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ABSTRACT

Retinitis pigmentosa (RP) is a hereditary retinal degeneration disorder often caused by mutations in the rhodopsin gene, leading
to photoreceptor death and vision loss. While structural misfolding of rhodopsin is a known contributor to disease pathology,
the mechanisms of its cellular and in particular metabolic consequences are poorly understood. To study the direct effects of
rhodopsin misfolding and structural rescue on cellular metabolism, we used the P23A mutant and its N2C/D282C stabilized
counterpart as a structural tool to assess how differences in folding stability relate to measurable changes at the metabolite level.
The engineered cysteine pair allows the formation of a disulfide bond restoring structural integrity and reinforcing the stable
seven-transmembrane bundle. We used untargeted Gas Chromatography-Mass Spectrometry (GC-MS) metabolomics analysis
conducted in inducible rhodopsin-expressing cell lines, providing a broad and general profiling of metabolic pathway alterations
in response to the expression of RP mutants and their structurally rescued counterparts. Principal component analysis, hierar-
chical clustering, and K-means clustering revealed distinct metabolic signatures associated with each rhodopsin-expressing cell
line, demonstrating a highly significant effect of genotype on global metabolite composition (F=71.679; R*=0.93724; p=0.001).
Pairwise comparisons and background-subtracted analyses identified consistent alterations in arginine and proline metabolism,
glutathione metabolism, and the TCA cycle, nucleotide, amino acid metabolism, redox regulation, and mitochondrial function
in cells expressing misfolded P23A. Pathway enrichment highlighted key metabolites in the respective pathways as candidate
biomarkers for the rhodopsin P23A mutation. As this study employs a non-retinal cell system, the observed metabolic changes
reflect conserved responses to rhodopsin misfolding and proteostatic stress in the ER rather than a direct model of rod cell degen-
eration. Our findings support the hypothesis that there is a biochemical link, most likely the UPR, between rhodopsin folding/
misfolding status and metabolic homeostasis and suggest that targeted metabolic modulation may offer a complementary thera-
peutic avenue for treating RP.

1 | Introduction

Retinitis pigmentosa (RP) is a group of inherited retinal degenera-
tive diseases in which photoreceptor cells die causing progressively
deteriorating vision starting with night blindness, tunnel vision,
and resulting eventually in some cases in complete blindness [1].

RP symptoms often arise as early as when patients are 10-20years
old, affecting over 2 million people worldwide aged less than
60years old [1, 2]. The prevalence of RP is estimated to be about
1:3000 [1]. Currently, there is no cure. RP is caused by more than
3000 individual mutations in 80 genes [3]. Autosomal dominant
retinitis pigmentosa (adRP) accounts for 20%-25% of all inherited
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RP cases [1], involving mutations in more than 25 genes. Of these,
the rhodopsin gene alone accounts for over 150 distinct mutations,
representing the most common cause [4-6].

Rhodopsin is alight-sensitive G protein-coupled receptor (GPCR)
embedded in the disc membranes in the rod outer segment [7].
It functions as the primary molecular sensor of light, initiating
the phototransduction cascade that converts photon signals into
electrical impulses transmitted to the brain [7]. Structurally,
rhodopsin is composed of seven transmembrane a-helices that
divide the protein into an extracellular domain, a transmem-
brane domain and an intracellular domain containing three
loops on each side, as shown in Figure 1. A single polypeptide
chain of 348 amino acids, the apo-protein opsin folds into a
helical bundle that provides a pocket for binding 11-cis-retinal
which is covalently linked to K296 [7, 8]. Upon light absorption,
the 11-cis-retinal chromophore undergoes isomerization to all-
trans-retinal, causing a conformational change in the protein.
This activated state, Metarhodopsin II, catalyzes the activation
of the G protein transducin, triggering downstream signaling
that results in hyperpolarization of the photoreceptor cell [8].
Rhodopsin's correct folding, trafficking to the outer segment,
and stability are essential for photoreceptor function [9].

Two major classes of rhodopsin-associated adRP mutations have
been shown to impair folding, leading to mislocalization, aggrega-
tion, and activation of cellular stress pathways [4, 9]. Class I mu-
tations for example, R135G, R135L, R135W, V345L, and P347L,
cause severe, early-onset degeneration characterized by global loss
of rod function and early night blindness, reflecting irreversible
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FIGURE 1 | Structural representation of rhodopsin highlighting
the P23A mutation and N2C/D282C disulfide bond correction strategy.
Rhodopsin, a prototypical GPCR, is composed of seven transmembrane
a-helices (I-VII), dividing the protein into extracellular, transmem-
brane, and intracellular regions. The figure illustrates the helical topol-
ogy and loop architecture characteristic of rhodopsin. P23A/H/L sub-
stitutions are located in the extracellular N-terminal region (red). These
substitutions are so-called class IT mutations, characterized by causing
protein misfolding and ER retention. The engineered N2C/D282C sub-
stitutions (marked in pink and yellow, respectively) form a stabilizing
intramolecular disulfide bridge that structurally corrects the misfolding
caused by the mutation at position P23.
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rod damage. Class IT mutations for example, T17M, P23A/H/L,
T58R, V87D, G106R, D190G, G51A, Q64ter, and Q344ter produce
a milder phenotype, with largely preserved rod activation kinetics
and outer segment structure but with mutation-specific defects in
the visual cycle [1-5]. Because rods in the Class II group remain
viable, their preservation is a key therapeutic goal. The P23H vari-
ant is the most prevalent adRP mutation in North America, ac-
counting for approximately 10% of cases due to a founder effect
[9, 10]. The replacement of H by A, also a class II variant, results
in an even milder phenotype. Both P23H and P23A mutations
cause protein misfolding, instability, and endoplasmic reticulum
(ER) retention, triggering the unfolded protein response (UPR),
disrupting proteostasis, and promoting photoreceptor cell death, a
hallmark of RP progression [4, 6]. This cellular phenotype can be
prevented in vitro in rhodopsin-expressing cells [11] treated with
pharmacological chaperones such as 11-cis-retinal or 9-cis-retinal
[7]. Such treatments can reverse the RP mutant phenotype and can
partially restore folding and rhodopsin formation [7-9]. However,
despite improved expression, the thermal stability and function-
ality of mutant pigments remain affected [5]. To overcome this
limitation, a structurally stabilized rhodopsin variant N2C/D282C
has been developed to restore N-terminal integrity and reinforce
the seven-transmembrane bundle [4, 5]. The engineered cysteine
pair N2C/D282C allows the formation of a stabilizing disulfide
bond between the two introduced cysteines, as shown in Figure 1.
The disulfide linkage enhances the thermostability of rod opsin
and facilitates the structural recovery of misfolded variants [5],
providing a robust platform for investigating folding dynam-
ics and rescue mechanisms in Class II rhodopsin mutations [5].
Although less extensively studied than P23H, P23A was chosen
for the present study due to its higher responsiveness to the N2C/
D282C structural correction [5], which promotes proper folding
and trafficking, thereby serving as a useful model for exploring
therapeutic rescue of misfolded rhodopsin [6, 9].

Recent studies show that rhodopsin RP mutations cause not
only protein misfolding but also metabolic dysfunction, includ-
ing impaired oxidative phosphorylation, AMPK activation, and
glycolytic reprogramming, offering new explanations for vari-
ability in disease severity [10]. The retina is highly metabolically
active, with rods comprising ~95% of photoreceptors and relying
on tight metabolic coupling with the retinal pigment epithelium
(RPE) [11, 12]. Oxidative stress contributes to degeneration, and
the loss of rods leads to excess retinal oxygen and secondary cone
death [13-18]. Microarray analyses revealed that approximately
one-third of genes altered during retinal degeneration are in-
volved in metabolism, highlighting the central role of metabolic
regulation in photoreceptor survival [19]. The insulin/mTOR
signaling pathway, classically associated with nutrient sensing,
glucose uptake, glycolysis, protein and nucleotide synthesis, and
de novo lipogenesis, is repeatedly implicated in RP progression
[12, 19-22], as are metabolic disorders with retinal involvement,
such as Refsum disease and diabetic retinopathy [23]. The met-
abolic nature of RP is further supported by findings that the
antidiabetic drug metformin modulates RP progression, likely
through AMPK-mediated mechanisms [24, 25]. According to
the metabolic coupling hypothesis, the RPE normally provides
glucose to photoreceptors [19], which convert it into lipids and
lactate to sustain outer segment renewal, while the RPE uses
lactate as its carbon source [26]. In RP, reduced lipid and lactate
levels disrupt this balance, causing the RPE to consume glucose



instead, depriving photoreceptors of energy and driving a vi-
cious cycle of metabolic failure and cell death [27, 28].

Understanding and restoring this metabolic coupling is there-
fore critical to mitigating photoreceptor degeneration. To ad-
dress this need, recent metabolomic profiling of RP animal
models has been carried out, which revealed perturbations in
oxidative stress responses and mitochondrial metabolism [29].
Weiss et al. conducted a metabolomic analysis in the rd10 mouse
model of retinal degeneration, identifying alterations in the
TCA cycle, fatty acid oxidation, and purine metabolism during
photoreceptor cell loss [29]. Liu et al. utilized Seahorse extra-
cellular flux analysis to measure oxygen consumption and gly-
colytic rates in 661w cells and reported that overexpression of
rhodopsin mutants, including WT and P23H, leads to oxidative
phosphorylation deficiency as a result of mitochondrial loss and
increased glycolytic dependence, contributing to bioenergetic
stress and cell damage [10]. Recent large-scale proteomic anal-
ysis of different RP mouse models, including the P23H mouse,
has revealed that despite distinct genetic mutations, concurrent
disruptions occur across core metabolic and signaling pathways
[30]. However, there is a critical gap in our understanding of
how rhodopsin misfolding is connected to cellular bioenergetics
and metabolism.

While RP is a retina-specific disease, isolating the direct cellular
consequences of rhodopsin misfolding in native retinal systems
remains challenging due to the complexity of phototransduc-
tion, chromophore cycling, and metabolic coupling between
photoreceptors and the RPE. To address this, we employed a
tetracycline-inducible HEK293S stable cell system, which has
been extensively used to study rhodopsin folding, ER reten-
tion, and structural rescue of class II mutants in a controlled
environment [5, 6]. This system enables regulated expression
of opsin independent of retinal-specific processes, allowing
direct interrogation of proteostasis-driven cellular responses
to misfolded rhodopsin. We note that this model does not re-
capitulate photoreceptor-specific metabolism, the visual cycle,
or RPE-photoreceptor metabolic coupling. Therefore, the met-
abolic changes observed in this study reflect conserved cellular
responses to rhodopsin misfolding and proteostatic stress at the
ER rather than a direct model of retinal degeneration. However,
we consider our results highly relevant because in both rod cells
and HEK293S model cells, the site of stress is the same.

