glycolytic
activity in S179C TIMP3 APRE-19 cells. Similarly, [Ue13C6] glucose tracing in SFD iRPE revealed increased glucose contribution to glycolysis and
the TCA cycle. Additionally, [Ue13C5] glutamine tracing found evidence of altered malic enzyme activity.
Conclusions: This study provides important information on the dysregulation of RPE glucose metabolism in SFD and implicates a potential
commonality with other retinal degenerative diseases, emphasizing RPE cellular metabolism as a therapeutic target.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Sorsby’s Fundus Dystrophy (SFD) is a rare autosomal dominant form of
macular degeneration which results in progressive vision loss starting
in the 3rd to 4th decade of life. Mutations in the Tissue Inhibitor of
Metalloproteinases 3 (TIMP3) gene cause the disease with 100%
penetrance. TIMP3 is an extracellular inhibitor of matrix metal-
loproteinases (MMPs) which are involved in the degradation of extra-
cellular matrix (ECM) proteins such as collagen and elastin. TIMP3 is
synthesized by the retinal pigment epithelium (RPE) and endothelial
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cells of the choriocapillaris in the retina. The pathological features of
SFD bear a striking similarity to the more common age-related macular
degeneration (AMD) with defects in Bruch’s membrane (BrM), sub-
retinal deposits (“drusen”) and choroidal neovascularization (CNV) [1e
4]. Drusen in both AMD and SFD contain TIMP3, leading some to
speculate that they share an underlying etiology [4,5] however, the
mechanisms underlying the pathology of AMD and SFD remain un-
known. It has been previously reported that TIMP3 mutations result in
decreased MMP inhibitor function which could be contributing to the
pathological mechanism of SFD [6].
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Recently, metabolic dysfunction has emerged as an important
contributor to AMD [7e9] as well as other forms of retinal degener-
ation including retinitis pigmentosa [10], diabetic retinopathy [11,12],
retinopathy of prematurity [13,14], and macular telangiectasia (Mac-
Tel) [15e17]. Mutations in genes associated with metabolism
(glycolysis [18,19], fatty acid beta oxidation [20], tri-carboxylic acid
cycle (TCA) [19], and nucleotide synthesis [21,22]) have been shown to
cause retinal degeneration. In addition, some system-wide metabolic
diseases, are known to negatively impact the retina such as diabetic
retinopathy (DR), a vision threatening complication of diabetes mellitus
[21].
Metabolic perturbations such as hypoxia-induced metabolic stress,
specifically in the RPE, cause photoreceptor degeneration in mice [23].
RPE cells constitute the outer blood retinal barrier and are essential for
photoreceptor health and function. One important RPE function is the
transport and production of vital nutrients, such as glucose, to the
retina. Glucose is needed to support the heavy reliance of photore-
ceptors on aerobic glycolysis, where glucose is metabolized to lactate
in the cytosol to generate ATP [24,25]. Under physiological conditions,
RPE spares glucose for photoreceptors by utilizing alternative fuels
including proline [26e28], fatty acids [29], glutamine [30] and lactate
[31]. The disruption of metabolic coupling between RPE and photo-
receptors result in the degeneration of photoreceptors [10]. Addition-
ally, altered mitochondrial metabolism in the RPE of human AMD donor
eyes underscores the importance of RPE metabolism in sustaining the
retinal metabolic ecosystem [32].
We examined metabolic changes in the RPE expressing mutant TIMP3
that might contribute to the pathogenesis of SFD. Quantitative prote-
omics analysis on RPE of SFD mice carrying the TIMP3 S179C variant
identified dysregulated glycolysis pathways. Using stable isotope la-
beling, we directly analyzed the effects of mutant TIMP3 on RPE
metabolism using two in vitro models of SFD: ARPE-19 S179C TIMP3
and induced pluripotent stem cell (iPSC) derived RPE from patients with
the S204C TIMP3 mutation (iRPE). Our data supports the hypothesis
that TIMP3 mutations leads to increased glycolytic activity and glucose
contribution to the TCA cycle in RPE cells.

2. MATERIALS AND METHODS

2.1. Animals
Heterozygous Timp3þ/S179C, a generous gift from Dr. Bernhard Weber
[33] were crossed to generate homozygous Timp3S179C6/S179C mice
and their age-matched littermate controls. All experimental procedures
were approved by the Animal Care and Use Committee (IACUC)
guidelines of the Cleveland Clinic and conformed to the National In-
stitutes of Health Guide for the Care and Use of Animals in Research
and the ARVO statement for the use of animals in ophthalmic and
vision research.

2.2. Proteomics preparation
After euthanasia, tissue was collected from 8 animals of each genotype
(WT or TIMP3 S179C, 4 males and 4 females). Retina and RPE lysates
were prepared from the enucleated eyes of 7 month old mice as
described previously [34]. Protease buffer (200uL containing 100 mM
TEAB, 2% SDS, 1 mM DDT) was added to each RPE/eye cup and
incubated on ice for 1 h. RPE was dissociated from choroid/sclera with
vigorous tapping of the tube. Choroid tissue was removed and RPE
cells were lysed by drawing cells through a 26-27-gauge needle 15e
20 times. Tissue was sonicated for 10e15 s at medium/frequency,
centrifuged (14,000 rpm for 10 min at 4 �C) and the supernatant was
used for analysis.
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The protein concentration of the soluble protein fraction was estimated
by the Bicinchoninic Acid assay (BCA) assay. Each fraction was reduced
with DTT (10 mM at room temperature) alkylated with iodoacetamide
(40 mM for 1h at room temperature) then quenched with DTT (40 mM)
[35]. Two volumes of ice-cold acetone was used to precipitate proteins.
Protein pellets were resuspended in triethylammonium bicarbonate
buffer (TEAB) buffer (100 mM containing 0.5 mM CaCl2) and were
digested overnight at 37 �C with trypsin (initially with 2% trypsin (w/w),
followed in 2 hwith another 2% (w/w), and the next day with another 1%
(w/w) for 2h). AccQ-Tag amino acid analysis was used to quantify
soluble peptides [36,37]. Gender-specific pooled WT samples were
prepared for proteomic analyses by combining equal amounts of pro-
teolyzed protein from 3 male and 4 female WT controls.

2.3. iTRAQ-labeling and peptide fractionation
iTRAQ-Labeling of tryptic peptides with an 8-plex iTRAQ kit was per-
formed as previously described [37,38] Tryptic digests of the individual
KI samples (21 ug each) and the pooled reference samples (21 ug
each) were each labeled with a unique iTRAQ tag and combined in a
total of 2 batches as follows. Batch 1 contained 6 iTRAQ tags among
the pooled male and female reference samples, 2 individual male
mutant samples and 2 female mutant samples. Batch 2 was a
duplicate of Batch 1 but with different KI samples. Each batch was
individually fractionated by reverse-phase high performance liquid
chromatography (RP-HPLC) at pH 10 using methods detailed else-
where [38] and chromatography fractions encompassing the entire
elution were selectively combined and dried. Ten fractions per batch
were analyzed by LC MS/MS.

