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System biology analysis reveals that Grmé is associated with
glutamate accumulation—induced scotopic vision impairment in
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Purpose: Scotopic vision impairment as an early event is found in diabetic retinopathy. However, the underlying mecha-
nisms behind hyperglycemia-induced scotopic vision impairment remain unclear. This study aims to identify that Grm6
is associated with glutamate accumulation—induced scotopic vision impairment under hyperglycemia.

Methods: In this study, diabetic mice with impaired scotopic vision were induced by streptozotocin, and the retinal elec-
trical activity was evaluated using electroretinography. Label-free quantitative proteomic analysis was used to identify
differentially expressed proteins in the retinas of diabetic mice. A retinal transcriptome-wide association analysis and
correlation screening were performed in BXD mice strains to explore the potential genes associated with hyperglycemia.
Gene function enrichment analysis was used to evaluate gene function and to construct the correlation network.
Results: In total, 151 proteins were significantly altered in the retina of diabetic mice. Among these 151 candidates, 22
genes presented a significant correlation with blood glucose level (p<0.05), which were enriched in alanine, aspartate,
and glutamate metabolism (p=0.003). Moreover, the glutamate catabolism-related genes Slcla2, Gadl, and Gludl were
significantly negatively correlated with blood glucose at the transcript and proteome levels, which led to glutamate ac-
cumulation under hyperglycemia. Among eight types of metabotropic glutamate receptors, Grm6 had the most significant
correlation with blood glucose level (R=—0.5291, p=0.0003). Moreover, Grm6 expression was significantly decreased at
both the mRNA and protein levels in the diabetic retina. Gene coexpression network analysis further identified that Grm6
was correlated with Rgs9, suggesting that hyperglycemia may impair scotopic vision via the phototransduction pathway.
Conclusions: Our study confirms that Grm6 is associated with scotopic vision impairment induced by glutamate ac-
cumulation in diabetic mice and provides an efficient strategy for exploring critical biomarkers and pathways through a
combination of proteomics and transcriptome-wide association analysis.

As one of the most common complications of diabetes, loss in the early DR, suggesting alternative mechanisms are
diabetic retinopathy (DR) is associated with irreversible  involved.
visual impairments and blindness [1,2]. Approximately 30%
of diabetic patients develop DR, and among these patients,
about 10% progress to proliferative diabetic retinopathy or
diabetic macular edema. These complications are the most
vision-threatening and can lead to irreversible blindness if
left untreated [3,4]. DR was initially considered a pure micro-
vascular disease, with microvascular structural changes and
fluid extravasation. However, this hypothesis cannot provide
a sufficient explanation for symptoms such as scotopic vision

The development of advanced imaging techniques,
particularly optical coherence tomography angiography, has
highlighted retinal neurodegeneration as an early event in
DR, driven by chronic hyperglycemia [5,6]. In DR, retinal
neurodegeneration is often accompanied by scotopic vision
impairment, and such visual deficits typically precede the
onset of microvascular abnormalities [7]. Clinical evidence
also demonstrates that compared with normal blood glucose
controls, elevated glucose levels in patients with prediabetes
and type 2 diabetes are associated with significant reduc-
tions in scotopic electroretinography (ERG) amplitudes
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Guanhai Road 346, Laishan District, 264003, Yantai, Shandong, dysregulation of the rod phototransduction cascade, particu-
China, email: yanpingzhul983@163.com larly involving regulator of G-protein signaling 9 (RGS9).
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As a GTPase-activating protein of the RGS family, RGS9
catalyzes the hydrolysis of GTP in G protein—phosphodies-
terase complexes to terminate phototransduction signals in
rod photoreceptors, which are essential for scotopic vision [9].
However, the exact molecular pathway linking hyperglycemic
stress to RGS9-mediated impairments in phototransduction
termination remains incompletely elucidated, highlighting
the need for further mechanistic investigations.

Recently, the transcriptome-wide association (TWAS)
approach has emerged to investigate the molecular mecha-
nisms of chronic diseases [10]. It collects transcriptomic and
phenotypic data from either human populations or genetic
reference populations (GRPs) of animal models. Through
appropriate bioinformatics analyses, the constructed tran-
scriptome—phenotype correlation network will help identify
novel biomarkers and pathways to reveal disease mechanisms.
Among currently available GRPs, the BXD recombinant
inbred mouse panel stands as a well established, efficient,
and exceptionally data-rich genetic reference population,
derived from the systematic inbreeding of offspring from
a cross between the parental strains C57BL/6J (B6) and
DBA/2J (D2). Currently, the BXD recombinant inbred strains
comprise over 150 mouse lines. Genotypic, phenotypic, and
mRNA (mRNA) abundance data sets for these strains have
been directly integrated into GeneNetwork’s analytical
platform, enabling open access to the data for the research
community. To date, the database contains approximately 99
eye-related phenotypes, rendering it a well suited resource for
ophthalmological research [11].