To study the direct effects of rhodopsin misfolding and struc-
tural rescue on cellular metabolism, we used the P23A mutant
and its N2C/D282C stabilized counterpart as a structural tool
to assess how differences in folding stability relate to measur-
able changes at the metabolite level. We hypothesize that meta-
bolic dysfunction arising from rhodopsin misfolding constitutes
a key mechanistic link between protein instability and photo-
receptor degeneration in RP. The present study represents the
first untargeted Gas Chromatography-Mass Spectrometry (GC-
MS) metabolomics analysis conducted in inducible rhodopsin-
expressing cell lines with rhodopsin mutation, providing a
broad and general profiling of metabolic pathway alterations
in response to the expression of RP mutants and their rescued
counterparts. Since rhodopsin is likely bound to retinal chro-
mophore in many in vivo models, it is difficult to differentiate
between retinal binding and misfolding. Inducible cell lines

used in this study circumvent this limitation, enabling direct
observation of metabolic changes from the misfolded opsin apo-
protein alone, free from chromophore interference [5, 6]. Using
wild type (WT), P23A, and the structurally stabilized P23A/
N2C/D282C rhodopsin-expressing variant, we explored the
metabolomic profiles of misfolded rhodopsin and its structural
correction to identify key metabolites and metabolic pathways
associated with rhodopsin misfolding and cellular stress re-
sponses relevant to RP.

2 | Methods
2.1 | Materials and Reagents

Dulbecco’s modified Eagle's medium (DMEM) (Cat. No.
12100061), Fetal bovine serum (FBS) (Cat. No. MT35010AC22),
Penicillin-Streptomycin (Pen-Strep, 10000U/mL) (Cat. No.
15140122), 10x Phosphate-Buffered Saline (PBS) (Cat. No.
BP3994), Methanol (MeOH) (Cat. No. A454-4), Pyridine >99%
(Cat. No. P368), Methoxamine hydrochloride >98% (MeOX)
(Cat. No. AC2104490050), Methyl tert-butyl ether >99% (MTBE)
(Cat. No. E127-4), Restore Western Blot stripping buffer (Cat. No.
PI21059), Tris Base >99.8% (Cat. No BP152), Glycine 99% (Cat.
No. AAA138160E), NaCl (Cat. No. BP358-10), Halt Protease
and Phosphatase Inhibitor (Cat. No. P178442), Secondary Anti-
rabbit antibody (Cat. No. 32460), Gibco Trypsin-EDTA (Cat. No.
25200056), Tetracycline Hydrochloride (TAC) (Cat. No. BP912),
and sodium butyrate (NaBu) (Cat. No. AAA1107906) were
purchased from Fisher Scientific. RIPA lysis buffer (Cat. No.
R0278), N-(tert-butyldimethylsily)l-N-methyltrifluoroacetamide
(MTBSTFA) (Cat. No. 77626), and Myristic-d27 acid (Cat.
No. 366889) were purchased from Sigma. RHO 1D4 antibody
(UBC Flintbox), SDS Micro-pellets (VMR, Cat. No. 76346-472),
GAPDH antibody (Cell Signaling, Cat. No. 97166S). Protein
molecular weight marker (Cat. No. 1610374), 4%-20% Mini
PROTEAN TGX precast protein gel (Cat. No. 4561094), and 2x
Laemmli Sample Buffer (Cat. No. 1610737) were purchased from
Bio-Rad. Blocking Buffer (Cat. No. AC2148), Low Fluorescence
Western membrane (PVDF) (Cat. No. AC2105), and Radiance
Plus Chemiluminescent substrate (Cat. No. AC2103) were pur-
chased from Azure Biosystems. 1,2-Diheptadecanoyl-sn-Glycer
0-3-Phosphatidylcholine (17:0, PC) (Cat. No. A85360) and 1,2-di
heptadecanoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (17:0, PG)
(Cat. No. A83456) were purchased from Avanti Research.

2.2 | Cell Lines and Growth Conditions

Stable Human embryonic kidney 293S-GnTI- TetR (HEK
293S-GnTI- TetR) with tetracycline-inducible opsin cell lines
(WT, P23A, and P23A/N2C/D282C) were constructed by in-
tegration of a cassette containing CMVtetO regulated opsin
genes, University of Essex, England [4]. The stable cell lines
represent pools of cells with random insertions of the expres-
sion cassette generated by a transposon delivery system which
likely increases the frequency of insertions without reveal-
ing chromosomal position. Cells were cultured in cell culture
media containing DMEM with high glucose supplemented with
10% FBS and 1% pen-strep at 37°C in a 5% CO, incubator. In
all of the experiments, the cells were harvested after 24h of
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induction with tetracycline (TAC) (2 ug/mL) and sodium butyr-
ate (NaBu) (5mM) [5, 6].

2.3 | Cell Culture and Treatment Conditions

Frozen HEK293S cell pellets were thawed in a water bath at
37°C for 2min, diluted slowly in 10 mL of fresh medium, then
centrifuged at 1000rpm for 2min. The supernatant was as-
pirated, and the cell pellet was gently resuspended in 10mL
of DMEM containing high glucose (Invitrogen) supplemented
with 10% FBS and 1% pen-strep and transferred to 10cm cell
culture dish. The cells were grown in a 10 cm cell culture dish
and maintained till confluency. Media was aspirated, the plate
containing cells was rinsed with PBS and 2mL trypsin was
added to the dish. Cells were trypsinized for 5min at 37°C in
a 5% CO, incubator. 6mL of cell culture media was added to
neutralize trypsinization, and cells were collected in a 10mL
centrifuge tube. Cells were spun at 4000rpm for 5min, aspi-
rated supernatant, and resuspended pellets in 1 mL cell cul-
ture media. 10 uL of cell suspension was mixed with 10 pL
of trypan blue, and 10 nL of cells with trypan blue mixture
was added to the hemocytometer, and cells were counted in
EVE Automated Cell Counter (NanoEnTek). A cell density of
0.5% 10 per well was added into 6-well plates, maintained in
2mL cell culture media at 37°C in a 5% CO, incubator. After
reaching 70% confluency, plates were induced with 1 mL cell
culture media containing tetracycline and sodium butyrate
and harvested after 24 h.

Opsin cell lines stably transfected with WT, P23A mutant, or
P23A/N2C/D282C opsin genes were treated with an induction
cocktail containing cell culture medium with tetracycline and
sodium butyrate (TAC/NaBu) and without TAC/NaBu in 6-well
plates with replicates of 5 wells for metabolomics and 3 wells
for western blot analysis. Cells were treated as follows: control
without any treatments, 2 ug/mL tetracycline (TAC) only, 5mM
sodium butyrate only (NaBu), with TAC/NaBu. Cells were har-
vested 24 h after treatment by scraping the wells and collecting
the cell suspension in 1 mL Eppendorf tubes for metabolomics
and Western blot analysis. These experiments were carried out
in three different independent batches summarized in Table 1.

2.4 | Cell Viability Assay

Cell viability was assessed using the EVE Automated Cell
Counter (NanoEnTek). A 1:1 mixture of cell suspension and try-
pan blue was prepared by combining 10uL of cell suspension
with 10uL of dye and incubating the mixture for 3-5min at
room temperature to allow selective staining of non-viable cells.
Following incubation, 10uL of the stained cell mixture was

loaded into an EVE disposable counting slide, and viable cell
numbers were recorded using the automated counting program
according to the manufacturer's instructions. The instrument-
reported viable cell count was used directly for downstream
normalization.

2.5 | SDS PAGE and Western Blot Analysis

Cells were pelleted by centrifugation at 4000 rpm for 5min, and
the supernatant was aspirated. Approximately 1x 10° cells were
collected and was lysed in a RIPA buffer containing Protease
and Phosphatase Inhibitor, vortexed for 30s, and placed on ice
for 10min. The lysate was mixed with 1X Laemmli sample buf-
fer and boiled at 90°C for 10 min. Whole-cell lysates were spun
down, and the protein lysate supernatant was collected in a
separate Eppendorf tube. Protein samples were run on Biorad's
4%-20% Mini PROTEAN TGX precast protein gels in a running
buffer (150mM Tris base, 190mM glycine, and 0.1% SDS) at
120V for 90 min.

Following electrophoresis, proteins were transferred onto PVDF
membranes by complete immersion of the gel-membrane sand-
wich in transfer buffer (25mM Tris base, 190 mM glycine, and
20% methanol) at 0.33 Amps for 90min. PVDF membranes
were preactivated with methanol for 1min before transfer to
ensure efficient protein binding. After transfer, membranes
were blocked in blocking buffer (Azure Biosystems) for 1h at
room temperature. Membranes were washed three times with
washing buffer (1x Tris-buffered saline with Tween-20) and
incubated overnight at 4°C with RHO 1D4 antibody (rabbit,
1:10000) to detect rhodopsin. Following incubation, membranes
were washed and incubated with HRP-conjugated anti-rabbit
secondary antibody (1:5000) for 2h at room temperature. The
blots were developed using Radiance Plus chemiluminescent
substrate (Bio-Rad) for 5min, and protein bands were visualized
using a Bio-Rad imaging system. Membranes were then stripped
using Restore Western blot stripping buffer (Fisher Scientific)
and reprobed with GAPDH antibody (rabbit, 1:1000) followed by
HRP-conjugated secondary antibody (1:5000) for normalization
of protein loading. The mean intensity of the protein bands was
quantified using ImageJ software.

2.6 | Gas Chromatography-Mass Spectrometry
(GC-MS) Sample Preparation

The sample preparation protocol was adopted from previous
studies [31, 32]. The cell suspension containing 10° cells was
combined with 200uL of 10x diluted PBS and 80uL of MeOH
supplemented with 50uM PC (17:0, 17:0) and PG (17:0, 17:0) in-
ternal standards. Although these are lipid standards, they were

TABLE1 | Overview of the number of experimental groups and replicates.

Experiments Replicates Cells Treatments

E1 5 P23A; P23A/N2C/D282C Tac/NaBu

E2 5 WT; P23A; P23A/N2C/D282C Tac/NaBu

E3 5 P23A; HEK293 Tac/NaBu; Tac; NaBu
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included solely as process-monitoring controls to assess ex-
traction consistency; quantification of aqueous metabolites was
performed using internal standard ratios and reported as rela-
tive abundances. The mixture was vortexed for 30s, followed by
the addition of 400puL of MTBE (MTBE:MeOH:H,0 =10:2.5:2,
v/v/v). Samples were then stored at —20°C for 20 min and cen-
trifuged at 22000g for 10min at 4°C to facilitate phase separa-
tion. Subsequently, 180uL of the aqueous (bottom) layer was
carefully collected and transferred to a new Eppendorf tube for
derivatization.

