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progression of retinal
microvascular injury in GCK-
MODY under metabolic stress

Yadi Huang1†, Yang Liu1†, Yiqing Wang1†, Xuan Liu1, Shuhui Ji2,
Shanshan Chen1, Hua Shu1, Yu Fan1*, Ming Liu1* and Xin Li1*

1Department of Endocrinology and Metabolism, Tianjin Medical University General Hospital,
Tianjin, China, 2Henan Key Laboratory of Rare Diseases, Endocrinology and Metabolism Center, The
First Affiliated Hospital, and College of Clinical Medicine of Henan University of Science and
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Background: Maturity-onset diabetes of the young type 2 (GCK-MODY), caused

by heterozygous inactivating mutations in the glucokinase (GCK) gene, is

generally considered a mild and stable form of diabetes with a relatively low risk

of chronic complications. However, whether GCK deficiency predisposes to

retinal microvascular injury under metabolic stress remains unclear.

Methods: A GCK-Q26L knock-in mouse model (GCKMut) was used to evaluate age-

and diet-dependent alterations in retinalmorphology andmolecular pathology under

normal diet (ND) and high-fat diet (HFD) conditions at 28, 40, and 60 weeks. Retinal

structure and vasculature were examined by H&E staining and trypsin digestion.

Oxidative stress, inflammation, and apoptosis were assessed using dihydroethidium

fluorescence, Western blotting, and immunohistochemistry. Correlation analyses

were performed to determine the relationship between NOX2 expression and

inflammatory/apoptotic markers.

Results: Under ND, retinal morphology and microvasculature were comparable

between GCKMut and WT mice at 28, 40, and 60 weeks. In contrast, after

prolonged HFD exposure, 60-week-old GCKMut mice exhibited clear

microvascular injury, characterized by increased acellular capillaries and

pronounced pericyte loss. At this late stage, retinal ROS levels were elevated,

accompanied by NOX2 upregulation and increased expression of IL-1b and TNF-

a. Apoptotic signaling was concurrently enhanced, as reflected by increased

cleaved caspase-3 and a higher Bax/Bcl-2 ratio. Consistently, NOX2 protein levels

correlated positively with inflammatory and apoptotic markers.

Conclusions: This study demonstrates that GCK inactivation can predispose to

retinal microvascular injury under prolonged metabolic stress. These findings

support a NOX2-centered oxidative stress–linked inflammatory and apoptotic

axis in late-stage retinal injury and highlight potential therapeutic targets for risk

reappraisal in GCK-MODY.
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Introduction

Maturity-onset diabetes of the young type 2 (GCK-MODY) is

caused by heterozygous inactivating mutations in the glucokinase

(GCK) gene. Clinically, it presents with lifelong, stable, mild fasting

hyperglycemia, and ketoacidosis or severe metabol ic

decompensation is uncommon (1–4). Glycemic levels typically

remain steady over time and often do not require glucose-

lowering therapy. Accordingly, GCK-MODY has traditionally

been regarded as carrying a low risk of chronic microvascular

complications (5–7). Our previous studies showed that GCK-

inactivating mutant mice (GCK-Q26L) exhibit age- and diet-

dependent alterations in l ipid metabolism and renal

microvascular pathology, suggesting that the metabolic stress

sensitivity of GCK mutation carriers may be underestimated (8).

In addition to the kidney, the retina is another densely perfused

microvascular organ. However, its susceptibility to GCK mutations

remains largely unexplored, particularly under chronic high-fat diet

(HFD) conditions, where the underlying pathological mechanisms

are poorly defined.

Diabetic retinopathy (DR) is a leading cause of adult-onset

blindness worldwide (9–11). Early manifestations of DR include

acellular capillary formation, pericyte loss, and capillary

remodeling, which may progress to irreversible visual

impairment, such as neovascularization and macular edema (12,

13). Oxidative stress induced by chronic hyperglycemia is a critical

initiating factor in the pathogenesis of DR (14, 15). The

accumulation of reactive oxygen species (ROS) can activate

mitochondrial apoptotic pathways and promote the expression

of proinflammatory cytokines, including IL-1b and TNF-a
(16, 17). Among ROS-generating enzymes, the NADPH oxidase

isoform NOX2 is a major source. It is broadly expressed in retinal

glial and vascular endothelial cells and is persistently activated

under hyperglycemic conditions (18, 19). Moreover, oxidative

stress and inflammation not only directly contribute to retinal

pathology but also accelerate DR progression by inducing

apoptosis (20, 21). Although these signaling pathways have

been extensively studied in type 1 and type 2 diabetes, their

roles in atypical subtypes such as GCK-MODY remain

poorly characterized.