2.4. Protein identification
RP-HPLC fractions were analyzed by LC- MS/MS on an Orbitrap Fusion
Lumos Tribrid mass spectrometer [37,38]. Protein identification uti-
lized the Mascot 2.6.2 search engine and the UniProt mouse database
version 2019_07 (17,026 sequences). Database search parameters
were restricted to three missed tryptic cleavage sites, a precursor ion
mass tolerance of 10 ppm, a fragment ion mass tolerance of 20 mmu
and a false discovery rate of �1%. Protein identification required
detection of a minimum of two unique peptides per protein. Fixed
protein modifications included N-terminal and ε-Lys iTRAQ modifica-
tions and S-carbamidomethyl-Cys. Variable protein modifications
included Met oxidation, Asn and Gln deamidation and iTRAQ Tyr. A
minimum Mascot ion score of 25 was used for accepting peptide MS/
MS spectra.

2.5. Protein quantitation
The iTRAQ tag intensities on male and female KI mouse peptides
versus their gender-specific pooled WT control were quantified by the
weighted average method [39] using the Mascot 2.6.2 Summed In-
tensities Program. Protein quantitation required a minimum of two
unique peptides per protein, utilized reporter ion tolerance of 10 ppm,
and a Mascot peptide ion score�25. Protein ratios were determined in
log space and transformed back to linear ratios for reporting.

2.6. Statistical analyses of the proteomic data and enrichment
analysis
Quantile normalization was used to normalize the mass spectrometric
iTRAQ proteomics data. Batch effects were examined. Significantly
elevated and decreased proteins were sought using the limma pack-
age in R, and the results were adjusted for multiple-testing using the
Benjamini-Hochberg procedure [33,40]. Criteria for significantly
elevated and decreased proteins included average protein ratios
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(TIMP3 mutant/gender specific WT) above or below the mean by at
least one standard deviation with adjusted p-values �0.05. All Pro-
teins found to be significantly altered (adjusted p-value <0.05) were
used for enrichment analysis. KEGG enrichment analysis was con-
ducted using G-profiler g:GOSt tool (https://biit.cs.ut.ee/gprofiler/gost,
Version e111_eg58_p18_f463989d), implementing the g:SCS
threshold with a significance of 0.05. PANTHER statistical over-
representation test (PANTHER, Gene List Analysis v 18.0, https://www.
pantherdb.org/) was used with the PANTHER pathway, GO Biological
Process Complete and GO Protein Class Complete annotation set with
the Fisher’s exact test with False Discovery Rate (FDR) correction.
Pathways (all significant parent terms, FDR<0.01), processes (top ten
enriched parent term, FDR <0.01), classes (top eight enriched parent
terms, FDR <0.01) were graphed using Flourish Studio (https://
flourish.studio). Panther uses hierarchical relationships between
terms which are broken down into sub classes. To determine the most
enriched terms, only parent terms were considered so subclasses
within the same pathway would not be over-represented. Data was
visualized so that the annotations were on the the Y axis, fold
enrichment was on the x-axis, FDR is represented by color and number
of genes is represented by the size of the bubble.

2.7. SFD ARPE-19 cells
The generation of the SFD ARPE-19 cells has been published by our
laboratory previously [41]. Briefly, a 550bp human S179C or WT TIMP3
cDNA insert was ligated into a pCEPT4 expression vector (Invitrogen).
S179C TIMP3 or WT TIMP3 cDNA in pCPE4 vector was transfected into
ARPE-19 cells (ATCC CRL-2302) using Effectene Transfection Reagent
(Qiagen) using the manufacturer’s protocol. Stable clones were iso-
lated with Hygromycin selection. TIMP3 overexpression was confirmed
with western blot followed by reverse zymography.

2.8. ARPE -19 cell culture
Cells were cultured using protocol adapted from Hazim et al., 2019
[42]. ARPE-19 were expanded using DMEM: F12, 10% FBS (Gibco
#A526801, 1% Penicillin/Streptomycin until confluent within a T75
flask. After becoming confluent, cells were allowed to further differ-
entiate in RPE media (MEM alpha with GlutaMAX (Thermo,
#32561037), 1% FBS, 1% Penicillin/Streptomycin, 1% N1 supplement
(Sigma, #N6530), taurine (0.25 mg/mL, Sigma #Y0625), hydrocorti-
sone (20 ng/mL, Sigma #50396), triiodo-thyronin (0.013 ng/mL,
Sigma, #T6397), and nicotinamide (10 mM Sigma #N0636) which
yielded a homogenous and polarized monolayer for at least 3 weeks.
Cells were dissociated with Trypsin/EDTA (0.025% EDTA) for 5 min at
37 �C. The reaction was quenched with DMEM: F12, 10% FBS, 1%
Penicillin/Streptomycin before being spun down and resuspended in
RPE media. Cells were plated in flat bottom 6-well tissue culture plates
at a seeding density of 1.66 � 105 cells/cm2 in RPE media. Cells were
maintained at 37 �C and 5% CO2. Media was changed 2 times per
week for 4 weeks until isotopic tracing experiments.

2.9. ARPE19 glucose isotopic tracing
To ensure that the cells had adequate nutrients before labeling started,
fresh (unlabeled) cell culture media was given to the cells 24 h prior. At
the start of the experiment (time 0) unlabeled media was aspirated and
wells were quickly washed with 3 mL warm normal saline (0.8% NaCl).
Then, 2 mL of media containing [13C6] glucose was added. The media
had a base of DMEM without glucose, without pyruvate, and without L-
glutamine (Lerner Research Institute Central Cell Services Media
Laboratory, 99AC500CUST) with 10 mM [13C6] labeled glucose
(Cambridge Isotope Laboratories, 99%, Cat. # CLM-1396-PK.), 2.5 mM
MOLECULAR METABOLISM 88 (2024) 101995 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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unlabeled glutamine, 10% dialyzed FBS, 1% Penicillin/Streptomycin
antibiotics. Cells were incubated with labeled media at 37 �C for 24 h.

2.10. ARPE-19 metabolite extraction from cells and media
After 24 h, media was collected, flash frozen, and stored at �80 �C
until analysis. Cells were rinsed with 1 mL warm normal saline (0.9%
NaCl, Sigma S5886, Millipore ZEQ7000T0C). Cells were immediately
put on ice and 1 mL of ice cold 80% Methanol (Fisher Scientific A454-
4) containing 0.05 mg/mL 13C Ribitol internal standard was added to
each well. Wells were scraped and all contents were transferred to a
fresh 1.5 mL tube and immediately put on wet ice. Samples were
briefly sonicated to ensure lysis (w5 s) and then centrifuged
(15,000�g for 5 min at 4 �C). 500 mL of supernatant was transferred
to a fresh 1.5 mL tube. Samples were dried in a centrivap concentrator
(Labconco 7310021) over-night at 4 �C and immediately derivatized
the next morning.
Media samples stored in �80 �C were thawed on wet ice and vor-
texed. To 20 mL of media in a fresh tube, 70 mL of �20 �C Methanol
and 10 mL of 0.05 mg/mL 13C Ribitol standard was added, vortexed,
and placed on ice. Samples were centrifuged at 15,000�g for 10 min
at 4 �C. 50 mL of supernatant was moved to a fresh tube and dried
overnight in Centrivap at 4 �C.