The collected samples were dried under vacuum at 37°C for 4h
using a vacuum concentrator/evaporator and reconstituted in
40 uL of methoxyamine hydrochloride in pyridine (20 mgmL™).
The reconstituted samples were incubated at 60°C for 90 min.
Following this step, 60 uL of MTBSTFA was added, and the sam-
ples were incubated again at 60°C for 30 min. The resulting mix-
ture was vortexed for 30s and centrifuged at 22000g for 10 min.
Finally, 70 uL of the supernatant was collected from each sample
for GC-MS analysis.

GC-MS analysis was performed under conditions adapted from
previous studies [33, 34]. Briefly, a 2uL aliquot of each pre-
pared sample was injected into an Agilent 7820A GC-5977B
MSD system (Santa Clara, CA). Helium served as the carrier
gas with a constant flow rate of 1.2mLmin~!. Metabolites
were separated using an Agilent HP-5ms capillary column
(B0m x 250 um x0.25um). The column temperature was held at
60°C for 1min, ramped at 10°C min~! to 325°C, where it was
held for 10 min. Mass spectra were acquired across an m/z range
of 60-500 following a 3min solvent delay.

Data extraction was performed using Agilent MassHunter
Quantitative Analysis software (version B.07.00). A batch recur-
sive feature extraction workflow optimized for small molecules
was applied, and only peaks with an absolute height>1000
counts were retained. The dataset included blanks to monitor
carryover and contamination, and all injections were random-
ized to minimize run-order effects. Signal drift across the batch
was evaluated using pooled QC samples injected periodically,
and drift correction was applied when necessary. Metabolites
were retained only if they exhibited a QC coefficient of variation
(CV) <20%, where CV was calculated from the pooled QC repli-
cates, and if their relative abundance was >1000 in at least 80%
of study samples.

2.7 | Metabolite Identification

Metabolite identification was performed against an in-house
spectral library of 126 authentic chemical standards analyzed
under identical GC-MS conditions, with all identifications
meeting Metabolomics Standards Initiative (MSI) Level 1 crite-
ria [35], namely co-elution with the authentic standard within
+0.05min and matching quantifier and qualifier ion ratios
within +£20%. The complete library, including compound name,
KEGG identifier, HMDB identifier, retention time, quantifier
m/z, qualifier ion(s), and MSI confidence level for each entry,
is provided as Table S1. Raw GC-MS data files, sample meta-
data, and the spectral library have been deposited to the NTH
Metabolomics Workbench [36].

2.8 | Data Analysis

Untargeted metabolomics analysis was performed using
MetaboAnalyst 5.0, which provides integrated modules for
data quality assessment, normalization, statistical testing,
and pathway interpretation [37-39]. Within MetaboAnalyst,
data integrity checks were performed to ensure consistent
sample names, metabolite completeness, and the absence of
missing metadata. Values below detection limits were im-
puted using one-half of the minimum positive value per me-
tabolite. Intensities were then log,-transformed to stabilize
variance and improve normality. Row-wise normalization was
performed, in which GAPDH band intensity obtained from
Western blot analysis and viable cell counts from cell viability
assay were used as the reference to scale all other samples.
Column-wise Pareto scaling [40] was applied to reduce the
dominance of high-abundance metabolites while maintaining
comparability across features.

An exploratory analysis was conducted using Principal
Component Analysis (PCA) within the Statistical Analysis
PCA module, with unit-variance scaling applied for visualiza-
tion, allowing assessment of sample clustering, batch behav-
ior, and potential outliers. Group-wise statistical comparisons
were assessed using a one-way ANOVA with a between-
groups design (three levels: WT, P23A, and P23A/N2C/
D282C). Significant ANOVA findings were followed by post
hoc pairwise Student's t-tests using MetaboAnalyst's default
settings, and p-values were corrected using the Benjamini-
Hochberg false discovery rate (FDR) method [41]. For explor-
atory interpretation in this untargeted context, metabolites
with raw p <0.05 were considered nominally significant; FDR
values were computed using the Benjamini-Hochberg pro-
cedure across all detected metabolites. In this dataset, most
metabolites yielded FDR values approaching 1 owing to the
moderate sample size and the broadly correlated nature of the
metabolite features under coordinated UPR and redox-driven
remodeling. Therefore, no FDR-based filtering was applied,
and all detected metabolites were retained for downstream
multivariate analyses (PCA, PLS-DA, hierarchical clustering,
and pathway enrichment), which do not require per-feature
significance thresholding and are appropriate for hypothesis-
generating untargeted metabolomic datasets of this scale
[42, 43]. Fold-change values accompanied all statistical tests,
and significant results were visualized using volcano plots,
ANOVA summary tables, and significance scatter plots.

Supervised multivariate modeling [40] was used to identify
combinations of metabolites that discriminated between the
three rhodopsin-expressing cell lines. Partial least squares—
discriminant analysis (PLS-DA) and Principal component
analysis (PCA) were performed using the Statistical Analysis.
PCA module with PERMANOVA (999 permutations) testing
using MetaboAnalyst's default settings to evaluate model ro-
bustness and prevent overfitting, and to validate group sep-
aration across genotypes. PCA was used as an unsupervised
approach tovisualize intrinsic metabolomic variation. PLS-DA
was performed to identify metabolites that most strongly
contributed to group separation, and Variable Importance
in Projection (VIP) scores were calculated to determine the
key discriminating metabolites. Variable importance in VIP
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scores [44] were calculated from the first component to rank
discriminative metabolites. Cluster heatmaps and K-means
clustering were generated to visualize co-regulated metabolite
groups and group-specific metabolic signatures. To address
technical variation across the three experimental batches,
batch-effect correction was applied using the empirical Bayes
ComBat algorithm [45] to remove batch-related variation
without altering biological signals.

Pathway-level interpretation was performed using the
Functional Analysis suite in MetaboAnalyst. Metabolite Set
Enrichment Analysis (MSEA) employed the SMPDB library
[46, 47] with over-representation analysis (ORA), which evalu-
ates whether significantly altered metabolites occur more fre-
quently than expected by chance within predefined biochemical
pathways [48]. Pathway-level perturbations were inferred using
the MS Peaks-to-Pathways workflow (mummichog v2.0 [49]
combined with Gene Set Enrichment Analysis [50, 51]), imple-
mented with human KEGG pathways [52, 53]. This approach
enabled the identification of pathway-level alterations associ-
ated with rhodopsin misfolding and structural rescue. This in-
tegrated workflow enabled metabolite-level and pathway-level
interpretation of metabolic differences across WT, P23A, and
P23A/N2C/D282C cell lines.

3 | Results
3.1 | Experimental Setup

Experimental studies of rhodopsin misfolding require a ro-
bust and tightly controllable expression system to distinguish
folding-dependent effects from background cellular metabo-
lism. To this end, we employed a modified version of the pre-
viously established tetracycline-inducible HEK293S-GnTI™ to
generate stable cell line pools of cells expressing WT rhodop-
sin, the misfolded P23A mutant, and the structurally stabi-
lized P23A/N2C/D282C variant [6]. This inducible system
enables regulated opsin expression with minimal basal leaki-
ness, while combined treatment with tetracycline and sodium
butyrate (TAC/NaBu) enhances rhodopsin yield without com-
promising cell viability. Importantly, these stable lines reca-
pitulate known folding and trafficking behaviors of rhodopsin
in a controlled cellular environment, allowing direct compar-
ison between WT and RP mutant constructs. As a non-retinal
system, however, this model does not capture photoreceptor-
specific metabolism or visual cycle processes and is therefore
used here to isolate folding- and proteostasis-associated cel-
lular responses to rhodopsin misfolding, which is the same in
both cell types.

Using this system, three independent experiments were de-
signed to systematically isolate metabolic changes associated
with rhodopsin misfolding while controlling for reagent- and
cell line-specific effects (Table 1). Each experiment con-
tained five biological replicates per condition. Experiment
1 (E1) examined P23A and P23A/N2C/D282C under TAC/
NaBu induction to assess the impact of structural stabiliza-
tion. Experiment 2 (E2) included WT, P23A, and P23A/N2C/
D282C under the same TAC/NaBu condition, enabling direct
comparison of metabolic profiles across all three rhodopsin
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constructs. Experiment 3 (E3) compared P23A with HEK293
empty vector controls (HEK293) under TAC/NaBu, TAC-
only, and NaBu-only treatments to isolate reagent and cell
line-specific metabolic effects. This design ensured that met-
abolic signatures attributed to misfolded rhodopsin were not
confounded by induction reagents or background cellular
metabolism.

3.2 | Rhodopsin Expression Is Reliably Induced
Across Three Independent Experiments

Western blot analysis across the three experiments confirmed
reliable inducible expression of rhodopsin by TAC/NaBu
(Figure 2). Untreated samples showed no rhodopsin bands,
confirming the requirement of TAC/NaBu for rhodopsin ex-
pression. TAC/NaBu-treated samples showed characteristic
diffuse rhodopsin banding patterns in cell lines expressing
WT, P23A, and P23A/N2C/D282C (Figure 2A,B), as expected
due to heterogeneous glycosylation [6]. WT and P23A/N2C/
D282C samples exhibited similar diffuse banding patterns. In
contrast, the P23A mutant showed altered band intensity and
differences in band distribution relative to WT and P23A/N2C/
D282C. HEK293 empty cells showed no signal under any condi-
tion, confirming antibody specificity (Figure 2C). Furthermore,
Anti-GAPDH blotting confirmed equal protein loading across
all samples (Figure 2). As samples were denatured prior to elec-
trophoresis, these analyses were used to assess inducible rho-
dopsin expression and relative expression patterns rather than
directly evaluating folding status.

3.3 | Distinct Clustering of WT, P23A
and Structurally Rescued P23A/N2C/D282C
Metabolite Profiles

To assess whether rhodopsin folding drives global differences in
metabolic profiles, batch-corrected metabolomic data were an-
alyzed by principal component analysis (PCA) (Figure 3). PCA
provides an overview of global metabolic variance. Across all ex-
periments (Figure 3A), P23A TAC/NaBu cells formed a distinct
cluster along PC1, separating clearly from WT and P23A/N2C/
D282C, indicating a unique metabolic signature associated with
misfolded rhodopsin. WT and P23A/N2C/D282C cells, both un-
treated and TAC/NaBu treated, clustered closely, demonstrating
that structural correction restores a WT-like metabolic profile.
HEK?293 controls and P23A untreated samples showed partial
overlap, consistent with treatment and cell-line-dependent
background variation. Biological replicates clustered tightly,
confirming data reliability across all five biological replicates.