In light of these observations, we employed a GCK-mutant

mouse model (GCKMut) to investigate the age-dependent

progression of retinal structural and molecular pathology under

both normal and high-fat diets. We systematically assessed dynamic

changes in retinal microvascular structure, oxidative stress,

inflammation, and apoptosis. Correlation analyses were

performed to explore the potential role of NOX2 in the oxidative

stress–inflammation–apoptosis signaling cascade. This study aims

to elucidate the molecular mechanisms through which metabolic

stress induces retinal injury in GCK-MODY. The findings may

provide mechanistic insight and identify potential therapeutic

targets for re-evaluating chronic complication risk in this

diabetic subtype.
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Materials and methods

Animal models

Heterozygous GCK-Q26L knock-in mice (GCKMut) on a

C57BL/6J background were bred in-house and used in this study

(22). Wild-type C57BL/6J mice served as controls. The normal diet

(ND; SCXK 2018-0003) comprised 20% protein, 4% fat, and 5%

fiber, whereas the high-fat diet (HFD; D12492, Research Diets)

contained 20% protein, 60% fat, and 20% carbohydrates. After

weaning, male mice were divided into four groups according to

genotype and diet: WT+ND, GCKMut+ND, WT+HFD, and

GCKMut+HFD. All mice were maintained under specific

pathogen-free (SPF) conditions with a 12-hour light/dark cycle at

22 ± 2 °C, with ad libitum access to food and water.

Retinal morphological analysis

Af t e r ane s the s i a , mouse eye s were fixed in 4%

paraformaldehyde, embedded in paraffin, and sectioned at 4 mm
thickness. All sections were prepared in a consistent orientation and

included the optic nerve head. Retinal sections were stained with

hematoxylin and eosin (H&E), examined under a light microscope,

and quantified at a fixed distance from the optic nerve head. Retinal

thickness was measured using Image-Pro Plus 6.0 software.

Retinal trypsin digestion

Retinal vascular flat mounts were prepared using a previously

described trypsin digestion protocol (23–25). Briefly, retinas were

isolated, washed, and digested with trypsin (G4004; Servicebio) to

remove non-vascular tissue. The isolated vascular networks were

subsequently mounted on glass slides. Slides were stained with

periodic acid–Schiff (PAS) and hematoxylin. Images were acquired

from 5–6 fields spanning the central to peripheral retina using a

light microscope. Acellular capillaries and pericyte ghosts were

quantified per square millimeter.

Immunohistochemistry

After deparaffinization, antigen retrieval was performed, and

endogenous peroxidase activity was blocked. Sections were

incubated overnight at 4°C with an anti-cleaved caspase-3

primary antibody (A2156; ABclonal). An HRP-conjugated

secondary antibody was applied, followed by DAB staining and

hematoxylin counterstaining. Stained sections were imaged using a

light microscope, and quantification was performed with Image-Pro

Plus 6.0.

Reactive oxygen species detection

Frozen retinal sections were incubated with dihydroethidium

(DHE; R001, Vigorous Biotechnology) at 37°C for 30 minutes. After

staining, images were promptly captured using a Zeiss AxioImager
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M2 fluorescence microscope. ROS fluorescence intensity was

quantified using Image-Pro Plus 6.0.

RNA extraction, cDNA synthesis, and
quantitative real-time PCR

Total RNA was isolated from retinal tissues using TRIzol

reagent (Invitrogen, USA) according to the manufacturer’s

instructions. Reverse transcription was carried out with the

PrimeScript™ RT kit with gDNA Eraser (Takara, Japan) to

generate complementary DNA. Quantitative real-time PCR was

performed on an ABI detection system using TB Green Premix Ex

Taq™ (Tli RNaseH Plus) (Takara, Japan) in a final reaction volume

of 20 mL. GAPDH was selected as the endogenous reference gene.

All primer sequences were designed and synthesized by ZTSINGKE

Biological Technology Co., Ltd. (Beijing, China), and are provided

in Supplementary Table 1.