2.11. ARPE-19 derivatization protocol
Samples were placed in Centrivap at 40 �C for 5 min to ensure removal
of all moisture then immediately derivatized. 25 mL of Methoxyamine
hydrochloride (Sigma 593-56-6)/pyridine (Sigma 110-86-1) solution
(40 mg/mL) was added to each tube. The samples were mixed at
45 �C at 1,000 rpm for 30 min on the ThermoMixer (Eppendorf
5382000023). 75 mL of MSTFAþ1% TMCS (Thermo Scientific 48915)
was added to each tube. Samples were incubated at 45 �C at
1,000 rpm for 30-minutes on the ThermoMixer. Samples were
centrifuged for 2 min at room temperature at 15,000�g. 68 mL of
supernatant was put in GC/MS vials (Thomas Scientific 1152P35,
MachereyeNagel 702716).

2.12. ARPE-19 mass spectrometry/gas chromatography method
One microliter of each sample was injected into the 7890B GC con-
nected to 5977 MSD Agilent GCMS system. Injections were made in
splitless mode. The fused silica capillary column used was a DB-5MS
30 m � 0.25 mm � 0.25 mm with a 10 m of built in guard column
(Agilent 122-5532G). The front inlet was set to 250 �C with septum
purge flow of 3 mL/min of helium. Samples were analyzed in a con-
stant flow mode with helium set to 1.1 mL/min. The GC method was
1 min at 60 �C, followed by 10 �C/min increments until 325 �C and
finally held at 325 �C for 10 min. Pyruvate and lactate were measured
by select ion monitoring (SIM). Ions 174e177 were monitored for
pyruvate from 6.6 to 7.7 min while ions 219e222 were monitored for
lactate from 7.7 to 9 min. Glucose in media was measured in full scan
mode using electron ionization with a scan widow from 50 to 800 m/z.
A solvent delay of 6.6 min was applied.

2.13. APRE-19 data analysis
Agilent Masshunter was used to quantify peak height for M0-Mn.
Relative metabolite levels calculated by summing the isotopolouge
heights. To account for differences in cell numbers between WT and
mutant conditions, a correction factor was calculated using the ratio of
WT to mutant (1) cells numbers, (2) total protein amounts (measured
by BCA) and (3) total nucleic acid content. We averaged the ratios of 11
independent cell counts (0.79), total protein concentrations (Pierce
BCA assays) from lysates of 6 experiments (0.89) and 1 measurement
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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of total nucleic acids (0.85). We averaged all the ratios to get a final
correction factor of 0.85. All mutant peak heights were multiplied by
the correction factor and then fold change was calculated by dividing
the peak height sums by the average of the control group. Isocor [43] V
2.0 was used to correct for natural isotopic abundances and calculate
fractional enrichment.

2.14. Reprogramming of control and patient fibroblasts into iPSCs
iPSCs were reprogrammed from control and patient fibroblasts
(confirmed for TIMP3 S204C mutation) as described previously
[44,45] Briefly, fibroblasts were electroporated with non-integrating
episomal vectors containing reprogramming factors (pCXLE-hOCT4-
shP53, pCXLE-hSK and pCXLE-hUL) [44e46]. Electroporation was
carried out using the nucleofection kit for primary fibroblasts (Lonza)
and Nucleofector 2b Device (Lonza, Program T-016). Following this,
the electroporated cells were cultivated in fibroblast medium (DMEM
with high glucose, 10% fetal bovine serum, 2 mM glutamine, and
100 U/mL penicillin-streptomycin) for 6 days. After 6 days, reprog-
rammed fibroblasts were trypsinized and plated onto irradiated
mouse embryonic fibroblast (MEF) feeder cells and maintained in
DMEM/F12 (Gibco, ThermoFisher Scientific) with 20% Knockout
serum replacement (Gibco, ThermoFisher Scientific), 1% MEM-NEAA
(Gibco, ThermoFisher Scientific), 1% glutamax (Gibco, ThermoFisher
Scientific), and 100 ng/mL FGF2; Peprotech). iPSC colonies appeared
at w day 17e30 from transfection and were manually collected for
further expansion.

2.15. Differentiation of control and patient iPSCs into iRPE
iPSCs were routinely maintained on Matrigel (Corning) in mTeSRTM
(Stemcell Technologies) and differentiated into iRPE using previously
described protocol [44,45,47,48]. Briefly, confluent iPSC colonies were
initially dissociated with ReLeSR� and cultured as free-floating
embryoid bodies (EBs) in T-25 flasks. Plating of EBs on laminin-
coated 6 well plates was performed on day 6 and maintained in
neural induction medium (NIM: DMEM/F12 containing 1% MEM-NEAA
(Gibco, ThermoFisher Scientific), 1% Glutamax (Gibco, ThermoFisher
Scientific), 1% N2 Supplement (Gibco, ThermoFisher Scientific) and
2 mg/mL heparin). On day 14, the EBs were switched to retinal dif-
ferentiation medium (RDM). RDM was prepared by using 70% DMEM
(Gibco, ThermoFisher Scientific, #11965-092), 30% F-12 (Cytiva
#SH30026.01), 2% B-27 supplement without Vitamin A (Gibco,
ThermoFisher Scientific) and 1% (v/v) GibcoTM Antibiotic-Antimycotic
(ThermoFisher Scientific). RPE started to appear at around day 60e90
timepoint in the differentiated iPSC cultures. Patches of RPE were
dissected out under a microscope followed by dissociation with 0.05%
TrypsineEDTA (Gibco, ThermoFisher Scientific) and further plated onto
laminin-coated (Gibco, ThermoFisher Scientific) 24-well plates with
RDM containing 10% FBS for 2 feedings and changed to RPE con-
taining 2% FBS until they formed a confluent monolayer and then
switched to RDM only. This was considered as passage 0 (P0) RPE
monolayers. Control and patient iRPE cultures were passaged as
needed. Cells were only used at passage 3 and below.