Individual experimental analyses further supported these
trends. In E1 and E2 (Figure 3B), P23A TAC/NaBu samples
again separated from WT and P23A/N2C/D282C, whereas
P23A/N2C/D282C TAC/NaBu samples shifted toward the WT
TAC/NaBu cluster. Untreated and TAC/NaBu-P23A were clus-
tered in different regions of the plot. E3 (Figure 3C) demon-
strated that P23A TAC/NaBu cells also clustered away from
HEK?293 controls, while HEK293 TAC/NaBu and untreated
conditions overlapped, confirming that TAC and NaBu do
not substantially alter the metabolic profile of cells lacking
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FIGURE2 | Inducible expression of rhodopsin across experimental conditions. Western blot analysis of rhodopsin expression using anti-1D4 anti-

body, with GAPDH as aloadingcontrol, across three independent experiments (E1-E3;see Table 1). (A) Experiment 1 (E1): P23A and P23A/N2C/D282C
cells treated with TAC/NaBu. (B) Experiment 2 (E2): WT, P23A, and P23A/N2C/D282C cells treated with TAC/NaBu. (C) Experiment 3 (E3):
HEK?293 empty vector and P23A cells treated with TAC only, NaBu only, or TAC/NaBu. Diffuse rhodopsin bands are observed only in TAC/NaBu-
treated samples, confirming inducible expression. WT and P23A/N2C/D282C exhibit comparable band patterns, whereas P23A shows altered inten-

sity consistent with misfolding.

rhodopsin and mainly function as an inducer in rhodopsin-
expressing cell lines. To evaluate the robustness of group sep-
aration observed in the metabolomic analyses, we performed a
PERMANOVA test with 999 permutations (see Methods). The
P23A induced state was the most distinct, showing highly sig-
nificant separation from both the P23A/N2C/D282C TAC/
NaBu (F=124.78; R>*=0.93975; p.adj=0.013) and WT TAC/
NaBu groups (F=74.30; R?=0.90279; p.adj=0.013). The results
demonstrated a highly significant effect of genotype on global
metabolite composition (F=71.679; R?>=0.93724; p=0.001),
with high F-values and R? indicating that 93.7% of the variance
in the dataset is explained by differences among WT, P23A, and
P23A/N2C/D282C groups. The comparison between P23A/
N2C/D282C induced and WT induced showed a lower but still
significant separation (F=9.81; R*=0.55078; p.adj=0.013),
indicating that although structural correction shifts the met-
abolic profile toward WT. The low permutation-based p-value

confirms that the observed clustering is not attributable to ran-
dom variation. These results provide strong statistical support
for the distinct metabolic profiles identified in the PCA. To
link these global patterns to specific metabolic changes, key
metabolites identified through VIP analysis and differential
comparisons were examined. Metabolites such as L-arginine,
L-glutamic acid, pyroglutamic acid, methylmalonic acid, and
cyclic AMP consistently contributed to group-level differences
across analyses. These metabolites are central to amino acid
metabolism, redox balance, and mitochondrial function, indi-
cating that the observed global separation is primarily driven
by coordinated perturbations in these core metabolic pathways
rather than diffuse changes across the metabolome. Collectively,
these PERMANOVA results support that misfolded P23A rho-
dopsin produces the most divergent metabolic signature, while
the structurally corrected P23A/N2C/D282C variant exhibits a
partially restored, intermediate metabolic state.
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FIGURE3 | Global metabolomic patterns across rhodopsin constructs. Principal component analysis (PCA) and hierarchical clustering of batch-
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and E2 highlighting TAC/NaBu-treated WT, P23A, and P23A/N2C/D282C conditions. (C) PCA of E3 comparing P23A with HEK293 controls under
different treatment conditions. (D) Hierarchical clustering dendrogram of TAC/NaBu-treated WT, P23A, and P23A/N2C/D282C samples (n =5 bio-
logical replicates). P23A samples exhibit a distinct metabolic profile, while P23A/N2C/D282C samples display an intermediate profile relative to WT.

Hierarchical clustering (Figure 3C) recapitulated PCA results:
P23A TAC/NaBu samples formed a distinct branch, whereas
P23A/N2C/D282C clustered with WT. This consistent pattern
across datasets demonstrates that rhodopsin misfolding pro-
duces a characteristic metabolic shift that is partially reversed
upon structural correction.

3.4 | Heatmap Analysis Reveals Metabolic
Suppression in P23A Cells and Partial Rescue in
P23A/N2C/D282C

The heatmap provides a visualization of the relative metabolite
abundances, with each colored cell representing the normalized
intensity of a given metabolite (columns) across samples (rows)
(Figure 4A). The heatmap of the top 50 significantly altered me-
tabolites (p <0.05) showed clear group-wise clustering aligned
with rhodopsin folding status (Figure 4A). P23A TAC/NaBu
cells displayed predominantly blue color intensities across many
metabolites, indicating lower relative abundance compared to
WT and P23A/N2C/D282C. In contrast, WT TAC/NaBu showed
mixed but higher relative metabolite abundance, forming a
distinct cluster consistent with a stable metabolic state. P23A/
N2C/D282C TAC/NaBu cells exhibited an intermediate pattern
shifting away from P23A and toward WT, demonstrating partial
metabolic restoration following structural correction. WT and
P23A N2C/D282C untreated cells clustered together, reflecting
similar baseline metabolic profiles. Tight clustering of replicates
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confirmed dataset robustness and highlighted that rhodopsin
misfolding drives broad metabolic suppression. Notably, this
suppression was consistently observed across metabolites in-
volved in glutathione metabolism, amino acid metabolism, and
TCA cycle-associated intermediates, including L-glutamic acid,
pyroglutamic acid, and fumaric acid. These patterns indicate
that the heatmap structure is primarily shaped by coordinated
changes in redox and mitochondrial pathways.

3.5 | Metabolites Differences in P23A and
P23A/N2C/D282C

Pairwise reproducibility analysis of untreated versus TAC/
NaBu-treated cells (Table 2) showed that both P23A and P23A/
N2C/D282C rhodopsin-expressing cell lines share a stable core
set of metabolites detected across independent experiments,
confirming reproducible metabolic patterns upon rhodopsin
expression. Across E1 and E2, P23A cells showed 80 consistent
metabolites, while P23A/N2C/D282C exhibited 92 reproducible
metabolites. The number of detected metabolites varied more
across all experiments (Table S2) in P23A (119, 82, and 40),
whereas P23A/N2C/D282C remained more stable (119 and 96),
suggesting that the corrected mutant maintains a more consis-
tent metabolic profile than the misfolded P23A.

Unique metabolites further distinguished the misfolded P23A
from P23A/N2C/D282C. Seven metabolites, L-arginine,
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Multivariate analysis of metabolomic features associated with rhodopsin folding status. (A) Heatmap of the top 50 significantly
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Projection (VIP) plot from PLS-DA analysis showing the top 25 metabolites contributing to variance between groups (VIP > 1.2). (C) K-means cluster-

ing grouping samples into three clusters corresponding to WT, P23A, and P23A/N2C/D282C TAC/NaBu-treated conditions. These analyses identify

key metabolites and patterns associated with rhodopsin misfolding and partial metabolic restoration upon structural correction.

L-leucine, mannitol, oleic acid, p-hydroxyphenylacetic acid,
spermine, and trehalose, were uniquely enriched in P23A
TAC/NaBu treated cells. Twenty-one metabolites were unique
to P23A/N2C/D282C TAC/NaBu treated cells, including
2-hydroxycinnamic acid, cyclic AMP, D-mannose, fructose-6-
phosphate, L-glutamine, myo-inositol, quinolinic acid, ribitol,
serotonin, succinic acid, and palmitic acid. With WT cells, 105
metabolites were detected compared to P23A/N2C/D282C,
which had 96 significant metabolites. WT cells showed three
unique metabolites: L-cystine, L-valine, and stearic acid.

3.6 | VIP Analysis Identifies Key Discriminating
Metabolites

PLS-DA and associated VIP scores were used to identify metab-
olites driving separation between WT, P23A, and P23A/N2C/
D282C groups. VIP analysis highlighted the metabolites most
responsible for distinguishing WT TAC/NaBu, P23A TAC/
NaBu, and P23A/N2C/D282C TAC/NaBu groups. The VIP plot
shown (Figure 4B) displays the top 25 metabolites (VIP >1.2).
Metabolites with the highest VIP scores have larger coefficients,
such as sarcosine, alpha-linolenic acid, L-arginine, succinic
acid, phenylpyruvic acid, and urocanic acid and they exert the
strongest influence on sample separation. The accompanying
color patterns illustrate the relative abundance of each metab-
olite across the three rhodopsin-expressing cell types, with red
indicating higher levels and blue indicating lower levels. P23A
TAC/NaBu samples show a consistent red-shift for many high-
VIP metabolites, reflecting levels associated with misfolded
rhodopsin. In contrast, WT TAC/NaBu samples displayed

predominantly blue patterns, indicating lower and more tightly
regulated metabolite abundance. The corrected mutant, P23A/
N2C/D282C, exhibited intermediate colors, demonstrating par-
tial restoration toward WT metabolic status. These VIP patterns
indicate that a defined subset of metabolites, including L-
arginine, succinic acid, phenylpyruvic acid, and urocanic acid,
disproportionately contribute to the observed group differences.
These pattern highlights a distinct biochemical signature asso-
ciated with rhodopsin misfolding and show that structural res-
cue shifts key metabolites toward a more normalized and near
restored profile.

3.7 | K-Means Clustering Identifies Three
Metabolic States Aligned With Rhodopsin
Folding Status

K-means clustering segregated the metabolomic data into three
distinct unitless clusters corresponding to the metabolic states of
the TAC/NaBu-treated rhodopsin cell lines (Figure 4C). Cluster
1 (red) contained the P23A/N2C/D282C TAC/NaBu, Cluster 2
(green) represented the P23A TAC/NaBu, and Cluster 3 (blue)
comprised the WT TAC/NaBu. The clusters represent relative
deviations from the mean. The mean metabolite profiles for each
cluster revealed clear differences in overall abundance. Cluster
2 (P23A) showed the largest deviations from the mean across
many metabolites, reflecting a broad metabolic shift associated
with misfolded rhodopsin. In contrast, Cluster 3 (WT) displayed
values closer to zero, indicating a more stable and tightly regu-
lated metabolic pattern. Cluster 1 (P23A/N2C/D282C) showed
intermediate deviations, consistent with partial restoration of
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| (Continued)

TABLE 2

P23A/N2C/D282C: Untreated vs. Tac/NaBu (Total: 92)

P23A: Untreated vs. Tac/NaBu (Total: 80)

L-Tyrosine Uracil

Glutaric acid

Oleic acid

Homocarnosine

Uridine

Linoleic acid

Glutathione

Ornithine

Hypoxanthine

Uridine diphosphate-
N-acetylglucosamine

Malic acid

Glycerol

Oxoglutaric acid

Indoleacetic acid

Urocanic acid

Malonic acid

Glycine

p-Hydroxyphenylacetic acid

Inosine

Methylmalonic acid

Glycolic acid

Phenylpyruvic acid

L-Alanine

metabolic balance following structural correction. These pat-
terns align with the PCA and VIP results, confirming that rho-
dopsin misfolding drives a distinct metabolic phenotype that is
partially reversed when the folding defect is corrected.