Western blot analyses

Retinal proteins were extracted with RIPA buffer, separated by

SDS-PAGE, and transferred onto nitrocellulose membranes. After

blocking, membranes were incubated with primary antibodies

targeting IL-1b (A16288; ABclonal), TNF-a (A11534; ABclonal),

NOX2 (BM4576; BOSTER), SOD2 (PB9442; BOSTER), Bcl-2

(BA0412; BOSTER), Bax (A00183; BOSTER), Cleaved caspase-3

(A2156; ABclonal), p-S6K (AP0564; ABclonal), S6K (A4898;

ABclonal), p-S6 (AP1328; ABclonal), S6 (A11874; ABclonal), and

b-actin (KM9001T; Sungene). Protein bands were visualized by

enhanced chemiluminescence (ECL) detection (CLiNX).

Statistical analysis

All assays were performed with at least three technical replicates

when applicable, and data are expressed as mean ± standard error of

the mean (SEM). Unpaired t-tests were used for group

comparisons, and linear regression was applied for correlation

analysis. A p-value < 0.05 was considered statistically significant.

All statistical analyses were performed using GraphPad Prism

version 8.0.
Results

Retinal structure and vasculature remain
intact in GCKMut under ND

Previous studies have reported significant thinning of specific

retinal layers in diabetic mice (26, 27). To assess whether prolonged

mild hyperglycemia affects retinal thickness, we performed H&E

staining on retinal sections frommice aged 28, 40, and 60 weeks. All

samples were sectioned in a consistent orientation through the optic

nerve head, and measurements were obtained at a fixed distance

from the nerve head to ensure data consistency. No significant

differences in total retinal thickness were observed between the

GCKMut+ND and WT+ND groups at any examined time point
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(Figures 1A, B). Trypsin-digested retinal vascular preparations were

further analyzed to evaluate retinal microvascular integrity.

Consistent with the preserved retinal morphology, the numbers of

acellular capillaries and pericyte ghosts were comparable between

GCKMut+ND and WT+ND mice at 28, 40, and 60 weeks of age

(Figures 1A, C, D). These findings indicate that under ND

conditions, GCK inactivation alone does not induce detectable

retinal structural or microvascular abnormalities, even at

advanced age.

HFD induces retinal microvascular injury in
aged GCKMut mice

In contrast to the stable retinal structure observed under ND,

GCKMut mice progressively developed signs of microvascular injury

under HFD. At 28 and 40 weeks, the GCKMut+HFD group showed

no significant differences in the number of acellular capillaries or

pericyte ghosts compared with the WT+HFD group. These findings

indicate that retinal microvasculature remains relatively preserved

during the early stages of HFD feeding. However, at 60 weeks of age,

GCKMut mice fed an HFD exhibited a marked increase in acellular

capillaries and significant pericyte loss compared with age-matched

WT controls. This temporal pattern demonstrates an age-

dependent effect, in which retinal microvascular injury emerges

only after prolonged metabolic stress (Figures 2A, C, D). Despite

these vascular alterations, retinal thickness remained comparable

between the GCKMut+HFD and WT+HFD groups at all examined

time points. This observation suggests that HFD-induced retinal

injury in GCKMut mice is consistent with primarily microvascular

involvement, with no detectable change in total retinal thickness

across the examined ages (Figures 2A, B).

HFD elevates retinal oxidative stress in
aged GCKMut mice

Given the pivotal role of oxidative stress in diabetic retinopathy

(14–19), we further evaluated retinal oxidative stress levels in

GCKMut mice under HFD. Dihydroethidium (DHE) staining

showed that retinal reactive oxygen species (ROS) levels in the

GCKMut+HFD group were comparable to those in the WT+HFD

group at 28 and 40 weeks of age, but were significantly increased at

60 weeks (Figures 3A, B). Analysis of oxidative stress–related

proteins revealed no significant differences in NOX2 or SOD2

expression between GCKMut+HFD and WT+HFD mice at 28 and

40 weeks (Figures 3C, D). In contrast, at 60 weeks of age, NOX2

expression was significantly upregulated, whereas SOD2 expression

was markedly downregulated in GCKMut+HFD mice, indicating a

disruption of the oxidative–antioxidative balance (Figure 3E). This

temporal pattern demonstrates that NOX2-associated redox

imbalance emerges at the late stage of HFD exposure, coinciding

with the onset of retinal microvascular injury.