Using this platform, several novel molecular mechanisms
underlying glaucoma, vascular retinopathies, and other ocular
diseases have been identified [12-14]. Furthermore, the BXD
panel has been extensively used to investigate the patho-
genesis of complex metabolic disorders, including diabetes,
obesity, and nonalcoholic fatty liver disease [15-17]. Thus, the
BXD strain resource offers a unique platform for conducting
TWAS studies to decipher the molecular mechanisms under-
lying DR.

In this study, we established a diabetic mouse model with
impaired scotopic vision and performed label-free quantita-
tive proteomic analysis on retinal tissues. Combined with
TWAS analysis in BXD mouse strains, we identified retinal
genes associated with blood glucose, which were enriched in
the glutamate metabolism pathway. Furthermore, we inves-
tigated the glutamate receptor Grm6 at both the mRNA and
protein levels. Finally, gene coexpression network analysis
revealed the potential mechanisms by which glutamate accu-
mulation induces scotopic vision impairment.
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METHODS

Diabetic mouse model: Male C57BL/6] mice (6—8 weeks
old) were housed in a specific pathogen—free (SPF) barrier
system under controlled conditions: constant temperature
(24 °C = 1 °C), humidity (50% =+ 10%), and a 12-h light—dark
cycle. Mice had free access to standard chow diet (nutritional
composition: crude protein >200 g/kg, crude fat >40 g/kg,
crude fiber 50 g/kg, crude ash <80 g/kg, calcium 10-18 g/kg,
total phosphorus 6-12 g/kg, lysine >13.2 g/kg, and methio-
nine plus cystine >7.8 g/kg) and water. All experimental mice
were healthy, with no ocular diseases. Animal experiments
were approved by the animal research ethics committee at
Binzhou Medical University (Approval No. 2021-200). The
diabetic mouse model was induced by streptozotocin (STZ)
administration [18]. STZ (S0130; Sigma, Shanghai, China)
was dissolved in 0.1 mol/l sodium citrate buffer (pH 4.5)
to a final concentration of 10 mg/ml. Mice received daily
intraperitoneal injections of STZ (60 mg/kg) for 5 consecutive
days, while control mice were injected with an equal volume
of citrate buffer. Random blood glucose levels were measured
using a glucometer with tail-vein blood samples. Diabetic
mice were grouped and maintained for 1 month.

Electroretinograms: Mice were anesthetized via intraperito-
neal injection of xylazine (14 mg/kg) and ketamine (60 mg/
kg) and placed on a heating pad maintained at 37 °C. Prior
to the experiment, pupils were dilated with 0.5% phenyleph-
rine hydrochloride and 0.5% tropicamide eye drops, and the
corneas were kept hydrated with 1% methylcellulose. ERG
recordings were performed under standardized conditions.
Following 24 h of dark adaptation, three mice per group were
anesthetized under a deep-red LED light source with a peak
wavelength of 660 nm in a dark room. ERG signals were
recorded using a gold-plated wire ring electrode placed on the
corneal surface, with stainless steel needle electrodes inserted
subcutaneously near the eye (reference electrode) and in the
tail (ground electrode), respectively. ERG data were acquired
using a Reti-scan system (Roland Consult, Brandenburg an
der Havel, Germany) with an amplifier, and parameters were
set as follows: light intensity, 1.0 log cd-s/m2; sampling rate,
2 kHz.

Retinal proteome analysis: Seven pairs of mouse retinal
tissues were subjected to label-free proteomic analysis as
described in our previous studies [15,19]. Briefly, proteins
were digested with trypsin (ADVS5111; ThermoFisher Scien-
tific, Waltham, MA) at a final concentration of 5% (W/w)
overnight at 37 °C. The resulting peptides were analyzed
by liquid chromatography/tandem mass spectrometry (Q
Exactive Plus Orbitrap mass spectrometer, ThermoFisher
Scientific). Proteomics raw data were processed by using
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MaxQuant (version 1.5.0.1) against the UniProt Mus musculus
database (release 2019—12). Differentially expressed proteins
were visualized using volcano plots and heatmaps (Bioinfor-
matics, Shanghai, China).