3.8 | Misfolded Rhodopsin Shows Six Metabolites
Uniquely Associated With TAC/NaBu Treatment

To isolate metabolic changes specifically attributed to P23A,
all metabolites that appeared in any HEK293 control treatment
conditions were first removed to eliminate background cell-
line effects (Table 3). Metabolites detected in untreated P23A
cells were then removed from all treatment groups (TAC-only,
NaBu-only, and TAC/NaBu treated). Finally, metabolites shared
between TAC/NaBu-treated samples and either TAC-only or
NaBu-only conditions were eliminated to exclude changes
caused by individual reagents. After applying these filters, six
metabolites remained uniquely associated with the P23A TAC/
NaBu treated state: adenosine, L-allothreonine, L-cystine, malo-
nic acid, protocatechuic acid, and 4-hydroxyproline.

3.9 | Differential Metabolite Signatures in
TAC/NaBu Treated WT, P23A, and P23A/N2C/D282C

To characterize metabolic profiles associated with WT, P23A,
and P23A/N2C/D282C, we performed pairwise differential me-
tabolite analyses between TAC/NaBu-treated WT, P23A, and
P23A/N2C/D282C (Figure 5). A fold change threshold of >1.0
was used only for exploratory visualization in volcano plots.
Statistical significance was determined independently based on
raw p <0.05 and FDR adjusted p <0.1.

Comparison of WT and P23A revealed widespread metabolic
downregulation in cells expressing misfolded rhodopsin relative
to WT. A volcano plot (Figure 5, Panel I-A) identified 99 signifi-
cantly downregulated metabolites, with almost no increases, in-
dicating a global suppression of metabolic activity. FDR-ranked
significance (Panel I-B) highlighted prominent downregulation
of metabolites such as L-asparagine, L-cysteine, hypotaurine,
and glucose 6-phosphate. After eliminating untreated-baseline
and single-treatment metabolites, a consistent subset remained
specifically altered in P23A, including 2-aminobenzoic acid,
4-hydroxybenzoic acid, 4-hydroxyproline, alpha-lactose, cys-
teamine, L-cystine, L-glutamic acid, oxoglutaric acid, taurine,
and urocanic acid (Table 4). Supplementary box plots (Figure
S4) further confirmed these differences. Together, these results|E
show that misfolded P23A rhodopsin induces strong metabolic
repression.

P23A/N2C/D282C resulted in a metabolic profile distinct from
the misfolded P23A background. Volcano plot (Figure 5, Panel
II-A) revealed 68 significant metabolites, predominantly upreg-
ulated in P23A/N2C/D282C, consistent with restored metabolic
capacity. Panel II-B included O-acetylserine, trehalose, and hy-
potaurine, all elevated in the structurally corrected rhodopsin.
Across replicates, metabolites such as N-acetylputrescine, L-
arginine, malic acid, and aminocaproic acid remained consis-
tently lower in P23A than in P23A/N2C/D282C. After removing
treatment- and background-derived metabolites, a refined set
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FIGURE 5 | Differential metabolite analysis across rhodopsin conditions. Pairwise comparisons of TAC/NaBu-treated WT, P23A, and P23A/
N2C/D282C samples. For each comparison: (A) Volcano plots showing fold change versus statistical significance (raw p <0.05). (B) Scatter plots
showing FDR-ranked metabolite significance. (I) WT vs. P23A: Widespread downregulation of metabolites in P23A. (II) P23A vs. P23A/N2C/
D282C: Increased metabolite levels in corrected cells. (IIT) P23A/N2C/D282C vs. WT: Limited differences relative to WT. These results demonstrate
global metabolic suppression in P23A and partial recovery following structural correction.

TABLE 4 | Rhodopsin metabolites effect in pairwise comparison of Tac/NaBu treated WT, P23A, and P23A/N2C/D28 after baseline effect

elimination.

WT vs. P23A/N2C/

WT vs. P23A (Tac/NaBu) D282C (Tac/NaBu)

P23A vs. P23A/N2C/D282C (Tac/NaBu)

2-Aminobenzoic acid
4-Hydroxybenzoic acid
4-Hydroxyproline
Alpha-Lactose
Cysteamine

L-Cystine

L-Glutamic acid
Oxoglutaric acid
Taurine

Urocanic acid

4-Hydroxybenzoic acid

Fumaric acid
L-Arginine
L-Cystine

Malonic acid

Protocatechuic acid

Thymine

Urocanic acid

Adenosine 4-Hydroxyproline
L-Cystathionine alpha-Hydroxyisobutyric acid
Methylmalonic acid Aminocaproic acid
Protocatechuic acid Cyclic AMP
Pyroglutamic acid Glycolic acid

Indoleacetic acid
N-Acetylputrescine
Spermidine

Tryptamine
L-Glutamic acid

of metabolites associated with P23A/N2C/D282C structural
correction emerged, including L-cystathionine, methylmalonic
acid, protocatechuic acid, pyroglutamic acid, tryptamine, L-
glutamic acid, 4-hydroxyproline, alpha-hydroxyisobutyric acid,
aminocaproic acid, cyclic AMP, glycolic acid, indoleacetic acid,
N-acetylputrescine, and spermidine, which shift toward a par-
tial restoration state in the P23A/N2C/D282C.

Comparison of the WT with P23A/N2C/D282C revealed 9 sig-
nificantly downregulated metabolites relative to WT (Figure 5,
Panels I1I-A,B). Downregulated metabolites in the P23A/N2C/
D282C included ornithine, UDP, L-lysine, palmitic acid, guano-
sine, uracil, D-ribose, 5-aminolevulinic acid, L-methionine, hy-
poxanthine, and sucrose. After removing reagent and HEK293
background effects, a refined list of distinguishing metabolites
included 4-hydroxybenzoic acid, fumaric acid, L-arginine, L-
cystine, malonic acid, protocatechuic acid, thymine, and uroca-
nic acid (Table 4). Shared metabolites across comparisons such
as protocatechuic acid, L-cystine, and urocanic acid suggest a
core metabolic signature of rhodopsin misfolding and its correc-
tion. The full list of statistically significant metabolites, along
with box plots for all comparisons, is presented in Table S3 and
Figure S1.

3.10 | Significant Metabolic Pathways Associated
With Rhodopsin Misfolding and Structural
Correction

Pathway enrichment of the final metabolite set derived from
pairwise comparison (Table 5) revealed that rhodopsin mis-
folding in P23A cells disrupts several core metabolic pathways,
many of which are partially restored in the structurally cor-
rected P23A/N2C/D282C cells. The most significantly affected
pathways (Figure 6A) were arginine biosynthesis (p =3.0x 107°)
and arginine and proline metabolism (p=1.1x107°) with
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associated metabolites including L-arginine, 4-hydroxyproline,
fumaric acid, L-glutamic acid, and N-acetylputrescine. Taurine
and hypotaurine metabolism (taurine and cysteamine), gluta-
thione metabolism (pyroglutamic acid, L-glutamic acid, and
spermidine), and alanine/aspartate/glutamate metabolism were
also significantly impacted (p <0.01), consistent with redox im-
balance and mitochondrial stress associated with the misfolded
P23A protein [54, 55].

MSEA analysis further highlighted histidine metabolism, cyste-
ine and methionine metabolism, and butanoate metabolism as
key pathways altered across genotypes (Figure 6B). To visualize
these changes within broader biochemical networks, all signifi-
cantly altered metabolites were integrated into a KEGG-based
metabolic map (Figure 6C). Together, these results demon-
strate that rhodopsin misfolding produces a characteristic
metabolic signature dominated by amino-acid and redox path-
ways. Among these, arginine/proline metabolism, glutathione
metabolism, and taurine/hypotaurine metabolism emerged as
the most consistently altered and central pathways across anal-
yses, suggesting that they represent primary metabolic nodes
associated with misfolding. In contrast, other pathways iden-
tified through enrichment analysis likely reflect secondary or
downstream responses to cellular stress. Full metabolite-level
statistics, pathway significance values are provided in Table S4.
Across analyses, the convergence of multivariate, differential,
and pathway-level results highlights a core metabolic signature
centered on amino acid metabolism, redox balance, and mito-
chondrial intermediates as the primary drivers of the observed
phenotype.

4 | Discussion

To our knowledge, this study presents the first untargeted GC-
MS-based metabolomic analysis linking rhodopsin misfolding



TABLE 5 | Final metabolites list from pairwise comparison of Tac/NaBu treated WT, P23A, and P23A/N2C/D28 and associated pathways.

Metabolites

Sig* pathways (p <0.05)

Pairwise comparison

2-Aminobenzoic acid

4-Hydroxybenzoic acid

4-Hydroxyproline

Adenosine
alpha-Hydroxyisobutyric acid
Alpha-Lactose

Aminocaproic acid

Cyclic AMP

Cysteamine

Fumaric acid

Glycolic acid
Indoleacetic acid

L-Arginine

L-Cystathionine

L-Cystine

L-Glutamic acid

Malonic acid

Methylmalonic acid

N-Acetylputrescine

Protocatechuic acid

Pyroglutamic acid

Spermidine

Taurine
Thymine
Tryptamine

Urocanic acid

Tryptophan metabolism*

Ubiquinone and other terpenoid-quinone biosynthesis

Arginine and proline metabolism*

Purine metabolism
Fatty acid degradation
Galactose metabolism
Lysine metabolism
cAMP signaling, Purine Metabolism

Taurine and hypotaurine metabolism*,
Methionine metabolism

Arginine biosynthesis* Alanine, aspartate and glutamate
metabolism*, Pyruvate metabolism, Tyrosine metabolism

Glyoxylate and dicarboxylate metabolism
Tryptophan metabolism*

Arginine biosynthesis*, Arginine and
proline metabolism*, Urea cycle

Cysteine and methionine metabolism, Glycine, serine and
threonine metabolism, Suflur amino acid metabolism

Cysteine and methionine metabolism,
Suflur amino acid metabolism

Arginine biosynthesis*, Arginine and proline metabolism*,
Glutathione metabolism*, Alanine, aspartate and
glutamate metabolism*, Butanoate metabolism*,
Histidine metabolism*, Citrate cycle (TCA cycle)*,