To further evaluate nutrient-sensing responses under metabolic

stress, we examined the activation of mTORC1 signaling in retinal

tissues at 60 weeks of age. Western blot analyses of phosphorylated

S6 kinase (p-S6K, Thr389) and phosphorylated S6 (p-S6, Ser240/

244) showed that mTORC1 activity was comparable between WT

and GCKMut mice under ND conditions. In contrast, prolonged
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HFD feeding induced a marked increase in mTORC1 signaling in

both genotypes, with GCKMut+HFD mice exhibiting a more

pronounced elevation in p-S6K and p-S6 ratios compared with

WT+HFD controls (Supplementary Figure 1). These data indicate

that prolonged HFD activates retinal mTORC1 signaling, with

higher p-S6K/S6K and p-S6/S6 levels in GCKMut+HFD mice than

in WT+HFD controls.

Chronic HFD aggravates retinal
inflammation in GCKMut mice

Chronic inflammation is a central pathological mechanism in

the development of diabetic retinopathy (28–30). To determine

whether prolonged HFD feeding exacerbates retinal inflammatory

responses, we examined the expression of the proinflammatory

cytokines TNF-a and IL-1b in retinal tissues. At 28 and 40 weeks,

TNF-a and IL-1b expression levels did not differ significantly

between the GCKMut+HFD and WT+HFD groups (Figures 4A, B).

These findings indicate that retinal inflammatory activation is not

evident during the early and intermediate stages of HFD exposure. In
Frontiers in Endocrinology 04
contrast, at 60 weeks of age, both TNF-a and IL-1b protein levels were

significantly increased in the retinas of GCKMut+HFD mice compared

with WT+HFD controls (Figure 4C). This late-stage elevation

demonstrates an age-dependent inflammatory response that parallels

the emergence of microvascular injury under chronic metabolic stress.

To further validate these observations at the transcriptional level, retinal

inflammatory gene expression was assessed by qRT-PCR. Consistent

with the protein data, Il1b and Tnf mRNA levels were significantly

higher in 60-week-old GCKMut+HFD mice than in WT+HFD mice

(Supplementary Figure 2).

HFD enhances retinal apoptosis in aged
GCKMut mice

To determine whether GCK inactivation exacerbates HFD–

induced retinal damage through apoptotic pathways, we evaluated

the expression of key apoptosis-related markers in retinal tissues.

Immunohistochemical analysis revealed that cleaved caspase-3

expression was comparable between the GCKMut+HFD and WT

+HFD groups at 28 and 40 weeks of age. In contrast, a marked
FIGURE 1

Retinal structure and microvasculature are preserved in GCKMut under ND. (A) Representative images of H&E staining and trypsin-digested retinal
vasculature in mice from both groups at 28, 40, and 60 weeks under ND. (B) Quantification of total retinal thickness at different time points in each
group. (C, D) Representative vascular images showing acellular capillaries and pericyte ghosts, and their quantification at different time points. Scale
bar = 50 mm. n = 5 mice per group. Data are presented as mean ± SEM. ns: not significant (GCKMut+ND vs. WT+ND). GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer.
frontiersin.org

https://doi.org/10.3389/fendo.2026.1744691
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2026.1744691
increase in cleaved caspase-3–positive staining was observed in the

retinas of 60-week-old GCKMut mice following prolonged HFD

exposure (Figure 5A). Western blot analysis further supported these

findings. At 28 and 40 weeks of age, protein levels of cleaved

caspase-3, Bax, and Bcl-2 did not differ significantly between the

GCKMut+HFD and WT+HFD groups (Figures 5B, C). However, at 60

weeks of age, cleaved caspase-3 expression was significantly increased,

accompanied by an elevated Bax/Bcl-2 ratio in GCKMut+HFD mice

compared with WT+HFD controls (Figure 5D). These results

indicate that retinal apoptotic signaling is selectively activated at

the late stage of chronic HFD exposure in the context of

GCK deficiency.