Quantitative reverse transcription polymerase chain reaction
analyses: Mice were euthanized, and retinas were harvested
to extract total RNA using a rapid RNA extraction kit
(TR154-50; Tianmo Technology, Beijing, China). cDNA was
synthesized using All-In-One 5x Master Mix (G592; ABM,
Richmond, BC, Canada). Quantitative reverse transcription
polymerase chain reaction was performed on a 7500 Real-
Time PCR System (Thermo Fisher Scientific, Singapore) with
the following cycling conditions: initial denaturation at 95 °C
for 30 s, followed by 40 cycles of denaturation 95 °C for 10
s and annealing/extension at 60 °C for 30 s. Primers used
were as follows: GAPDH-F: 5-AAG AAG GTG GTG AAG
CAA G-3', GAPDH-R: 5-GAA GGT GGA AGA GTG GGA
GT-3; GRM6-F: 5-CGG ACC CTG CTG CAC TAC AT-3,
GRM6-R: 5-CCC CAT TCT CAT TGA ACA TCA CT-3..

Western blotting: Isolated retinal tissues were homogenized
in lysis buffer (P0013B; Beyotime, Shanghai) containing
a proteinase inhibitor. Total proteins were extracted by
centrifugation at 16,114 x g for 15 min at 4 °C and quantified
using the BCA method. For electrophoresis, 50 pg of protein
per lane was loaded onto 7.5% sodium dodecyl sulfate—-PAGE
gels, followed by transfer to 0.2-um polyvinylidene fluoride
membranes. Membranes were blocked with 5% fat-free milk
for 1 h at room temperature, then incubated overnight at 4 °C
with the following primary antibodies: GRM6 (BF8980,
1:500; AFFINITY, Jiangsu, China), GAD1 (AF0163, 1:500;
AFFINITY), and tubulin (AF7011, 1:1,000; AFFINITY).
After three washes with TBST (0.1% Tween-20), membranes
were incubated with the secondary antibody Goat Anti-Rabbit
IgG-HRP (S001, 1:5,000; AFFINITY) for 1 h at room temper-
ature. Following three additional TBST washes, signals were
developed using an Affinity ECL kit (AFFINITY; KF8001,
Jiangsu, China) and imaged with a chemiluminescence
imager (ChemiScope 6200 Touch, Shanghai, China).

Glutamate level detection: Retinal glutamate levels were
measured using a glutamate detection kit (BTKO048;
Bioswamp, Beijing, China). Fresh retinal tissues were homog-
enized in ice-cold normal saline (0.9% NaCl) of an appro-
priate volume using a tissue homogenizer. Homogenates were
centrifuged at 12,000 x g for 15 min at 4 °C, and supernatants
were collected. These supernatants were then filtered through
a 10-kDa ultrafiltration tube by centrifugation. Filtrates were
mixed with the working solution and incubated at 37 °C for
20 min. The optical density was measured at 470 nm, and
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glutamate levels in samples were calculated by comparing
optical density values to a standard curve.

BXD retina transcriptomic data set: The BXD retinal tran-
scriptome data set was retrieved from the GeneNetwork
website (https:/genenetwork.org/). The parameters were set
as follows: Species, Mouse (mm10); Group, BXD Family;
Type, Retina mRNA; Data Set, HEI Full Retina [llumina V6.2
(Apr 10) RankInv; and Get Any, Grm6. The transcriptome
data set (ID: 3,162,125) was obtained. Data visualization was
performed using GraphPad Prism 8.0 (GraphPad Software,
La Jolla, CA) to display changes in Grm6 gene expression
levels across BXD mice strains.

BXD mice blood glucose data set: Basal blood glucose pheno-
type data were retrieved from the GeneNetwork website.
The parameters were set as follows: Species, Mouse (mm10);
Group, BXD Family; Type, Phenotypes; Data Set, BXD
Phenotypes; and Get Any, Basal glucose. The basal glucose
data set (ID: BXD 17799) was obtained from 29-week-old
BXD mice. These mice were maintained on a chow diet and
fasted overnight, and basal blood glucose was measured from
tail-vein blood samples using a glucometer. For each BXD
strain, basal glucose values were averaged. The data set is
accessible via GeneNetwork with record ID BXD 17799.

Analysis of the correlation between retinal genes and
blood glucose: Pearson correlation coefficient analysis was
performed to assess the correlation between retinal gene
expression and basal blood glucose levels, with statistical
significance defined as a p<0.05. Correlation calculations
were conducted using GeneNetwork. The Pearson correlation
coefficient (R) quantifies the strength and direction of the
linear relationship between two variables, ranging from —1
to 1. Specifically, R >0 indicates a positive correlation, while
R <0 indicates a negative correlation. Additionally, the closer
the absolute value of R (|R]) is to 1, the stronger the linear
correlation between the two variables.

Gene correlation analysis: The top 2,000 genes associ-
ated with Grm6 in the BXD mouse retina were retrieved
from GeneNetwork using the BXD retinal transcriptome
data set. Gene correlation analysis was then performed
via the “Compute Correlation” function to confirm these
associations.