Nitrogen Metabolism, Porphyrin metabolism

Fatty acid biosynthesis

Valine, leucine and isoleucine degradation,
Vitamin B12 metabolism

Arginine and proline metabolism*, Polyamine biosynthesis

Benzoate metabolism

Glutathione metabolism*

Arginine and proline metabolism*, Glutathione
metabolism*, beta-Alanine metabolism

Taurine and hypotaurine metabolism*
Pyrimidine metabolism
Tryptophan metabolism*

Histidine metabolism*

WTvs. P23A

WT vs. P23A; WT vs.
P23A/N2C/D282C

WT vs. P23A; P23A vs.
P23A/N2C/D282C

P23A vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C
WT vs. P23A
P23A vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C
WT vs. P23A

WT vs. P23A/N2C/D282C

P23A vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C
WT vs. P23A/N2C/D282C

P23A vs. P23A/N2C/D282C

WT vs. P23A; WT vs.
P23A/N2C/D282C

WT vs. P23A; WT vs.
P23A/N2C/D282C; P23A
vs. P23A/N2C/D282C

WT vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C

P23A vs. P23A/N2C/D282C

WT vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C

P23A vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C

WT vs. P23A
WT vs. P23A/N2C/D282C
P23A vs. P23A/N2C/D282C

WT vs. P23A; WT vs.
P23A/N2C/D282C

to global metabolic remodeling in a controlled inducible cell
system. We demonstrate that expression of misfolded P23A
rhodopsin induces widespread and reproducible metabolic

reprogramming, particularly affecting amino acid metabolism,
redox homeostasis, nucleotide turnover, and mitochondrial in-
termediates. Structural correction through the N2C/D282C

15 of 23



° Arginine Biosynthesis, p-value= 3.02E-05

<« @ Arginine and Proline
Metabolism, p-value= 1.11E-04

3

Glutathione Metabolism, ~ Taurine and Hypotaurine
p-value=0.0068 tabolism, p-value= 0.0053
0

Alani¥e, aspartatéand (?Iutamate metabolism, p-value= 0.0068
J'rygtop n Metabolism, p-value=0.019

istidine Metabolism, p-value=0.021
] ?CA cgle. p-value=0.032
b

-log10(p)

2

Cysteine and methionine
Bm ©  metabolism, p-value=0.08

02 03 04 05 06 07 08

Pathway Impact

0 01

C . Metabolism
| |

Tryptamine— Indol-3-acetate Glucose

Alanine, Aspartate and Alanine
Glutamate Metabolism ]

Pyruvate
Aspartate

|
[ / Citrate \

Methionine —— oxaloacetate

|
aurine and Hypotaurine Cycle
Metabolism

|

Malate Succinate _
1 Arginine
Cysteamine Metabolism|
Fumarate —
Histidine
Taurine Metabolis

Arginine and Proline
Metabolism
Spermidine «~—
Glutathione
Metabolism

Oxo-proline

2-oxoglutrate «— | -Glutamate

L-Arginine —

Arginine biosynthesis 1 P value

Arginine and proline metabolism NI fe s
Taurine and hypotaurine metabolism — 1
Glutathione metaboism I -
Histidine metabolism
Alanine, aspartate and glutamate metabolism
Cysteine and methionine metabolism
Nitrogen metabolism
Butanoate metabolism
Ubiquinone and other terpenoid-quinone biosynthesis
Citrate cycle (TCA cycle)
beta-Alanine metabolism
Pyruvate metabolism
Galactose metabolism 0
Glyoxylate and dicarboxylate metabolism [
Porphyrin metabolism O
Glycine, serine and threonine metabolism []
Pyrimidine metabolism ]
Valine, leucine and isoleucine degradation []
Tyrosine metabolism []
Primary bile acid biosynthesis []
Fatty acid biosynthesis []
Purine metabolism [

6e-01

=
8

0 51015
Enrichment Ratio

FIGURE6 | Metabolic pathway enrichment reveals key perturbations in misfolded rhodopsin-expressing cells. (A) Pathway impact analysis using
MetaboAnalyst highlights the most significantly dysregulated metabolic pathways in P23A compared to WT and P23A/N2C/D282C. (B) MSEA bar
plot shows the top enriched pathways based on enrichment ratio and p-value. The color gradient from yellow to red denotes increasing statistical
significance (lower p-values). (C) KEGG Pathway Mapping of Differential Metabolites.

disulfide bond partially restores these metabolic perturbations,
establishing a direct biochemical link between rhodopsin fold-
ing integrity and cellular metabolic state. As this study employs a
non-retinal cellular model, these findings should be interpreted
as conserved, intrinsic cellular responses to rhodopsin misfold-
ing and proteostatic stress largely at the level of ER stress rather
than a direct representation of retinal degeneration. Consistent
with prior biochemical studies, structural correction of P23A
results in near functional recovery [5], providing important con-
text for the intermediate metabolic state observed here.

Pairwise analyses revealed that P23A exhibits global metabolic
suppression, with downregulation of metabolites such as L-
asparagine, L-cysteine, hypotaurine, and glucose-6-phosphate,
consistent with impaired amino acid metabolism, redox imbal-
ance, and glycolytic flux [56]. These findings align with prior
reports linking rhodopsin misfolding to mitochondrial dysfunc-
tion and proteostatic stress [10, 57]. The observed depletion of
redox-associated metabolites, including taurine, hypotaurine,
glutathione intermediates, and L-cystine, further supports a
state of oxidative stress and compromised antioxidant buffering
[58-60]. Baseline filtering enabled identification of metabolites
specifically associated with the misfolded P23A state, indepen-
dent of treatment or HEK293 background effects. Metabolites
such as adenosine, L-allothreonine, L-cystine, malonic acid,
protocatechuic acid, and 4-hydroxyproline were uniquely re-
tained in P23A cells, implicating disruptions in nucleotide me-
tabolism, lipid remodeling, and antioxidant defense pathways
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[61-63]. Importantly, protocatechuic acid is a benzoate-derived
metabolite with established antioxidant properties, and its se-
lective retention likely reflects a compensatory antioxidant
response to rhodopsin misfolding, consistent with prior re-
ports linking oxidative stress to photoreceptor degeneration
in rhodopsin-associated retinal diseases [64]. Malonic acid, in
particular, has been associated with altered lipid metabolism
and mitochondrial inhibition, processes critical for maintaining
photoreceptor membrane integrity [65]. In contrast, WT cells
retained metabolites such as L-cystine, L-valine, and stearic
acid that were depleted or absent in the misfolded P23A, consis-
tent with preserved amino acid balance, lipid metabolism, and
redox homeostasis under properly folded rhodopsin expression
[56, 61, 66, 67].

Comparisons between P23A and P23A/N2C/D282C highlighted
amino acid metabolism as a central node of metabolic stress, in-
cluding perturbations in L-glutamic acid, L-cystathionine, and
arginine-related pathways. Arginine and proline metabolism
emerged as the most significantly enriched pathways, consistent
with reports linking altered arginine handling and urea-cycle
intermediates to retinal degeneration [29, 54]. Proline metabo-
lism is particularly relevant in retinal biology, as the RPE relies
on proline as a major mitochondrial fuel, supplying glutamate,
ornithine, and polyamines to photoreceptors [68, 69]. Notably,
mutations in key proline metabolism genes, including orni-
thine aminotransferase (OAT), ALDH18A1, and PYCR1, are
associated with inherited retinal degeneration, underscoring



the functional importance of this pathway for retinal and RPE
metabolic support [68, 69]. Disruption of this metabolic axis
may therefore directly compromise retinal support functions.
Polyamine metabolism was also implicated through elevated
spermidine and N-acetylputrescine, metabolites commonly
associated with cellular stress, apoptosis, and autophagy [70].
These findings, together with dysregulated glutathione inter-
mediates, indicate engagement of stress-response networks
downstream of rhodopsin misfolding. Consistent with this in-
terpretation, Sdnchez-Vallejo et al. demonstrated that in rd1 and
rd10 mouse models of RP, expression of glutamate cysteine ligase
(GCLC), the rate-limiting enzyme in glutathione biosynthesis,
is dynamically regulated during photoreceptor degeneration,
with elevated expression during periods of heightened oxida-
tive stress [60]. Similarly, in our misfolded P23A, we observed
significant perturbations in glutathione-related metabolites,
including L-cystine, L-cystathionine, L-arginine, L-glutamic
acid, and pyroglutamic acid, reinforcing the hypothesis that im-
paired redox homeostasis is a hallmark of rhodopsin misfolding.
Consistent perturbation of TCA-cycle intermediates, including
fumaric acid, malonic acid, and oxoglutaric acid across multi-
ple comparisons, supports impaired mitochondrial metabolism
in P23A [58, 71]. These observations align with prior studies
demonstrating compromised oxidative phosphorylation and
energy failure in RP models expressing misfolded rhodopsin
[10]. At the pathway level, taurine and hypotaurine metabolism
emerged as significantly enriched, consistent with redox dys-
regulation [58]. Enrichment of glutathione metabolism together
with alanine/aspartate/glutamate metabolism further supports
oxidative stress-linked mitochondrial perturbation in the mis-
folded rhodopsin state [59, 60]. These coordinated perturba-
tions suggest impaired metabolic flexibility rather than isolated
pathway failure. In photoreceptors, bioenergetic homeostasis is
maintained through specialized adaptations, including mini-
Krebs cycles and Cori-Cahill cycle-like shuttles, which support
redox balance and energy production under high metabolic de-
mand [58]. Disruption of TCA intermediates together with tau-
rine/hypotaurine and glutathione metabolism in P23A cells is
therefore consistent with a loss of such metabolic adaptability,
which is partially restored following structural correction.