2.16. Generation of gene corrected iRPE control line
The day before transfection, hiPSCs were dissociated into single cells
using TrypLE and seededontoMatrigel coated96-well plate at a density of
w3e4 x 104 cells per well in mTeSR plus medium supplemented with
10mMROCK inhibitor (Y-27632; STEMCELL Technologies). Alt-R CRISPR-
Cas9 crRNA(50-TGATGATGCATTTATCCGGG-30), tracrRNA ATTOTM 550
(Integrated DNA technologies) were resuspended and crRNA: tracrRNA
duplexes were prepared according to the manufacturer’s instructions. A
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transfection complex was prepared with 6 nmol of Alt-R� SpCas9
nuclease V3 (Integrated DNA technologies), 12 nmol crRNA: tracrRNA and
50 nmol of ssODN donor construct (50GCATCCGGCAGAAGGGCGGCTA
CTGCAGCTGGTACCGAGGATGGGCCCCTCCGGATAAAAGCATCATCAATGC
CACAGACCCCTGAGCGCCAGACCCTGCCCCACCTCAC3’) using Lipofect-
amine Stem Transfection Reagent (Cat. No. STEM00001; Thermo Fisher
Scientific) according to manufacturer’s instructions and added dropwise
to the well. The media was replaced after 24 h and on day 3 post-
transfection, cells were dissociated using TrypLE and seeded at low
density (w300e500 cells) in each well of 6-well plate). The clones were
manually picked and expanded. For screening, gDNA PCRwas performed
using primers TIMP3-F (50CCTGCTACTACCTGCCTTGC) and TIMP3-R
(50GGGTGGGAATTACAATCCTCAAATG) followed by restriction digestion
using enzyme Nsil (New England Biolabs, Cat no. R0127L). Sanger
sequencing was performed to verify the mutation correction followed by
karyotyping to confirm that no chromosomal abnormalities were present.

2.17. iRPE transportation
Cells were transported by car in a portable incubator (VEVOR XHC-25)
from The University of Rochester (Rochester, NY) directly to Cleveland
Clinic Cole Eye Institute (Cleveland, OH). Cells were maintained at
37 �C þ/� 1 �C during the 5 h of transit. Media was supplemented
with 25 mM of HEPES buffer (Gibco #15630080) to maintain media
buffering capacity without CO2 supplementation. Immediately upon
arrival, media was replaced with fresh RDM media. Cells were
maintained at 37 �C, 5% CO2, 95% humidity for at least one month
before experiments were conducted.

2.18. iRPE isotopic tracing
Forty-eight hours before experiments, fresh RDM media was added to
ensure that the cells had adequate nutrients before labeling was
initiated. Isotopic tracing was conducted in DMEM media without
glucose, without pyruvate and without glutamine, (Cleveland Clinic
Custom) supplemented with 10 mM labeled or unlabeled glucose and
2.5 mM labeled or unlabeled glutamine. Glucose tracing experiments
contained 10 mM uniformly labeled [13C6] Glucose and 2.5 mM un-
labeled glutamine. Glutamine tracing experiments contained 10 mM
unlabeled glucose and 2.5 mM uniformly labeled [13C5] glutamine.
Cells were incubated (37 �C, 5% CO2, 95% humidity) with 1 mL of
glucose or glutamine labeled media for 24 h.

2.19. iRPE metabolite extraction
After 24 h, the media was collected, and flash frozen for extracellular
metabolomics. Cells were quickly washed once with 1 mL of chilled
normal saline (0.9% NaCl). Intracellular metabolism was quenched,
and metabolites extracted by adding 200 mL of ice cold 80% methanol
containing 13C ribitol and Norvaline (Waters 186009301) as internal
standards. Plates were immediately put on ice and cells were detached
using plastic cell scraper. To ensure full cell lysis, cells were sonicated
at 4 �C for 30e40 s. Proteins were precipitated out through centri-
fugation at 15,000�g for 5 min at 4 �C. 25 mL of supernatant was
transferred to a fresh 1.5 mL tube before being dried at room tem-
perature using a SpeedVac concentrator (Savant SC110-120). Sam-
ples subsequently were stored at �80 �C.
Extracellular media samples were thawed on ice and metabolites were
extracted from 5 mL of media with 95 mL extraction buffer (ice cold
80% methanol containing 5 mL of 0.05 mg/mL ribitol and 5 mL of
5.86 pg/mL Norvaline as internal standards) Samples were centrifuged
at 15,000�g for 10 min at 4 �C. 50 mL of supernatant was moved to a
fresh tube and dried at room temperature for 20 min with Savant
SpeedVac concentrator.
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2.20. iRPE derivatization
Derivatization protocol was adapted from previously published protocols
[49]. Briefly, to ensure samples were completely dry, they were put into
the SpeedVac concentrator for 5 min 10 mL Methoxyamine/pyridine
(40mg/1 mL) was added to dry samples. Using an Eppendorf
ThermoMixer� C, samples were mixed at 300 rpms for 1.5 h at 37 �C.
30 mL MTBSTFA (N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide,
MilliPore Sigma, 394882) was added and mixed on the thermomixer at
300rpms for 30 min at 70 �C. Samples were centrifuged for 10 min at
room temperature before 30 mL of supernatant was moved to Crimp
Vials with glass inserts and capped.

2.21. GC/MS analysis
Methods were adapted from previous publications [49]. An auto
sampler (Agilent 7693A ASL) was used to inject 1 mL in splitless mode
using a 5 mL syringe (Agilent G4153-80213) into an Agilent 8890 GC
followed by an Agilent 5977C MSD. Inlet was lined with a splitless
fritted liner (Agilent 5190-5112-025) at a temperature of 250 �C and
pressure of 14.067 psi. To avoid carry-over, the syringe was washed
twice before injection and three times after injection. Each wash
consisted of 2 mL hexane followed by 2 mL acetone. The total inlet flow
was 54 mL/min and septum purge flow was 3 mL/min in standard
mode. Purge flow to split vent was 50 mL/min at 0.5 min. The column
used was an ultra-inert DB-5ms (UI) with 30m length x 0.25 mm inner
diameter x 0.25 mm film thickness (Agilent 122-5532UI) with a con-
stant flow of 1 mL/min. Initial oven temperature was 95 �C with a 2-
minute hold time and was ramped to 270 �C at a rate of 10 �C/min.
Oven was ramped a second time at 5 �C/min until 300 �C was reached
and held for 6 min. MSD transfer line was constantly kept at 290 �C.
MSD was run full scan mode (50e600m/z) with a solvent delay of
5.95 min. MSD Source and quad were set to 250 �C and 150 �C,
respectively.

2.22. GC/MS quality control
Each run contained 2 solvent blanks to assess carry-over, 2 derivati-
zation blanks to access background, and 2 biological quality control
samples made from pooled porcine RPE that were extracted the same
way as experimental samples. After derivatization, biological QC
samples were pooled once again to ensure uniformity before being
separated into two separate vials for GC/MS analysis. One QC samples
was injected 3 times at the beginning of the sequence and the other QC
sample was injected 3 times at the end to confirm reproducibility and
evaluate machine drift over the run. Each metabolite was evaluated
separately for reducibility by quantitating the area under the curve
(AUC) normalized to total sum. Only metabolites that had a relative
standard deviation under 7% across all six QC injections were included
in results.