Gene function enrichment analysis: Gene function enrich-
ment analysis was performed using the WEB-based Gene SeT
AnaLysis Toolkit (WebGestalt, Houston, TX). Basic param-
eters were set as follows: organism, “Mus musculus”; method,
“ORA”; and Reference Set, “Genome protein-coding.” Gene
Ontology analysis covered the Biologic Process, Cellular
Component, and Molecular Function. Kyoto Encyclopedia
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Figure 1. The diabetic mouse model shows impaired scotopic vision. A: The mice with diabetes for a month had higher random blood glucose
levels than controls. n=10, ****p<0.0001. B—D: The representative electroretinographic statistical analysis in normal mice and diabetic
mice shows that the amplitudes of the a- and b-waves in diabetic mice significantly decreased. n=6 eyes in each group. Data are shown as

mean £ SD **p<(.01.

of Genes and Genomes (KEGG) pathway analysis was
conducted to identify key pathways involved in scotopic
vision impairment in diabetic mice [20].

Gene coexpression network analysis: A gene coexpression
network was constructed as previously described [21,22].
Briefly, Pearson correlation coefficients for related genes
were calculated based on the transcriptomic data set. Then,
the network was built using the Pearson correlation coeffi-
cient matrix. In the network, each node represents a gene,
and each edge denotes the correlation coefficient. A binomial
correlation with an absolute value >0.25 (r >0.25 or r <—0.25)
was defined as a connection.

Statistical analysis: A two-tailed Student 7 test was used to
compare retinal protein expression levels between the diabetic
and control groups to identify the significantly altered
proteins (p<0.05). Correlation analysis was performed and
visualized using GraphPad Prism software (8.0.1; GraphPad
Software), with data sourced from the GeneNetwork data-
base. A p value <0.05 was considered statistically significant.

>
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RESULTS

Hyperglycemia induces scotopic vision impairment in mice:
First, we established a diabetic mouse model through multiple
administrations of low-dose STZ. Compared with control
mice, diabetic mice displayed hyperglycemia, with random
blood glucose levels exceeding 18.9 mM (Figure 1A). We then
assessed retinal electrical activity using ERG. Recordings
showed that b-wave amplitudes were significantly lower in
diabetic mice than in controls (Figure 1B, C), indicating that
scotopic vision was impaired in the diabetic retina. These
results confirmed the successful establishment of a diabetic
mouse model with impaired scotopic vision. Furthermore,
analysis of ERG recordings revealed a significant reduction in
a-wave amplitude in diabetic retinas (Figure 1D), suggesting
impaired photoreceptor function.

Hyperglycemia alters retinal proteomic profiles: To inves-
tigate retinal protein expression patterns in diabetic mice,
we performed label-free quantitative proteomic analysis
on retinas from control and diabetic mice. A total of 1,770
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Figure 2. Hyperglycemia leads to changes in protein patterns in the retina. A: The differentially expressed proteins are shown by a volcano
plot between the diabetic and control groups. The —log,, (p value) was plotted against the log,(ratio diabetes/control). The upregulated
proteins (p<0.05) are labeled with red dots, and the downregulated proteins (p<0.05) are labeled with green dots. Proteins with no significant
expression differences are marked in black. B: The 151 differentially expressed proteins (p<0.05) between the diabetic and control groups
are shown by a heatmap. Red indicates the upregulated proteins, while blue represents the downregulated proteins. C, control group; D,
diabetes group. C: Principal component (PC) analysis was performed based on the quantitative proteomics profiles of the retina. PC1 and
PC2 were calculated and plotted. The clusters show the significant differences between diabetic and control mice.
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proteins (from the UniProt database) were identified and
quantified across all samples (Figure 2A, Appendix 1), among
which 151 proteins were significantly differentially expressed
(p<0.05): 92 were upregulated and 59 were downregulated
in the retinas of diabetic mice (Figure 2B, Appendix 2).
Principal component analysis revealed distinct separation of
retinal proteomic profiles between diabetic and control mice
(Figure 2C). Collectively, these proteomic results indicate that
hyperglycemia alters retinal proteomic patterns and provide
potential targets for exploring the molecular mechanisms by
which hyperglycemia induces scotopic vision impairment.