Multivariate analyses (PCA, clustering, heatmaps, and
PERMANOVA) consistently showed that P23A/N2C/D282C
rhodopsin adopts an intermediate metabolic state, shifting to-
ward but not fully overlapping with WT profiles. In contrast,
TAC/NaBu-treated P23A cells formed a distinct metabolic clus-
ter, clearly separating from both WT and P23A/N2C/D282C con-
ditions, indicating that rhodopsin misfolding imposes a unique
metabolic signature that is only partially reversed upon struc-
tural correction. The metabolic restoration observed in P23A/
N2C/D282C cells is consistent with prior biochemical character-
ization showing that disulfide bond-mediated correction largely
reverses the P23A folding defect and restores rhodopsin proper-
ties toward WT levels [5]. Similarly, our metabolomic analyses
demonstrated near-complete reversal of the P23A-associated
metabolic phenotype, supporting a strong coupling between
rhodopsin folding integrity and cellular metabolism. Key dis-
criminating metabolites contributing to this separation included
L-arginine, L-glutamic acid, pyroglutamic acid, methylmalonic
acid, and cyclic AMP, implicating disruptions in amino acid me-
tabolism, redox homeostasis, and mitochondrial intermediates,

consistent with prior reports of altered mitochondrial markers
in P23H RP models [58, 71, 72]. PERMANOVA confirmed that
misfolded P23A represents the most divergent metabolic state,
while the corrected variant exhibits partial convergence to-
ward WT, accounting for a substantial proportion of variance
in the dataset. Notably, metabolites such as cyclic AMP and in-
doleacetic acid were uniquely detected in the corrected P23A/
N2C/D282C cells, suggesting restoration of secondary messen-
ger signaling and tryptophan-derived pathways. The presence of
4-hydroxybenzoic acid, a precursor in ubiquinone biosynthesis,
and fumaric acid, a TCA-cycle intermediate, further supports
improved mitochondrial function and energy metabolism [72].
After eliminating baseline treatment and HEK293 background
effects, a refined set of discriminating metabolites included
4-hydroxybenzoic acid, fumaric acid, L-arginine, L-cystine,
malonic acid, protocatechuic acid, thymine, and urocanic acid,
spanning energy metabolism, redox balance, and amino acid/
nucleotide turnover [29, 56, 61]. These findings parallel reports
by Rowe et al., where supplementation with TCA-cycle interme-
diates enhanced photoreceptor survival in autosomal recessive
RP models [72].

The metabolic reprogramming observed in P23A cells is consis-
tent with early ER proteostatic stress driven by Class Il rhodopsin
mutations [3, 4]. Accumulation of misfolded rhodopsin in the ER
activates UPR sensors such as IRE1, PERK, and ATF®6, initiating
transcriptional programs that modulate amino acid metabolism,
redox homeostasis, and mitochondrial function [3, 64]. Altered
glutathione metabolism, arginine/proline biosynthesis, and
suppression of TCA intermediates observed here are consistent
with downstream effects of UPR signaling mediated by tran-
scription factors such as ATF4 and CHOP [64, 73]. In addition,
several metabolite changes may reflect increased ER-associated
degradation (ERAD) and recycling of misfolded rhodopsin [74].
Enhanced proteasomal degradation would be expected to ele-
vate intracellular amino acid pools, nitrogen intermediates, and
nucleotide turnover products, consistent with the detection of
adenosine, L-cystine, L-glutamic acid, and polyamine interme-
diates in the misfolded P23A state [74]. Partial normalization
of these pathways in the P23A/N2C/D282C supports a causal
relationship between rhodopsin folding burden, UPR/ERAD
engagement, and downstream metabolic remodeling. Together,
these findings suggest that UPR-driven ERAD and sustained
proteasomal recycling of misfolded rhodopsin contribute to the
observed shifts in amino acid availability, redox buffering, and
mitochondrial intermediates [75].

Previous metabolomics studies in RP, including analyses of rd10
mouse retinas and P23H-expressing cell models, have reported
disruptions in nucleotide metabolism, fatty acid oxidation, ox-
idative stress, and mitochondrial function [10, 29]. However,
these systems involve complex in vivo contexts or lack endog-
enous rhodopsin expression, complicating the interpretation of
folding-specific effects. The inducible HEK293S-GnTI~ system
used here enables controlled rhodopsin expression independent
of retinal chromophore metabolism, allowing direct interroga-
tion of misfolding-driven metabolic consequences. Although
rhodopsin is retina-specific, the cellular stress pathways en-
gaged by its misfolding, including UPR activation, ERAD, oxida-
tive stress, and metabolic reprogramming, are conserved across
cell types [76]. Thus, while photoreceptors may be uniquely
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vulnerable due to high metabolic demand, the core proteostasis
metabolism coupling identified here likely reflects generalizable
responses to chronic ER proteotoxic stress.

The specific metabolic axes we resolve here—glutathione-
centered redox balance, arginine and proline metabolism, TCA
anaplerosis, and mitochondrial dicarboxylate intermediates—
are precisely the axes under highest physiological demand in
photoreceptors. Photoreceptors exhibit the highest per-gram
oxygen consumption of any tissue in the body [77, 78], main-
tain an unusually high glutathione: glutathione disulfide turn-
over to buffer continuous photo-oxidative load, and rely on the
visual cycle, which is itself a major endogenous source of reac-
tive aldehydes and oxidative byproducts. Du et al. [79] and the
Hurley laboratory [80, 81] have shown that photoreceptors are
aerobic-glycolytic but also depend heavily on glutamine- and
aspartate-driven TCA anaplerosis to sustain biosynthetic de-
mand for outer-segment renewal, with proline and serine acting
as accessory substrates.

The implication is direct: every metabolic vulnerability we
expose in HEK293S-GnTI~ cells corresponds to a pathway al-
ready operating near capacity in photoreceptors. Misfolded-
rhodopsin-driven glutathione consumption, NADPH drain, and
anaplerotic load are therefore expected to be amplified, not at-
tenuated, in the retinal context, where baseline reserve is lower
and the consequences of redox failure include lipid peroxidation
of outer-segment membranes and photoreceptor apoptosis. This
convergence strengthens, rather than weakens, the translational
relevance of the HEK293 model for identifying metabolic inter-
vention nodes. This convergence does not erase the limitations
of a non-retinal model, and we acknowledge that absolute pool
sizes and flux magnitudes will differ between cell types.

4.1 | A Two-Node Framework for the Metabolic
Phenotype of Misfolded Rhodopsin

The breadth of metabolic changes reported here is best under-
stood not as a collection of parallel independent pathway per-
turbations, but as the coordinated downstream output of two
tightly interlocked primary upstream nodes: PERK-arm acti-
vation of the UPR and a glutathione-centered redox imbalance.
Misfolded P23A rhodopsin is retained in the ER and engages
the UPR, with the PERK—elF2a—ATF4 branch acting as the
principal transcriptional driver of the metabolic phenotype [73].
The ATF4 program directly transactivates the amino acid trans-
porters (SLC7A11, SLC1A4/5, SLC3A2), asparagine synthetase
(ASNS), the serine-glycine biosynthetic enzymes (PHGDH,
PSAT1, PSPH), the proline biosynthetic axis (ALDH18A1/P5CS,
PYCR1/2), the mitochondrial one-carbon enzyme MTHFD2,
and the glutathione rate-limiting enzyme GCLC [82, 83]. This
single transcriptional node parsimoniously accounts for the
rescue-sensitive shifts we observe in arginine, proline, hydroxy-
proline, glutamic acid, pyroglutamic acid, asparagine, glycine,
serine, and cystine.

The second, mechanistically coupled node is the glutathione/
redox axis. ATF4-driven GCLC induction is itself a redox re-
sponse, and ongoing glutathione synthesis is a major sink for
cysteine and glutamate while draining glycine, explaining their
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coordinated depletion. Pyroglutamic acid accumulation is the
diagnostic signature of y-glutamyl cycle backup under gluta-
thione demand [84], and the cystine, cysteamine, hypotaurine,
and taurine intermediates we detect are all stations on the
transsulfuration-to-taurine flux upregulated when glutathione
turnover is high. Sustained glutathione biosynthesis and re-
ductive biosynthetic demand impose an NADPH burden that
pulls flux through the oxidative pentose phosphate pathway
and forces TCA anaplerosis, providing a unified explanation
for the elevated fumarate, succinate, and a-ketoglutarate pools.
These mitochondrial intermediate shifts are further amplified
by the mitochondrial dysfunction that follows persistent PERK
signaling [85, 86].

Nucleotide and lipid-headgroup changes (altered pyrimidine
intermediates, ethanolamine, phosphoethanolamine) are best
interpreted as secondary compensations downstream of altered
one-carbon flux and NADPH availability rather than as inde-
pendent primary lesions. This two-node framework—PERK-
ATF4 driving the amino acid and one-carbon arm, and the
glutathione-redox axis driving the sulfur and anaplerotic arm,
with bidirectional coupling between them, is consistent with the
integrative view of ER-stress metabolism recently synthesized
by Almanza et al. [87] and is supported by the P23H interactome
data of Kim et al. [57], which independently identified engage-
ment of proteostasis and redox quality-control machinery in the
same mutant class. The metabolomic signature reported here is
the metabolic shadow of those proteomic engagements, and the
partial reversal observed in the disulfide-stabilized N2C/D282C
rescue mutant indicates that both nodes are downstream of the
primary folding defect rather than constitutive features of the
expression system. The metabolic changes observed are largely
consistent with ER stress and activation of the UPR/IPR path-
ways, and in particular the PERK-eIF2alpha-ATF4 arm of UPR
which is responsible for altering regulation of genes involved in
amino acid metabolism, protection against oxidative stress and
protein homeostasis [88]. Furthermore, activation of the PERK
branch of the UPR in a rhodopsin P23H rat model of RP has been
reported previously [86].

P23A and P23H are both class II rhodopsin folding mutants at
the identical residue within the hydrophilic N-terminal cap and
abolish the same conserved polar contact stabilizing the $-sheet
of the intradiscal plug; the biophysical lesion is therefore mech-
anistically analogous, and both variants exhibit the canonical
ER-retention and UPR-engagement phenotype previously char-
acterized for class IT rhodopsin mutants [3, 9]. Clinically and bio-
chemically, P23A is the milder of the two, with a higher residual
fraction of correctly folded protein and slower disease progres-
sion. This positions P23A as a sensitive rather than divergent
model: the metabolic perturbations detectable here against a
partially preserved folding background are expected to be am-
plified, not absent, in P23H. Three lines of independent evidence
support this prediction. Kim et al. [57] showed that the P23H in-
teractome is enriched for ER proteostasis, ubiquitin-proteasome,
and redox quality-control machinery, precisely the upstream ap-
paratus whose metabolic output we resolve here. Liu et al. [10]
reported P23H-associated mitochondrial and OXPHOS deficits
that align directly with the TCA-intermediate shifts (fumarate,
succinate, a-ketoglutarate) which we observe in P23A. Yu et al.
[18] documented elevated photoreceptor oxidative stress and



glutathione demand in P23H transgenic models, consistent with
the glutathione-axis perturbation we resolve metabolically. A di-
rect head-to-head metabolomic comparison between P23A and
P23H, ideally in matched inducible HEK293S-GnTI" lines and
ultimately in patient-derived retinal organoids, is an important
future direction.