NOX2 expression correlates with
inflammation and apoptosis in GCKMut

retinas

To explore the relationship between oxidative stress,

inflammation, and apoptosis in the retinas of aged GCKMut mice
Frontiers in Endocrinology 05
under HFD conditions, linear correlation analyses were performed

using retinal tissues from 60-week-old mice. NOX2 protein levels

exhibited significant positive associations with the proinflammatory

cytokines IL-1b and TNF-a. Specifically, NOX2 expression

correlated with TNF-a (r = 0.8666, P < 0.05) and IL-1b (r =

0.8384, P < 0.05) (Figures 6A, B). In addition, NOX2 levels were

closely associated with the apoptotic marker cleaved caspase-3 (r =

0.8924, P < 0.05) (Figure 6C). Together, these findings indicate that

NOX2 upregulation is closely linked to inflammatory activation and

apoptotic signaling in the injured retina, highlighting NOX2 as a

central molecular feature associated with coordinated inflammatory

and apoptotic responses in this model.
Discussion

Using a GCK loss-of-function mouse model, we investigated

retinal structural and molecular changes under chronic metabolic
FIGURE 2

HFD induces retinal microvascular damage in aged GCKMut. (A) Representative images of retinal morphology and vascular architecture at different
time points in HFD-fed WT and GCKMut mice, assessed by H&E staining and trypsin digestion. (B) Quantification of total retinal thickness. (C, D) At 60
weeks, the GCKMut+HFD group exhibited a significant increase in acellular capillaries and pericyte ghosts. Scale bar = 50 mm. n = 5 mice per group.
Data are presented as mean ± SEM. *P < 0.05, ns: not significant (GCKMut+HFD vs. WT+HFD). GCL, ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer.
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stress. We integrated vascular pathology with oxidative,

inflammatory, and apoptotic readouts. The data support a NOX2-

centered oxidative stress–inflammation–apoptosis axis that links

GCK deficiency to retinal microvascular injury. This interpretation

goes beyond descriptive pathology and provides a mechanistically

informed framework for latent microvascular vulnerability in a

traditionally mild genetic form of diabetes under sustained nutrient

overload. To our knowledge, this is the first study to show that GCK

inactivation can elicit retinal microvascular lesions after long-term

HFD exposure, prompting a reappraisal of the benign view of

GCK-MODY.

Despite marked microvascular alterations in the GCKMut+HFD

group at 60 weeks, total retinal thickness remained unchanged

(Figure 2). This dissociation suggests that neurodegeneration may

lag behind vascular pathology. Previous studies have similarly

shown that retinal neurodegeneration and vascular remodeling

are closely linked but do not progress in a fully synchronized
Frontiers in Endocrinology 06
manner (31–33). In addition, inflammatory activation and

capillary occlusion can precede overt morphological degeneration

(34–36). Consistent with these observations, acellular capillary

formation and pericyte loss in GCKMut mice became evident only

after prolonged HFD exposure at advanced age (Figure 2).

Together, these findings indicate that retinal microvascular injury

represents an early detectable, stress-dependent pathological event

relative to neuroretinal thinning in the context of GCK deficiency,

whereas neurodegenerative changes may require longer exposure or

more severe metabolic stress to emerge.

Importantly, our findings provide evidence consistent with a

NOX2-centered oxidative stress–inflammation–apoptosis axis

associated with retinal microvascular injury in the setting of GCK

deficiency. Microvascular lesions became evident only after

prolonged HFD exposure at 60 weeks of age, indicating a clear

age-dependent pattern of injury (Figure 2). This structural

deterioration coincided with a shift toward a pro-oxidative state,
FIGURE 3

HFD increases retinal oxidative stress in GCKMut at 60 weeks. (A) Retinal reactive oxygen species (ROS) production at different time points was
assessed by dihydroethidium (DHE) staining. (B) Quantification of fluorescence intensity in each experimental group. (C–E) Western blot analysis of
NOX2 and SOD2 expression, with representative protein bands and expression levels at 28, 40, and 60 weeks of age. Scale bar = 50 mm. n = 6 mice
per group. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ns, not significant (GCKMut+HFD vs. WT+HFD).
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characterized by increased retinal ROS and NOX2 expression

together with reduced SOD2 levels (Figure 3). At this late stage,

inflammatory cytokines were elevated at both the protein and

transcript levels (Figure 4; Supplementary Figure 2), consistent

with redox-sensitive inflammatory programs implicated in

diabetic retinopathy (28–30). In parallel, mitochondrial apoptosis

was activated, as evidenced by cleaved caspase-3 induction and an

increased Bax/Bcl-2 ratio (Figure 5), representing a downstream

consequence of sustained oxidative and inflammatory stress (20,

21). Within the same cohort, NOX2 expression showed strong

associations with IL-1b, TNF-a, and cleaved caspase-3, consistent

with coordinated engagement of inflammatory and apoptotic

programs in the context of NOX2 upregulation (Figure 6).