Hyperglycemia induces aberrant glutamate metabolism
and glutamate accumulation: During the initial phase of
our study, proteomic analysis identified 151 differentially
expressed proteins in the retina, and their corresponding
coding genes were selected as candidate genes. To iden-
tify candidate genes associated with hyperglycemia, we
performed a retinal TWAS between blood glucose and the
transcripts of 151 differentially expressed proteins in BXD
mouse strains using the GeneNetwork database. Among
these candidates, 22 genes showed a significant correlation
with blood glucose level (p<0.05; Figure 3A and Appendix
3). Furthermore, Gene Ontology term enrichment analysis
of these 22 genes revealed enrichment in cellular compo-
nents, including axons (Snap25, Gadl, Aldoc, Hspa§, Slcla2,
Amph, Cngal), presynapses (Snap25, Gadl, Hspa8, Sicla2,
Amph, Cngal), and the photoreceptor ribbon synapse cellular
component (Hspa8, Amph; p=3.34E-06; Figure 3B). This
suggests that the enriched genes (e.g., Snap25, Gadl, Hspa8,
among others) play critical roles in maintaining the structural
integrity of retinal axonal structures and regulating presyn-
aptic transmission, which may mediate the initial stages of
visual signal transduction from photoreceptors to bipolar
cells. Additionally, KEGG pathway analysis identified the
top three enriched pathways as necroptosis (Gludl, Slc25a4,
Slc25a5; p=0.001), carbon metabolism (Aldoc, Gludl, Idhl;
p=0.001), and alanine, aspartate, and glutamate metabolism
(Slcla2, Gadl, Gludl; p=0.003; Figure 3C). Hematoxylin and
eosin staining revealed no obvious morphological abnormali-
ties or signs of necroptosis in the retinal laminar structure
(Appendix 4). Thus, we focused on the alanine, aspartate,
and glutamate metabolism pathway, which was enriched with
glutamate catabolism—related genes. Consistently, proteomics
analysis showed that Slcla2, Gadl, and Gludl were down-
regulated in the diabetic retina (Figure 3D). Furthermore, at
the transcript level, these three glutamate catabolism—related
genes showed a significant negative correlation with blood
glucose: Slcla2 (R=-0.2925, p=0.0285), Gadl (R=-0.3806,
p=0.0059), and Glud1 (R=-0.2762, p=0.0466; Figure 3E-G).
Western blot experiments confirmed the expression pattern
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of Gadl protein, with results consistent with mass spectrom-
etry analysis, showing decreased Gadl protein expression
in the retinas of diabetic mice (Figure 3H, I). Moreover, we
measured retinal glutamate levels and found that glutamate
accumulated in the retinas of diabetic mice (Figure 3J). These
results demonstrated that hyperglycemia negatively regulates
the expression of glutamate catabolism-related genes, leading
to glutamate accumulation. Based on these findings, we
subsequently investigated the glutamate metabolic pathway,
which is closely associated with glutamate receptor—mediated
signal transduction.

Glutamate accumulation induces downregulation of Grm6
expression in the retina of diabetic mice: To further explore
the effects of glutamate accumulation on its receptors, we
performed a correlation analysis between blood glucose
and eight types of metabotropic glutamate receptors in the
retinas of BXD mouse strains. Among these receptors, Grm6
showed the most significant correlation with blood glucose
(R=-0.5291, p=0.0003; Figure 4A, B). In 43 BXD mouse
strains, the average expression of Grm6 was 14.16+0.04
(log2 scale, mean = standard error of the mean). The BXD67
strain exhibited the lowest expression (13.52+0.16), while the
BXD24 strain showed the highest (15.84+0.14; Figure 4C).
Among these strains, Grm6 expression varied significantly,
with a fold change of 4.997 (Appendix 5). This indicates
natural variation in Grmo6 expression within the BXD genetic
reference population, reflecting differences in expression
levels shaped by genetic background and potential regula-
tion by environmental factors. Furthermore, quantitative
reverse transcription polymerase chain reaction and western
blotting revealed decreased Grm6 mRNA and protein levels
in the retinas of diabetic mice (Figure 4D—F). These findings
suggest that Grm6, likely an environmentally sensitive gene,
is downregulated in the diabetic mouse retina.

Grmé6 is associated with glutamate accumulation—induced
scotopic vision impairment via the phototransduction
pathway: To explore the potential mechanism by which
Grmo6 contributes to glutamate accumulation—induced
scotopic vision impairment, we screened the top 2,000
Grmo6-coexpressed genes in the retina (p<0.05) for functional
enrichment analysis. KEGG pathway enrichment results
showed that the phototransduction pathway was the most
significantly enriched (Figure 5A). To confirm the correla-
tion between Grm6 and the phototransduction pathway, we
calculated Pearson correlation coefficients between Grm6
and five phototransduction-related genes (Gnatl, Gucy2e,
Cngal, Grk1, Rgs9), all of which were also identified in our
retinal proteome (Figure 5B). Correlation analysis revealed
that Rgs9 had a significantly strong positive correlation with
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Figure 3. Hyperglycemia leads to aberrant glutamate metabolism. A: The correlations between retinal mRNA levels of differentially
expressed proteins and the blood glucose level from BXD mice (Record ID17799) were evaluated, and 22 genes were significantly associated
with the blood glucose level. The red triangles represent significant positive associations, the green triangles represent significant negative
associations, and the dark plots represent no statistical significance. B: Gene Ontology analysis based on their Cellular Component (CC).
The 22 genes were enriched in axon, axon part, and presynaptic. The size of the dots represents the number of genes, and the color indicates
the p values. C: Kyoto Encyclopedia of Genes and Genomes pathway analysis shows that the top three enriched pathways included alanine,
aspartate, and glutamate metabolism. The color represents the p values (WebGelstat). D: Three proteins (Slcla2, Gadl and Gludl) involved
in glutamate metabolism, which were downregulated in the diabetic retina, are shown by a heatmap. The red indicates upregulated proteins,
while blue represents downregulated proteins. C, control group; D, diabetes group. E-G: The scatterplots illustrate the correlations between
blood glucose levels and the expression of three glutamate catabolism—related genes, including sic/a2 (E), gadl (F), and glud! (G). The R
and p values are shown in the figure. The gene expression data were log -transformed in this analysis. H-I: western blot analysis shows that
Gadl protein expression was decreased in the diabetic mouse retina. J: The glutamate content in the mouse retina was measured using an
enzyme-linked immunosorbent assay Kkit.