2.23. iRPE extracellular glucose concentration assay (Hexokinase/
G6PDH method)
Glucose concentration was measured using a modified protocol by
Hass et., al [50]. Media was collected after 24 h and stored at �80 �C
for later use. The final concentration of the assay buffer consisted of
50 mM Tris (Thermofisher, AM9855G), 1 mM MgCl2 (Fisher, M33-
500), 500 mM NADPþ (Sigma, N0505), 500 mM ATP (Sigma,
A2383), 0.2 U/mL Hexokinase (Sigma, H4502), 0.08 U/m, and
glucose-6-phosphate dehydrogenase (Sigma, G6378) with a final pH
of 8.1. Standards ranging from 2 to 10 mM glucose were prepared and
the spectrophotometer (SpectraMax Mini) was pre-warmed to 37 �C.
5 mL of standards/samples were added to a clear bottom 96 well
plates and 195 mL of assay buffer was added to the plate. Absorbance
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was read at multiple times over 60 min at 340 nm. Sample concen-
tration was determined using a standard curve with a linear fit.

2.24. iRPE data analysis and statistics
The area under the curve was quantified with Agilent MassHunter
Quantitative Analysis. Compounds, retention times, and quantitativem/
z can be found in Supplemental methods 1. Total relative metabolite
abundance was calculated by summing the area together of all iso-
topologues (M0-Mn) normalized with total sum of measured metabo-
lites (total spectral area of the total ion chromatogram). Fold change
relative to Crispr corrected controls was calculated by taking the
normalized metabolite level divided by the average of the control
samples. Multiple two-tailed, unpaired Mann Whitney test were per-
formed using GraphPad Prism version 10.0.0 for Windows, GraphPad
Software, Boston, Massachusetts USA, www.graphpad.com. A non-
parametric test was chosen because metabolites were not always
normally distributed, and variances were not always equal between the
control and experimental groups.

3. RESULTS

3.1. Quantitative proteomics on RPE of mice expressing
TIMP3S179C reveal abnormalities in metabolic processing
To understand the molecular and cellular processes involved in SFD,
quantitative proteomics was performed on RPE isolated from the
posterior eye cups of mice that globally expressed the S179C variant of
TIMP3 and compared with wild-type littermates. Adult mice (7 months
old) were used knowing that in humans with SFD, the onset of disease
is usually seen in early-mid adulthood. We identified 298 proteins that
were differentially expressed in the RPE of mutant mice, (adjusted
p < 0.05, Supplemental Material 1). Differentially expressed proteins
were analyzed using g:Profiler g:GOSt to find overrepresented KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways (Figure 1A).
This tool performs functional analysis and then uses Fisher’s one-tailed
test to determine if pathways are overrepresented compared to a
reference database. Glycolysis/gluconeogenesis was the most statis-
tically significant enriched pathway (adjusted p-value ¼ 2.17E-06)
followed by pyruvate metabolism (adjusted p-value ¼ 9.78E-05).
Other enriched pathways identified included xenobiotic metabolism,
reactive oxygen species and drug metabolism indicating that these
pathways are dysregulated within the SFD mouse RPE.
Overrepresented pathways were independently tested using Protein
Analysis Through Evolutionary Relationships (PANTHER) over-
representation test. Like g:profiler, PANTHER compares a list of
differentially expressed proteins to a reference gene list, and de-
termines whether a particular class (i.e. GO biological process,
pathway, protein class) of genes is over- or under-represented [51].
This outputs not only the statistical significance (FDR) but also cal-
culates fold enrichment (number of genes from input list/the expected
number of gene if there is no enrichment). We ran analyses using the
PANTHER pathways (Figure 1B), GO Biological Process Complete
(Figure 1C), GO Protein Class Complete (Figure 1D), annotation sets. In
agreement with KEGG analysis, glycolysis was the most enriched
pathway with an enrichment fold of 16 (FDR ¼ 6.54E-04). Multiple
pathways related to glucose metabolism (in addition to others) were
enriched within the biological processes data set. This includes ethanol
oxidation (FDR ¼ 6.58E-03), carbon dioxide transport (FDR ¼ 3.52E-
04), canonical glycolysis (FDR ¼ 6.74E-03), glucose catabolic process
to pyruvate (FDR ¼ 6.80E-03), NADH regeneration (FDR ¼ 6.85E-03),
glucose catabolic process (FDR ¼ 2.29E-03), and one-carbon com-
pound transport (FDR ¼ 3.19E-03). When PANTHER protein class was
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 1: Enrichment analysis of proteins found to be significantly altered in S179C TIMP3 mice RPE when compared to WT controls. Proteomics was conducted on
TIMP3 S179C RPE and WT controls (n ¼ 8). All Proteins found to be significantly altered (Adjusted p-value < 0.05) were used for enrichment analysis. A, Enriched KEGG (Kyoto
Encyclopedia of Genes and Genomes) Pathways. All enriched KEGG pathways (FDR<0.01) that were found using G-profiler g:GOSt (https://biit.cs.ut.ee/gprofiler/gost, Version
e111_eg58_p18_f463989d). FDR is represented on the x-axis as -log10 of the adjusted p-value. B, All Significantly enriched PANTHER pathways, C, Enriched GO biological
processes (Top 10 enriched, FDR<0.01), and D, Enriched GO Protein Classes (Top 8 enriched, FDR<0.01) utilized the PANTHER statistical overrepresentation test (PANTHER, Gene
List Analysis v 18.0, https://www.pantherdb.org/) utilizing the Fisher’s exact test with FDR correction. Data were visualized using Flourish Studio (https://flourish.studio) where
annotations are on the y-axis, fold enrichment is on the x-axis, FDR is represented by color and number of differentially expressed proteins is represented by the size of the bubble.
To the right is listed the number of proteins we found to be differentially expressed/the total number of proteins in the reference list. Complete gene list, functional analysis, and
enrichment results can be found in supplemental materials 1 and 2. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the Web
version of this article.)
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evaluated, metabolite interconversion enzymes were enriched
(FDR ¼ 5.52E-04). Together, this suggests a metabolic dysregulation
that includes glucose metabolic pathways in RPE that express SFD-
related mutant TIMP3.