Mechanistically, these observations are consistent with a model

in which NOX2-derived reactive oxygen species may act as an

upstream amplifier of redox-sensitive inflammatory signaling.

Sustained NOX2 activation may also increase mitochondrial

susceptibility to apoptosis, thereby promoting pericyte loss and

progressive microvascular destabilization under chronic nutrient

overload. This interpretation is supported by previous studies

showing that NOX2 activation in retinal vascular and glial cells

contributes to endothelial dysfunction, cytokine production, and

capillary degeneration in diabetic retinopathy (37–40). Müller glial

cells, in particular, may further propagate NOX2-driven oxidative

stress and inflammatory signal ing within the ret inal

microenvironment (41–43). Collectively, these findings position

NOX2 as a molecular hub linking oxidative stress to downstream

inflammatory and apoptotic injury, and highlight its potential as a

therapeutic target in GCK-associated microvascular disease.
Frontiers in Endocrinology 07
In addition to redox-driven mechanisms, nutrient- and stress-

responsive signaling pathways may further modulate retinal

susceptibility in the setting of GCK deficiency.

GCK is increasingly recognized not only as a glucose sensor but

also as a regulator of metabolic signaling networks that coordinate

cellular adaptation to nutrient availability (44). Emerging evidence

suggests that GCK activity can influence pathways such as

mTORC1 and inflammatory signaling programs. These pathways

integrate glucose and lipid cues and regulate oxidative stress,

cytokine production, and cell survival (45, 46). Consistent with

this concept, our supplementary data show enhanced retinal

mTORC1 activation in aged GCKMut mice following prolonged

HFD exposure. This effect is reflected by increased phosphorylation

of S6K and S6 (Supplementary Figure 1). These findings support a

testable hypothesis in which chronic nutrient overload activates

mTORC1 as a metabolic amplifier in GCK-deficient retinal tissue.

Such activation may lower the threshold for NOX2-dependent

oxidative stress and downstream inflammatory and apoptotic

signaling. Future studies could directly evaluate this model by

combining NOX2-targeted inhibition with mTORC1 blockade,

such as rapamycin-based approaches. Assessing whether these

interventions attenuate ROS accumulation, cytokine induction,

and mitochondrial apoptosis in aged HFD-fed GCKMut mice

would help clarify the causal hierarchy between nutrient sensing

and NOX2-centered redox signaling in this context.

In contrast to our previous findings in the kidney, the retina of

GCK mutant mice exhibited preserved histological structure under

ND up to 60 weeks of age. In comparison, early pathological changes

such as increased expression of TNF-a and IL-1b were already
FIGURE 4

Retinal inflammation is elevated in GCKMut following prolonged HFD feeding. (A–C) Western blot analysis of IL-1b and TNF-a expression at 28 (A),
40 (B), and 60 (C) weeks of age, with corresponding band intensity quantification. n = 6 mice per group. Data are presented as mean ± SEM. *P <
0.05, ns: not significant (GCKMut+HFD vs. WT+HFD).
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evident in the glomeruli at the same time point (8). This temporal

divergence in microvascular pathology between the retina and kidney

may reflect organ-specific differences in metabolic sensitivity and

barrier integrity. The retina possesses a specialized blood–retinal

barrier and a robust antioxidant defense system, which may

provide greater compensatory capacity under mild hyperglycemia.
Frontiers in Endocrinology 08
In contrast, the glomerular filtration system is continuously exposed

to glucose and lipid fluctuations, making it more susceptible to

inflammatory activation and basement membrane remodeling.