Grm6 (R=0.604, p=1.08E-9; Figure 5C). To illustrate the  disruption of these molecular networks and cellular pathways

relationships among these factors, we constructed a corre- ultimately impairs scotopic vision.
lation network including phototransduction-related genes
(Gnatl, Gucy2e, Cngal, Grkl, Rgs9), glutamate metabolism DISCUSSION

genes (Slcla2, Gadl, Gludl), the glutamate receptor Grmo,
and blood glucose levels (Figure 5D). Overall, the schematic
diagram illustrates how Grmé6 is involved in hyperglycemia-
induced scotopic vision impairment (Figure 5E). Under
hyperglycemic conditions, high glucose levels disrupt retinal
glutamate metabolism by downregulating the expression of
glutamate metabolic enzymes such as Gadl, leading to gluta-
mate accumulation. This glutamate accumulation—induced
toxicity downregulates Grm6 expression in rod bipolar cells.
Network analysis identified a correlation between Grm6 and
Rgs9, suggesting that hyperglycemia may impair scotopic
vision via the phototransduction pathway. The combined

It has been reported that scotopic vision loss is the first
symptom of DR [23]. However, the molecular mechanisms
underlying hyperglycemia-induced scotopic vision impair-
ment remain unclear. To explore the potential links between
hyperglycemia and scotopic vision impairment, we first
performed label-free quantitative proteomic analysis on
retinas from diabetic mice, identifying over 150 differentially
expressed proteins. Verifying key proteins and pathways
from hundreds of candidate proteins remains a challenge
[24]. In this study, we integrated transcriptome-wide asso-
ciation analysis from over 150 BXD mouse strains with
proteomic data, leading to the identification of a potentially
dysregulated pathway: the alanine, aspartate, and glutamate
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Figure 4. Grmo6 expression is associated with the level of blood glucose. A: The volcano plot shows the correlations between blood glucose
level and eight types of metabotropic glutamate receptors. The x-axis represents the Pearson correlation coefficient, and the y-axis represents
the —log,, (p value). The receptor Grm6, marked with a red triangle, was most significantly correlated with blood glucose levels. B: The scat-
terplots show that the expression levels of Grmo6 had a significantly negative correlation with the basal glucose level (R=—0.5291, p=0.0003).
Each dark dot represents a mouse strain. C: The Grm6 expression varied in BXD strains and their parental strains (C57BL/6J and DBA/2J).
The x-axis represents the name of BXD strains and their parents (C57BL/6J and DBA/2J), as well as two F1 strains (D2B6F1 and B6D2F1).
The y-axis shows that the average expression level of Grm6 is 14.16+0.04 (log, scale, mean + standard error of the mean). Each bar is marked
with a standard error of the mean. D: Quantitative reverse transcription polymerase chain reaction analysis shows that Grm6 expression was
decreased significantly compared with the control group. E: western blot analysis shows that Grm6 expression was decreased in the protein
level in diabetic mice retina. F: The quantitative analyses in E were performed by ImagelJ 1.46 and GraphPad Prism 8. Data are shown as
mean + standard deviation. n=3. *p<0.05.
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Grmé

Figure 5. Grm6 is associated with hyperglycemia-induced scotopic vision impairment via the phototransduction pathway. A: The bar plots
show the enriched Kyoto Encyclopedia of Genes and Genomes terms for the top 2,000 Grm6-associated genes in the BXD retinas. The
x-axis indicates the number of genes, and the color represents the —log (p values). B: Five proteins (Gnatl, Gucy2e, Cngal, Grkl, and Rgs9)
involved in the phototransduction pathway, which were downregulated in the diabetic retina, are shown in a heatmap. Red indicates the
upregulated proteins, while blue represents the downregulated proteins. C, control group; D, diabetes group. C. These scatterplots illustrate
the correlations between grm6 and rgs9. The R and p values are shown. The gene expression data were log -transformed in this analysis. D:
The network included the genes enriched in the phototransduction pathway (orange nodes), glutamate metabolism (purple nodes), glutamate
receptor (green node), and blood glucose level (red node). The red and blue edges show significant positive and negative correlations,
respectively (p<0.05). The thickness of the edges represents the Pearson correlation coefficient. E: Proposed model illustrates that Grm6
was involved in hyperglycemia-induced scotopic vision impairment. The hyperglycemia led to glutamate accumulation, which decreased