3.2. TIMP3S179C ARPE-19 cells have increased glycolytic activity
Uniformly labeled [Ue13C6] glucose isotopic tracing was performed on
S179C TIMP3 ARPE-19 cells [52], an immortalized RPE human cell line
that was designed in our laboratory previously to expressedmutant TIMP3
known to be causative of SFD in humans [6].Comparisons were made
with control cells engineered to express equivalent amounts of wild-type
(WTþþ) and mutant (S179C) TIMP3 [6,41] (Figure 2A). We have previ-
ously reported that RPE cells expressing S179C TIMP3 exhibited altered
cell adhesion, migration, and invasion; however metabolism had yet to be
explored [6]. ARPE-19 cells were cultured using a method previously
shown to increase epithelial cell morphology, cytoskeletal organization
and RPE-related functions [42]. All non-labeled glucose in the cell culture
media was replaced by 10 mM [Ue13C6] glucose. Cells were incubated
with the labeled media for 24 h to ensure that isotopic steady state was
reached before metabolite extraction. To study glycolysis specifically,
relative levels of intracellular pyruvate (Figure 2B) and lactate (Figure 2C)
were evaluated and compared to controls. An increase in intracellular
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pyruvate in TIMP3 S179C mutant RPE suggests increased glycolytic ac-
tivity. Extracellular lactate levels were increased however this was not
statistically significant.
Fully labeled M6 glucose (all 6 carbons labeled) is broken down via
glycolysis to generate fully labeled M3 (3 carbons labeled) pyruvate.
Under steady state conditions, an average of 64% of pyruvate was M3
labeled in WT APRE19 while 79% was M3 labeled in TIMP3 S179C
cells (Figure 2D). Increased M3 pyruvate enrichment supports
increased glucose utilization and contribution to glycolysis in TIMP3
S179C cells. Pyruvate can also undergo aerobic glycolysis to produce
M3 lactate (Figure 2E) which was comparable in the mutant and
WTþþ cells. After 18 h, the spent media was collected for extracel-
lular analysis. Consistent with results obtained from the intracellular
analysis, extracellular pyruvate (Figure 1F) was elevated further sup-
porting an increase in glucose contribution to glycolysis. Likewise,
lactate levels were not altered (Figure 1G).Finally, glucose levels were
measured in conditioned medium to evaluate glucose utilization.
Glucose levels were significantly decreased in TIMP3 S179C cells,
confirming increased glucose utilization (Figure 2H). Collectively, these
data suggest metabolic dysregulation in RPE cells expressing the
TIMP3 S179C mutation. Specifically, mutant TIMP3 results in
increased glucose utilization and glycolytic activity in RPE cells.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: TIMP3S179C ARPE-19 cells have increased glycolytic activity. A, ARPE19 cells overexpressing S179C TIMP3 (S179C) or wild type TIMP3 (WTþþ) were fully
differentiated before steady state [Ue13C6] Glucose isotopic tracing using GC/MS was conducted for 24 h. B, C, Total intracellular pyruvate but not lactate levels were increased in
S179C cells (n ¼ 13) D, M3 Pyruvate enrichment was increased in S179C cells while E, M3 Lactate remained unchanged. (n ¼ 13) F, G, The conditioned media was evaluated for
extracellular pyruvate and lactate. Pyruvate was increased indicating increased production (n ¼ 4). H, Extracellular glucose levels were evaluated and found to be reduced by
w50% in the S179C ARPE-19 cells indicating increased glucose utilization. (n ¼ 4). Statistics were performed using a two-tailed, unpaired, ManneWhitney test. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Experimental schematic was generated using BioRender. Graphs were made with GraphPad Prism.
3.3. SFD iRPE display dysregulated central carbon metabolism
To confirm that these findings were not limited to the immortalized
ARPE-19 cell line, we performed similar studies on an human induced
pluripotent stem cell (iPSC) model of SFD [44] (iRPE) to validate our
results and further characterize RPE central carbon metabolism. Pre-
vious studies utilizing these cells has confirmed SFD-like pathology
including lipoproteinaceous deposits (drusen-like) and ECM alterations
including increased collagen deposition2.iPSC-RPE cells have previ-
ously been shown to recapitulate hallmarks of healthy RPE [45,53].
Cells were originally collected through skin biopsies from a male pa-
tient with the TIMP3 S204C variant of SFD. Limited access to SFD
patients due to the rarity of this disease was the determining factor for
the mutation and sex of the patient. To our knowledge, there is no
evidence of sex discrepancies associated with SFD. Patient fibroblasts
were dedifferentiated to iPSC cells and then re-differentiated into iRPE
cells (Figure 3A). There is significant evidence that reprogramming of
somatic cells to a pluripotent state induces genomic instability and a
wide range of heterogeneity and therefore absence of uniformity
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necessary for studying mechanisms [54e57]. We therefore rational-
ized the use of cells from multiple (3) embryoid bodies from a single
iPSC line and compared this to control cells where the mutation was
corrected using CRISPR-Cas9. Correction of this mutation was
confirmed by sequencing and karyotyping was conducted to confirm
no genetic abnormalities in the corrected line.
As with ARPE-19, we found evidence of dysregulated central carbon
metabolism in SFD iRPE cells. GC/MS was used to compare relative
levels of intracellular and extracellular metabolites. To account for any
potential differences in cell count, we calculated the total metabolite
levels (sum of all isotopologues) and normalized them using total sum
normalization by using the total ion chromatogram (TIC). Consistently,
there were increased levels of intracellular lactate (Figure 3B) and
pyruvate (Figure 3C) supporting increased glycolytic activity. Serine
and glycine (Figure 3D,E) are metabolites generated when the glyco-
lytic intermediate 3-phosphoglycerate (3-PG) is diverted by a 3-step
enzymatic reaction that generates serine which can then be con-
verted directly to glycine to feed carbon into one-carbon pathway.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 3: SFD iRPE cells display dysregulated central carbon metabolism A, Fibroblasts from SFD patients with the S204C mutation were de-differentiated into iPSCs and
then differentiated into iPSC-RPE cells (iRPE). Cells were expanded until passage 3 and then cultured for a minimum 30 days. Relative intracellular and extracellular (from
conditioned media) metabolites were quantified with GC/MS. BeN, Relative abundance of total metabolite levels were compared between SFD iRPE (SFD) and Crispr corrected
controls (Control) (n ¼ 25 for all metabolites except for aKG where n ¼ 18). O, Extracellular glucose concentration in conditioned media was quantified after 24 h using an
enzymatic assay (n ¼ 6). P, relative extracellular metabolites levels featuring metabolites that were decreased after 24 h compared to time 0 (i.e. consumed). P. metabolites that
were increased after 24 h compared with time 0 (i.e. produced) (n ¼ 25). Statistics performed were two-tailed unpaired ManneWhitney. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. TCA cycle schematic was generated using BioRender. Graphs were made with GraphPad Prism.