These observations underscore that GCK deficiency confers organ-

specific microvascular vulnerability, with distinct temporal windows

for injury manifestation under metabolic stress.
FIGURE 5

HFD feeding enhances retinal apoptosis in 60-week-old GCKMut. (A) Representative immunohistochemical images and quantification of cleaved
caspase-3 expression in both groups at 28, 40, and 60 weeks of age. (B–D) Western blot analysis of cleaved caspase-3, Bax, and Bcl-2 expression in
both groups at all three time points, along with band intensity quantification. Scale bar = 50 mm. n = 6 mice per group. Data are presented as mean ±
SEM. *P < 0.05,ns, not significant (GCKMut+HFD vs. WT+HFD).
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Although this study systematically elucidates mechanisms

underlying retinal microvascular injury in GCK-inactivated mice

under HFD conditions, several limitations warrant consideration.

First, the GCK-Q26L knock-in model represents a single mutation

and does not capture the full mutational and phenotypic

heterogeneity of human GCK-MODY. Second, mechanistic

inference is based primarily on tissue-level associations, and

causal validation of the proposed NOX2-centered pathway will

require targeted genetic or pharmacological interventions. Third, only

male mice were included, precluding assessment of sex-specific effects.

Fourth, translational relevance remains to be established in clinical

cohorts. Future studies combining NOX2 inhibition with modulation

of nutrient-sensing pathways such as mTORC1 will be particularly

informative in testing the proposed mechanistic framework.

In summary, this study delineates the age-dependent progression

of retinal microvascular damage induced by long-term HFD exposure

in a GCK loss-of-function mouse model. Our findings suggest that

NOX2 contributes to retinal pathogenesis under chronic metabolic

stress. These results indicate that GCK-MODYmay harbor a latent risk

of microvascular disease progression when exposed to common

stressors such as HFD, obesity, or aging. Collectively, this work

warrants a re-evaluation of the complication risk spectrum in GCK-

MODY and provides a rationale for more proactive, mechanism-

informed management strategies.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was approved by The Animal Ethical and

Welfare of Tianjin Medical University Chu Hsien-I Memorial

Hospital (approval number DXBYY-IACUC-2024022). The study
Frontiers in Endocrinology 09
was conducted in accordance with the local legislation and

institutional requirements.
Author contributions

YH: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Writing – original draft. YL:

Conceptualization, Formal analysis, Methodology, Software,

Writing – original draft. YW: Data curation, Methodology,

Writing – original draft. XuL: Formal analysis, Methodology,

Project administration, Validation, Writing – original draft. SJ:

Conceptualization, Data curation, Formal analysis, Methodology,

Project administration, Writing – review & editing. SC:

Conceptualization, Formal analysis, Methodology, Project

administration, Writing – original draft. HS: Conceptualization,

Methodology, Project administration, Validation, Writing – review

& editing. YF: Funding acquisition, Project administration,

Resources , Val ida t ion , Wri t ing – rev iew & edi t ing ,

Conceptualization, Formal analysis, Methodology, Supervision,

Writing – original draft. ML: Funding acquisition, Methodology,

Project administration, Resources, Supervision, Validation,

Writing – review & editing. XiL: Funding acquisition, Project

administration, Resources, Validation, Writing – review & editing.
Funding

The author(s) declared that financial support was received for this

work and/or its publication. The work was supported by the National

Key R&D Program (2022YFE0131400 and 2019YFA0802502), and

also by the National Natural Science Foundation of China

(82220108014, 82100865, and 82301951). We acknowledge the

support of the Tianjin Key Medical Discipline (Specialty)

Construction Project (TJYXZDXK-3-002C), Tianjin Municipal

Health Commission (TJWJ2021ZD001), Tianjin Municipal Science

and Technology Commission (23JCQNJC00680), Tianjin Medical

University General Hospital Clinical Research Program
FIGURE 6

NOX2 positively correlates with inflammatory and apoptotic markers in GCKMut retinas under HFD. (A) Correlation between NOX2 and TNF-a: r = 0.8666,
P < 0.05. (B) Correlation between NOX2 and IL-1b: r = 0.8384, P < 0.05. (C) Correlation between NOX2 and cleaved caspase-3: r = 0.8924, P < 0.05.
frontiersin.org

https://doi.org/10.3389/fendo.2026.1744691
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2026.1744691
(22ZYYLCZD02), and Tianjin Medical University Clinical Special

Disease Research Center - Neuroendocrine Tumor Clinical Special

Disease Research Center.
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure
Frontiers in Endocrinology 10
accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2026.1744691/

full#supplementary-material
References

1. Matschinsky FM. Glucokinase as glucose sensor and metabolic signal generator in
pancreatic beta-cells and hepatocytes. Diabetes. (1990) 39:647–52. doi: 10.2337/
diab.39.6.647