Grm6 expression. Grm6 may affect the phototransduction pathway via Rgs9, leading to scotopic vision impairment.

metabolism pathway. Our study thus provides an efficient
strategy for identifying critical proteins and pathways in
retinal proteomics research.

Using this strategy, we found that the glutamate
metabolism pathway is significantly dysregulated, with
downregulation of the glutamate catabolism—related genes
Slcla2, Gadl, and Gludl in the diabetic retina. Slcla2 is the
primary transporter responsible for clearing the excitatory
neurotransmitter glutamate from the extracellular synaptic
space [25]. Glutamate clearance is essential for normal
synaptic activation and for preventing excitotoxicity, which
triggers postsynaptic neuron death [25,26]. GLUDI catalyzes
the oxidative deamination of glutamate to a-ketoglutarate
and ammonia, playing a key role in regulating glutamate
metabolism [27]. GADI converts excitatory glutamate into
the inhibitory neurotransmitter gamma-aminobutyric acid.
Our previous study also demonstrated that exogenous GADI
treatment enhances retinal ganglion cell survival in the optic
nerve crush—injured retina [18]. In this study, we confirmed
that hyperglycemia negatively regulates the expression of
glutamate catabolism—related genes, leading to glutamate
accumulation. These results are consistent with previous find-
ings showing elevated retinal glutamate levels and increased
toxicity to retinal neurons [28].

Glutamate accumulation exerts excitotoxic effects in
the nervous system [29]. Neurodegeneration and neurologic
dysfunction are early manifestations of diabetes, preceding
primary retinal vasculopathy [30]. Hyperglycemia impairs
retinal neuron function through multiple mechanisms,
including abnormal Ca?* homeostasis [31], metabolic
disorder—induced changes in gene regulation in bipolar cells
[32], and enhanced glutamate excitotoxicity [33]. Ca?" plays
a key role in neurotransmitter release. In diabetic amacrine
cells, reduced calcium buffering decreases light-evoked
inhibitory input from presynaptic GABAergic amacrine
cells to rod bipolar cells [31]. Calcium is also critical for the
function and survival of both rod and cone photoreceptors.
For photoreceptors, rapid regulation of Ca®" levels in their
outer segments is essential for modulating phototransduction,
which mediates the termination of flash responses and light
adaptation in both rod and cone cells [34]. For example, Cal.4
L-type calcium channels, predominantly expressed in photo-
receptor terminals, are essential for synaptic transmission and
vision. Their dysfunction is linked to congenital stationary
night blindness (CSNB), a disease characterized by severe
impairment of both scotopic and photopic vision [35]. Studies
have also shown that intracellular Ca®" levels are significantly
elevated in rod cells from diabetic mice. This Ca*" overload
activates calpain 1, leading to oxidative stress, the expres-
sion of inflammatory proteins, and eventual photoreceptor
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degeneration [36]. In diabetic retinal Miiller cells, glutamate
conversion to a-ketoglutarate via transamination is reduced
by 90%, and glutamate accumulation triggers excitotoxicity
[33]. Another study found that excessive free glutamate levels
are associated with photoreceptor degeneration in a retinal
degeneration mouse model [37].

Glutamate exerts its physiologic functions by binding
to its receptors [29]. Among the eight known metabotropic
glutamate receptors, our TWAS analysis identified a signifi-
cant correlation between Grm6 and blood glucose levels.
Studies have demonstrated that the Grmo6 receptor, encoded
by the Grmo6 gene, is a key receptor specifically expressed on
the surface of retinal ON bipolar cells, where it plays a central
role in visual signal transmission [38,39]. It has been reported
that loss of Grm6 leads to defects in signal transmission from
photoreceptors to ON-bipolar cells, resulting in CSNB [40,41].
In this study, we also found decreased Grmo6 expression in the
diabetic retina. This further supports the association between
Grm6 and glutamate accumulation—induced scotopic vision
impairment in diabetic mice.