Original article
Serine levels (Figure 3D) but not glycine levels (Figure 3E) were found
to be significantly increased indicative of increased glycolysis with
higher production of serine with no change in serine utilization
downstream into the one-carbon pathway. Citrate and aKG were both
significantly increased.
iRPE had increased intracellular alpha-ketoglutarate (aKG) (Figure 3J),
proline (Figure 3I) and glutamine (Figure 3H). aKG is primarily
generated within the TCA cycle from citrate but can also be generated
from glutamate through the process of anaplerosis. Similarly, gluta-
mine can be generated from aKG in a process referred to as cata-
plerosis in which TCA intermediates exit the TCA cycle and are
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redirected for biosynthesis. Intermediates that follow aKG in the TCA
cycle were unchanged in SFD iRPE, including succinate (Figure 3K),
fumarate (Figure 3L), and malate (Figure 3M). Aspartate was slightly
decreased(Figure 3N).
Extracellular metabolomics was conducted on the media to evaluate
nutrient/metabolite uptake and release in SFD iRPE cells. After 24 h,
glucose concentration was examined using an enzymatic assay
(Figure 3O). SFD iRPE cells had less glucose in the media indicating
increased glucose uptake. In addition, we compared the metabolites
utilized by the cells (present in the original media composition at time
0 and decreased after 24 h). There was increased utilization of
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Stable isotope tracing using [Ue13C6] glucose in SFD iRPE cells compared with controls. SFD iRPE cells have increased glucose contribution to the TCA cycle.
Steady state isotopic tracing using [Ue13C6] glucose was conducted for 24 h, fractional enrichment is displayed on the Y axis. Isotopologues generated through glycolysis and TCA
cycle are displayed on the X axis. A, B, When [Ue13C6] glucose is broken down via glycolysis, M3 pyruvate (3-carbon labeled Pyruvate) and M3 lactate are generated. CeI, M2 and
M4 TCA cycle metabolites are generated during the first and second round of the TCA cycle respectively when pyruvate enters through Acetyl CoA. M2 and M4 glutamate,
glutamine and proline are generated when cataplerosis occurs, and TCA intermediates are depleted. Statistics performed were two-tailed unpaired ManneWhitney test. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. TCA pathway schematic was generated using BioRender. Graphs were made with GraphPad Prism (n ¼ 13).
glutamine and serine by SFD iRPE cells (Figure 3P). We also evalu-
ated metabolites released by RPE cells (metabolite levels increased
after 24 h compared with time 0) and observed an increased pro-
duction/release of citrate, glutamate and lactate by SFD iRPE cells
(Figure 3Q).

3.4. SFD iRPE have increased glucose contribution to the TCA cycle
and increased cataplerosis to glutamine
Since the metabolite pool size alone is insufficient to deduce
pathway activity or nutrient contribution, we used stable isotope
tracing with [13C6] glucose to further characterize central carbon
metabolism. When [13C6] glucose undergoes glycolysis, M3 lactate
and M3 pyruvate are produced. Although intracellular M3 pyruvate
enrichment was unchanged, Lactate enrichment was increased in
SFD iRPE cells compared with the Crispr corrected control (Figure 4
A, B). This is consistent with increased glucose contribution to
glycolysis in SFD iRPE cells relative to control. Uniformly labeled
MOLECULAR METABOLISM 88 (2024) 101995 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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[13C6] glucose produces M2, M4 and M6 citrate during the first,
second, and third round of the TCA cycle respectively while M2 and
M4 aKG, fumarate, malate, and aspartate are generated through
the first and second round of the TCA cycle respectively. Increased
M6 citrate indicates a slight increase in glucose contribution to the
TCA cycle via Acetyl CoA (Figure 4C). This is supported by a
concurrent increase in M4 fumarate, malate and aspartate
enrichment (Figure 4GeI), suggesting increased TCA cycle activity.
Pyruvate can alternatively enter the TCA cycle via pyruvate
carboxylase (PC) which generates M3 aspartate, malate and
fumarate (Supporting Information 4). No significant changes of
these isotopologues were found, indicating that there is no change
in pyruvate anaplerosis.
One of the main cataplerotic pathways from the TCA cycle involves
the conversion of aKG to glutamate then glutamine. Increased M2
and M4 glutamine enrichment in SFD iRPE implies that glucose is
being used to generate glutamine by leaving the TCA cycle. This is
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 5: Stable isotope tracing using [Ue13C5] glutamine in SFD iRPE cells compared with controls. Steady state isotopic tracing with [Ue13C5] Glutamine was conducted
for 24 h, and fractional enrichment was calculated and is displayed on the Y axis. M5 glutamine is metabolized to M5 glutamate (A) which converted to either M5 proline (B) or M5
akg (C). M4 fumarate or M5 citrate (D) or M4 fumarate (E) are produced from reductive carboxylation or oxidation of aKG respectively. Forward flow of the TCA cycle results in M4
Malate (F), M4 Aspartate (G), and M4 Citrate (D). Carbons can exit the TCA cycle to generate M2 pyruvate (H) and M2 lactate (I) via Acetyl CoA or M3 pyruvate and M3 lactate via
malic enzyme (ME). (J) M5 glutamine represents glutamine taken up from the media. Individual data points represent biological replicates(n ¼ 7). A two-tailed unpaired Manne
Whitney test was used to evaluate statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Experimental schematic was generated using BioRender.
Graphs were made with GraphPad Prism.
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further supported by an increase in M5 glutamine and M5 proline
(Supporting Information 4) which are generated from fully labeled
citrate. In total, this demonstrates that SFD iRPE cells display
increased TCA cycle activity and cataplerosis. This is likely contrib-
uting to the intracellular glutamine accumulation. It remains unclear
why SFD iRPE cells would redirect nutrients allocated for energy
production towards glutamine biosynthesis and how this additional
glutamine will be utilized.