While the present study focuses on rhodopsin misfolding, it
is important to consider that some of the observed metabolic
changes may reflect broader cellular responses to chronic pro-
teotoxic stress rather than being exclusively rhodopsin-specific.
Accumulation of misfolded proteins is known to activate con-
served stress pathways, including UPR and ERAD [76], which
can induce overlapping metabolic reprogramming across dif-
ferent systems. Therefore, although our experimental design
isolates folding-dependent effects within a controlled frame-
work, we cannot fully exclude the possibility that similar met-
abolic signatures may arise from expression of other misfolded
or aggregation-prone proteins. Future studies incorporating
unrelated misfolded protein controls will be essential to distin-
guish rhodopsin-specific metabolic alterations from generalized
proteostasis-driven responses.

Although several metabolic pathways, including purine me-
tabolism, pyrimidine metabolism, fatty acid biosynthesis and
degradation, glyoxylate and dicarboxylate metabolism, and
cysteine and methionine metabolism, did not reach statistical
significance in global pathway enrichment analysis, individual
metabolites within these pathways were consistently altered
across multiple pairwise comparisons. For example, adenosine,
thymine, and cyclic AMP implicate perturbations in purine and
pyrimidine metabolism, consistent with prior reports linking
altered nucleotide turnover to cellular and ER stress during
photoreceptor degeneration [30]. These findings align with the
broad-spectrum metabolomics study by Weiss et al., which re-
ported significant disruption of purine and pyrimidine metab-
olism, energy metabolism, and nitrosative stress in rd10 mouse
retinas [29]. Although their model focused on a Pde6b mutation,
the convergence on altered nucleotide and CoA-related metab-
olites parallels our observations of adenosine, thymine, and
fumarate changes in P23A, suggesting mutation-independent
metabolic stress signatures in RP. Similarly, methylmalonic acid
and malonic acid intermediates of fatty acid and mitochondrial
energy metabolism were consistently perturbed, supporting
localized mitochondrial dysfunction [58]. The detection of gly-
colic acid, indoleacetic acid, and protocatechuic acid, linked to
glyoxylate and tryptophan metabolism, further indicates that
discrete metabolic nodes within otherwise non-significant path-
ways may still play functionally important roles. Together, these
observations underscore the importance of metabolite-level in-
terpretation alongside pathway-level analysis and suggest that
metabolic reprogramming may represent an early hallmark
of rhodopsin misfolding, even in the absence of overt retinal
degeneration.

To further refine mechanistic interpretation, not all statistically
significant metabolic changes were considered equally informa-
tive. Metabolites and pathways were prioritized based on con-
sistency across comparisons, magnitude of change, enrichment
in significant pathways, known links to proteostasis and ER

stress, and their reversibility upon structural correction. Using
these criteria, perturbations in glutathione metabolism, amino
acid metabolism (particularly arginine and proline), and TCA
cycle intermediates emerged as the most robust and biologically
relevant features of the misfolded P23A state. These pathways
are well aligned with established downstream consequences
of UPR activation [69, 70], including redox imbalance, altered
amino acid utilization, and mitochondrial dysfunction, and
therefore likely represent primary metabolic responses to rho-
dopsin misfolding. In contrast, changes observed in nucleotide
metabolism, lipid-associated intermediates, and benzoate- or
tryptophan-derived metabolites are more consistent with sec-
ondary or compensatory adaptations to sustained proteotoxic
stress [56-58]. Such changes could arise from increased turn-
over, stress signaling, or adaptive remodeling rather than direct
coupling to rhodopsin folding status [14, 30, 38].

Several limitations warrant consideration. The stable cell lines
used in this study represent pools of cells with random inser-
tions of the expression cassette such that we do not know the
chromosomal position of the opsin gene. The advantage is that
there are no biased positional effects of the insertions because
these cell line ‘pools’ will have many random insertions and
not just one with a potentially positional effect as would be for a
clonal cell line. If we wanted to investigate positional effects, we
would need to create a landing site where single insertions will
integrate which could be an interesting future study.

Certain metabolites, such as a-hydroxyisobutyric acid, may
arise from extraction-related artifacts associated with MTBE
use [90]. Additionally, benzoate- or amide-derived compounds
may reflect low-level laboratory contamination [91]. Batch-to-
batch variability was most pronounced in P23A, likely reflecting
increased metabolic instability associated with misfolded pro-
tein stress. Nevertheless, consistent clustering, PCA separation,
and PERMANOVA validation across independent experiments
indicate that the core metabolic trends are robust and biologi-
cally meaningful.

These findings underscore the importance of integrating
pathway-level enrichment with targeted metabolite-level inter-
pretation to capture biologically meaningful perturbations that
may be overlooked by global analyses. Together, the identified
metabolite changes define a metabolic fingerprint of cellular dys-
function associated with P23A rhodopsin misfolding and may
provide a rationale for exploring therapeutic strategies aimed
at mitigating RP-associated cellular stress. These results posi-
tion metabolic remodeling as an early and integral consequence
of rhodopsin misfolding rather than a secondary byproduct of
photoreceptor degeneration. The convergence of amino acid im-
balance, redox dysregulation, altered nucleotide turnover, and
impaired mitochondrial intermediates suggests that proteosta-
sis stress imposed by misfolded rhodopsin propagates through
tightly coupled metabolic networks [76, 92]. Importantly, the
partial normalization of these pathways following P23A/N2C/
D282C structural correction indicates that metabolic dysfunc-
tion is not irreversible but dynamically linked to folding burden
and ER stress. This coupling between protein quality control
and cellular metabolism highlights metabolic pathways as sensi-
tive readouts of folding stress and potential points of therapeutic
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intervention [92]. Future studies integrating flux analysis, tar-
geted redox measurements, and cell-type-specific and in vivo
retinal models will be essential to define whether modulation
of these metabolic nodes can enhance proteostasis capacity and
improve photoreceptor function across genetically diverse forms
of RP.

From a translational perspective, the present findings suggest
that metabolic modulation may represent a rational strategy to
complement existing approaches targeting rhodopsin folding
and gene-level correction. Based on the prioritization of path-
ways identified in this study, the most appeared intervention
nodes lie within UPR modulation, redox regulation, amino
acid metabolism, and mitochondrial function. Consistent
perturbation of glutathione-related metabolites supports the
potential for antioxidant-based strategies to enhance redox
buffering capacity under proteotoxic stress [70, 73]. Similarly,
alterations in arginine and proline metabolism, together
with polyamine intermediates, point to amino acid supple-
mentation or metabolic rebalancing as testable approaches
to support cellular homeostasis [53, 64]. Disruption of TCA
cycle intermediates further suggests that targeted support of
mitochondrial metabolism may help mitigate energy deficits
associated with rhodopsin misfolding [66, 70]. Importantly,
these strategies should be viewed as complementary to pri-
mary interventions targeting rhodopsin folding or proteo-
stasis, rather than as standalone therapies. Given that many
of the identified metabolic changes likely reflect both direct
consequences of misfolded rhodopsin and secondary adaptive
responses, future studies integrating metabolic modulation
with proteostasis-targeting approaches will be necessary to
determine whether combinatorial interventions can enhance
photoreceptor resilience. These findings provide a framework
for developing testable hypotheses linking specific metabolic
nodes to functional outcomes in more physiologically relevant
retinal models.

Building on this framework, four pharmacologically tracta-
ble intervention nodes deserve explicit prioritization. First,
direct restoration of glutathione capacity: N-acetylcysteine
(NAC) and y-glutamylcysteine bypass the rate-limiting GCLC
step, and Nrf2 activators such as sulforaphane and dimethyl
fumarate (the latter FDA-approved as Tecfidera) coordinately
upregulate the glutathione biosynthetic and antioxidant re-
sponse element battery [93, 94]. Second, replenishment of the
arginine-proline axis: L-arginine and L-citrulline support
both wurea-cycle-coupled and collagen-prolyl-hydroxylase-
coupled proline pools and have established retinal safety
profiles. Third, anaplerotic TCA support: cell-permeable
dimethyl-a-ketoglutarate restores a-KG-dependent dioxygen-
ase activity and mitochondrial NADH balance [95]. Fourth,
integrated stress response modulation: ISRIB and small-
molecule PERK inhibitors (GSK2606414, GSK2656157) atten-
uate pathological PERK-eIF2a-ATF4 output [96, 97] but must
be used cautiously since part of the ATF4 program (GCLC,
ASNS, serine biosynthesis) is protective and complete ISR
shutdown risks unmasking the proteotoxic stress itself [98].
A combinatorial regimen pairing modest ISR dampening with
redox and anaplerotic support is therefore likely to outperform
any single-agent strategy.
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5 | Conclusion

This study provides the first comprehensive metabolomic as-
sessment of rhodopsin misfolding using a tightly controlled in-
ducible HEK293S cell system. We demonstrate that expression
of misfolded P23A rhodopsin induces widespread metabolic dys-
regulation, disrupting pathways essential for cellular homeosta-
sis, including mitochondrial energy metabolism, antioxidant
defense, and amino acid biosynthesis. Importantly, structural
correction of rhodopsin through disulfide bond engineering
P23A/N2C/D282C partially restores these metabolic pertur-
bations, establishing a direct functional link between rhodop-
sin folding integrity and cellular metabolic state. Metabolites
associated with arginine and proline metabolism, glutathione
metabolism, and the cycle were prominently affected in the
misfolded state, indicating suppression of bioenergetic and
redox-supporting pathways as a hallmark of rhodopsin mis-
folding. The partial normalization of these pathways following
structural rescue highlights their dynamic sensitivity to folding
burden and identifies metabolic nodes that may be leveraged
therapeutically. Collectively, these findings identify metabolic
remodeling as a central and early consequence of rhodopsin
misfolding in RP and suggest that targeted metabolic interven-
tions such as amino acid supplementation, antioxidant support,
or enhancement of mitochondrial metabolism may complement
existing therapies for photoreceptor degeneration.
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Additional supporting information can be found online in the
Supporting Information section. Data S1: fsb272130-sup-0001-DataS1.
docx. Table S1: In-house GC-MS spectral library of 126 authentic
chemical standards used for metabolite identification at MSI Level 1
[35]. All entries were verified against authentic standards run under
identical GC-MS conditions (Methods). KEGG identifiers were resolved
via PubChem cross-references (122 entries) and MetaboAnalyst name-
based mapping (4 entries). MSI Level 1 identification is achieved by
co-elution of an unknown with the authentic standard and matching
electron-impact (EI) mass spectrum. Quantifier ion is the base peak
of the EI spectrum under the conditions described; full EI spectra and
all qualifier ions are deposited together with the raw data at the NIH
Metabolomics Workbench. Table S2: Full list of metabolites compared
between P23A and P23A/N2C/D282C across different experimental
batches. Table S3: List of statistically significant metabolites with raw
and log p-values for pairwise comparison. Table S4: Metabolite-level
statistics and associated p-values, FDR, and pathway impacts. Figure
S1: Boxplots of metabolite levels for WT, P23A and P23A/N2C/D282C.
The bar plots display normalized values as means + one standard devi-
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