To further explore the potential mechanism of Grm6
signaling in the retina, we constructed a Grm6-centric gene
coexpression network. Pathway analysis revealed that Grm6
is correlated with the phototransduction pathway via Rgs9.
RGSY is currently recognized to exist in two major isoforms:
RGS9-1 and RGS9-2. RGS9—1, localized in photoreceptor
cells, primarily regulates GTP hydrolysis on transducin in
photoreceptor outer segments [42,43]. In contrast, RGS9-2
is predominantly expressed in axon terminals of the central
nervous system, where it modulates p-opioid receptor
signaling in the periaqueductal gray by regulating G-protein
activity, thereby influencing nociceptive behaviors and
opioid responses [44]. Recent studies demonstrate that
light-induced Ga translocation to rod synapses, mediated by
Frmpdl, enhances synaptic transmission [45]. As a functional
regulator coupled to Ga, RGS9 likely undergoes coordinated
redistribution with Ga during phototransduction and light
adaptation.

RGSY acts as a calcium-dependent regulator of rhodopsin
phosphorylation by GRK1 in response to light-dependent
changes [42]. Additionally, studies have shown that RGS9
can also be phosphorylated by protein kinase A, and RGS9
phosphorylation requires free Ca** and is inhibited by
light, suggesting that RGS9 phosphorylation may underlie
the mechanism mediating a stronger photoresponse in
dark-adapted cells [46]. Ca?" influx through voltage-gated
Ca? channels had been demonstrated to be both neces-
sary and sufficient for triggering glutamate release [47,48].
Notably, metabotropic glutamate receptors play a key
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role in modulating intracellular calcium levels in neurons.
Consistent with this, calcium imaging in isolated photore-
ceptors revealed that glutamate and class III metabotropic
glutamate receptor agonists significantly reduce resting
calcium levels [49]. Collectively, these findings suggest that
Ca? may act as a dual regulator, coordinately modulating
glutamate-mediated synaptic feedback and RGS9 function.
This provides a rationale for further investigating RGS9 as a
downstream effector in hyperglycemic retinopathy. Our study
establishes the GRM6-glutamate axis as a key component of
retinal signaling, with Rgs9 serving as a critical link between
glutamate dysregulation and impaired phototransduction.

Phototransduction is the process by which absorbed
light is converted into an electrical signal in photoreceptors.
Photoreceptors are specialized neurons, including rods and
cones, that transform light into neural signals and transmit
them to the brain for image processing [50]. In the dark, rod
cells are relatively depolarized, with light-sensitive channels
activated, leading to continuous release of the neurotrans-
mitter glutamate by photoreceptors [51,52]. Rods, acting as
presynaptic elements, contact bipolar cells (postsynaptic
elements) and transmit signals through glutamate receptors
[26,53,54]. It has been reported that GRM6 plays a critical
role in phototransduction within ON-bipolar (ON-BC) cells
by mediating signal transmission from photoreceptors [55]. In
the ON pathway, GRM6 forms a complex with downstream
effectors (e.g., TRPMI) to transduce glutamate signals from
photoreceptors into depolarizing responses [56]. GRM6
interacts with GPR179 and LRIT3 to ensure proper synaptic
connectivity between photoreceptors and ON-BCs, and
its dysfunction disrupts this cascade, impairing scotopic
vision [50,57]. Additionally, GRM6 variants (p.Arg621Ter,
p-Gly51Val, and p.Gly464Arg) cause autosomal recessive
CSNB via pseudodominant inheritance, highlighting its
essential role in phototransduction [58]. Mutations in Grm6
lead to CSNB, characterized by loss of the b-wave in ERGs
and mislocalization of key proteins such as GPR179, TRPM1,
and regulatory proteins (RGS7, RGS11) at ON-BC dendritic
tips [55,59]. Based on the functional homology between
RGS7/RGS11 and RGS9, combined with our findings demon-
strating a strong correlation between Grm6 and RGS9, we
hypothesize that the significant positive correlation between
Grm6 and Rgs9, both involved in phototransduction, contrib-
utes to the pathogenesis of DR. However, the complexity of
DR pathophysiology likely involves multiple pathways and
genes contributing to scotopic vision impairment. Advanced
multiomics approaches and well characterized animal models
could help dissect these mechanisms, potentially paving the
way for targeted therapies for diabetic retinal dysfunction.
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Due to the limitations of mass spectrometry sequencing
depth, Grm6 expression was not detected in the proteomic
analysis. Therefore, future in-depth proteomics studies will
provide more detailed insights to elucidate the mechanisms
underlying diabetic scotopic vision impairment.

Conclusions: In summary, our study indicates that Grm6 is
associated with scotopic vision impairment induced by gluta-
mate accumulation. We propose that hyperglycemia-induced
glutamate accumulation downregulates Grm6 expression,
and Grm6 is correlated with Rgs9 in the phototransduction
pathway, collectively contributing to scotopic vision impair-
ment. Furthermore, our integrated strategy combining
proteomics and TWAS analysis provides an efficient approach
for identifying critical biomarkers and pathways in diabetic
retinopathy research.
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