3.5. SFD iRPE has no change in glutamine contribution to the TCA
cycle and impaired malic enzyme activity
We demonstrated increased glutamine cataplerosis, or the removal of
TCA intermediates, in SFD iRPE cells, however, anaplerosis, or the
replenishment of TCA cycle intermediates, is a process that happens in
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parallel. Anaplerosis can be an important fate for intracellular gluta-
mine. It involves its integration into the TCA cycle through aKG.
Furthermore, increased anaplerosis has previously been identified in
another model of retinal degeneration [58]. Therefore, glutamine
metabolism was probed directly using uniformly labeled [Ue13C5]
glutamine isotopic tracing (Figure 5, Supporting Information 5). SFD
iRPE and Crispr corrected controls cells were incubated for 24 h with
media that contained labeled glutamine. Relative metabolite levels
between the mutant and control cells were determined via GC/MS and
mass isotopomer distributions (MIDs) were calculated after correction
for natural isotopic abundance. M5 glutamine can be converted to M5
glutamate (Figure 5A). M5 glutamate enrichment was similar in control
and SFD iRPE indicating that glutamine entry and conversion to
glutamate was unchanged in SFD iRPE. M5 glutamate can also be
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 6: Dysregulated glycolytic enzymes and a summary of metabolic dysregulation in SFD RPE. A, Schematic showing glycolytic intermediates and the altered glycolytic
enzymes identified via proteomics. Enzymes in green circles were found to be decreased while the enzymes in red circles were found to be increased. B) Summary of metabolic
dysregulation in SFD RPE. Red arrows and bubbles indicate an increase in abundance/activity while green represents a decrease in abundance/activity. Glucose utilization in-
creases and intracellular pyruvate accumulate while glucose contribution to the TCA cycle and glutamine cataplerosis increases. Glutamine utilization increases and extracellular
glutamate accumulates as intracellular glutamate decreases and intracellular glutamine accumulates. Glutamines conversion to pyruvate via malic enzyme is decreased while
glutamine anaplerosis, or contribution to the TCA cycle, is unchanged. It remains to be determined which pathway is metabolizing the additional glutamine taken up from the media
and generated from glucose. We hypothesize that excess glutamine and glycolytic intermediates could be used to generate hyaluronic acid, through the hexosamine biosynthetic
pathway or could be converted to proline and utilized for collagen synthesis. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the
Web version of this article.)
converted to M5 proline. Like glutamate, there was no change in
glutamine contribution to proline (Figure 5B). When M5 glutamine is
utilized by the TCA cycle, it generates M5 aKG along with M4 in-
termediates such as fumarate, malate, and aspartate (Figure 5CeG).
We found no change in TCA cycle M4 intermediate metabolite
enrichment, indicating that glutamine anaplerosis remained un-
changed in SFD iRPE cells. We observed a significant decrease in M3
lactate and pyruvate isotopic enrichment in SFD iRPE cells (Figure HeI)
despite equivalent labeled glutamine uptake (Figure 5J). M3 pyruvate
and lactate is generated from uniformly labeled glutamine via mito-
chondrial malic enzyme, indicating potential inhibition of malic enzyme
(ME) activity in iRPE cells This is consistent with a previous study using
SFD iRPE cells suggesting decreased ME activity [2]. ME plays a pivotal
role in converting malate to pyruvate while producing NADPH, a crucial
factor for energy metabolism and maintaining cellular redox balance.
Malic enzyme can also catalyze the reverse reaction of pyruvate to
malate making it relevant for anaplerosis. It important to note that the
amount of pyruvate and lactate generated from malic enzyme, even
under control conditions, is relatively low at 0.5%. The biological
relevance of this change will need to be confirmed. We have previously
shown that SFD iRPE cells have high oxidative stress at baseline and
increased susceptibility to oxidative stress damage [2]. This together
with our current data suggests that there is a potential loss of redox
balance in SFD iRPE cells. Further research is required to ascertain the
significance of ME activity and its role in the generation of NADPH
within the RPE during healthy and diseased conditions.
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4. DISCUSSION

Our data showing increased glycolytic activity and glucose con-
sumption in RPE cells expressing mutant TIMP3 supports the hy-
pothesis that TIMP3 mutations lead to altered glucose metabolism. The
abnormalities of glycolysis in TIMP3 mutant RPE was corroborated by
proteomics data from RPE of SFD mutant mice. PANTHER functional
analysis identified five dysregulated enzymes involved in glycolysis
(Figure 6A). Furthermore, enrichment analysis determined that
glycolytic enzymes were enriched among all the differentially
expressed protein. Together, this strongly suggests that TIMP3 mu-
tations result in dysfunction of glucose metabolism. Increased
glycolysis in the RPE has been shown to perturb retinal metabolism in
retinitis pigmentosa [10]. While SFD and retinitis pigmentosa are
caused by mutations in unique genes, our data suggests the possibility
that altered glucose metabolism could be a common feature of these
two retinal degenerative diseases and possibly others. RPE central
carbon metabolism could be an attractive therapeutic target that could
be used for both conditions.
Through metabolomics, glutamine was found to be to be the most
altered metabolite intracellularly and extracellularly. Intracellular levels
of glutamine were increased while extracellular glutamine was
decreased in SFD iRPE cells. Furthermore, uniformly labeled glucose
isotopic tracing found that SFD iRPE cells have an increased propensity
to synthesize glutamine from glucose. However, when glutamine
metabolism was probed specifically with uniformly labeled glutamine,
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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there was no change in contribution to intracellular glutamate or
anaplerosis. It remains unclear why SFD iRPE cells have increased
glutamine uptake despite our results suggesting that SFD RPE do not
display changes in glutamine anaplerosis or proline synthesis. This
strongly suggests that glutamine is being utilized in a way that has yet
to be identified in SFD iRPE cells.
It is possible that RPE glutamine and glucose utilization is related to
extracellular deposition of proteins, lipids, and glycosaminoglycan in
both physiological and pathological contexts. Thickened Bruch’s
membrane is a common pathological feature in patients with SFD
[2,3,59]. Collagen is the primary component of BrM [60] and is re-
ported to accumulate in AMD [44,61e63]. Furthermore, the SFD iRPE
cells used in this study have been previously shown to accumulate
Collagen IV [44]. Collagen is synthesized from proline, hydroxyproline
and glycine. Proline is derived from glutamine [64] while glycine can be
synthesized from glycolytic intermediates. Therefore, metabolic per-
turbations to glucose and glutamine have the potential to alter ECM
deposition by modulating collagen synthesis.
Collagen is not the only ECM component controlled by glucose and
glutamine metabolism. HA is an extracellular glycosaminoglycan that is
synthesized via the hexosamine biosynthetic pathway (HBP) which
branches off from glycolysis and requires the conversion to glutamine to
glutamate. Glutamine: fructose-6-phosphate amido transferase (GFAT)
utilize glutamine to catalyze the first rate-limiting step of the HBP
pathway.We have previously reported that HA deposition increases in
SFD and AMD RPE cells from patients [59]. It’s possible that RPE cells
utilize glutamine and glucose to support increase HBP flux (Figure 6B).
Alternatively, increased HA production could be a byproduct of glycolytic
spillover from glycolytic intermediate accumulation. Regardless, either
scenario would require glutamine utilization and could explain why SFD
iRPE cells are generating more glucose-derived glutamine.
While our results clearly demonstrate that TIMP3 mutations associ-
ated with SFD result in changes to RPE metabolism, the molecular
mechanism by which this occurs are unclear. Mutant TIMP3 regu-
lates the extracellular matrix via matrix degrading enzymes which
has the potential for changing cellular metabolism. Patients with SFD
and AMD demonstrate significant alterations in Bruch’s membrane
structure. SFD TIMP3 mutations result in highly dysregulated ECM [2]
which has the potential to alter metabolism in various ways. ECM
biomechanics has previously been demonstrated to regulate different
aspects of metabolism [65]. Furthermore, ECM components,
including HA, can act as ligands to cell surface receptors such as
CD44, that trigger signaling cascades that regulate metabolism [66].
ECM constituents can also potentially be used as a nutrient source
[67,68]. On the other hand, metabolism is known to influence ECM
deposition. For example, proline availability can regulate collagen
deposition [69]. Another possibility is that TIMP3 can directly interact
with metabolic enzymes. A high throughput study identified 18 TIMP3
binding partners, one of which was ADP dependent glucose kinase
which is responsible for converting glucose to glucose-6-phosphate
[70]. Exploring the relationship between ECM and metabolism could
provide valuable insights into the molecular mechanisms underlying
retinal degeneration.
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