2. Sternisha SM, Miller BG. Molecular and cellular regulation of human glucokinase.
Arch Biochem Biophys. (2019) 663:199–213. doi: 10.1016/j.abb.2019.01.011

3. Bonnefond A, Unnikrishnan R, Doria A, Vaxillaire M, Kulkarni RN, Mohan V, et al.
Monogenic diabetes. Nat Rev Dis Primers. (2023) 9:12. doi: 10.1038/s41572-023-00421-w

4. Tosur M, Philipson LH. Precision diabetes: Lessons learned from maturity-onset diabetes
of the young (MODY). J Diabetes Investig. (2022) 13:1465–71. doi: 10.1111/jdi.13860

5. Chakera AJ, Steele AM, Gloyn AL, Shepherd MH, Shields B, Ellard S, et al.
Recognition and Management of Individuals With Hyperglycemia Because of a
Heterozygous Glucokinase Mutation. Diabetes Care . (2015) 38:1383–92.
doi: 10.2337/dc14-2769

6. Steele AM, Shields BM, Wensley KJ, Colclough K, Ellard S, Hattersley AT.
Prevalence of vascular complications among patients with glucokinase mutations
and prolonged, mild hyperglycemia. JAMA. (2014) 311:279–86. doi: 10.1001/
jama.2013.283980

7. Bishay RH, Greenfield JR. A review of maturity onset diabetes of the young (MODY)
and challenges in the management of glucokinase-MODY.Med J Aust. (2016) 205:480–
5. doi: 10.5694/mja16.00458

8. Huang Y, Fan Y, Liu Y, Liu X, Li W, Yang Y, et al. Duration-dependent alterations of
lipid profiles and microvascular complications in GCK-MODY. Biochim Biophys Acta
Mol Basis Dis. (2026) 1872:168137. doi: 10.1016/j.bbadis.2025.168137

9. Beckman JA, Creager MA. Vascular Complications of Diabetes. Circ Res. (2016)
118:1771–85. doi: 10.1161/circresaha.115.306884

10. Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl J Med. (2012)
366:1227–39. doi: 10.1056/NEJMra1005073

11. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et al. Global
prevalence and major risk factors of diabetic retinopathy.Diabetes Care. (2012) 35:556–
64. doi: 10.2337/dc11-1909

12. Cheng Y, Yu X, Zhang J, Chang Y, Xue M, Li X, et al. Pancreatic kallikrein protects
against diabetic retinopathy in KK Cg-A(y)/J and high-fat diet/streptozotocin-induced
mouse models of type 2 diabetes. Diabetologia. (2019) 62:1074–86. doi: 10.1007/
s00125-019-4838-9

13. Funatsu H, Noma H, Mimura T, Eguchi S, Hori S. Association of vitreous
inflammatory factors with diabetic macular edema. Ophthalmology. (2009) 116:73–9.
doi: 10.1016/j.ophtha.2008.09.037

14. Kowluru RA, Chan PS. Oxidative stress and diabetic retinopathy. Exp Diabetes Res.
(2007) 2007:43603. doi: 10.1155/2007/43603
15. Madsen-Bouterse SA, Kowluru RA. Oxidative stress and diabetic retinopathy:
pathophysiological mechanisms and treatment perspectives. Rev Endocr Metab Disord.
(2008) 9:315–27. doi: 10.1007/s11154-008-9090-4

16. Wang B, Wang Y, Zhang J, Hu C, Jiang J, Li Y, et al. ROS-induced lipid
peroxidation modulates cell death outcome: mechanisms behind apoptosis,
autophagy, and ferroptosis. Arch Toxicol. (2023) 97:1439–51. doi: 10.1007/s00204-
023-03476-6

17. Kowluru RA. Cross Talks between Oxidative Stress, Inflammation and Epigenetics
in Diabetic Retinopathy. Cells. (2023) 12:300. doi: 10.3390/cells12020300

18. Ruan Y, Jiang S, Musayeva A, Gericke A. Oxidative Stress and Vascular
Dysfunction in the Retina: Therapeutic Strategies. Antioxidants (Basel). (2020) 9:761.
doi: 10.3390/antiox9080761

19. Rohowetz LJ, Kraus JG, Koulen P. Reactive Oxygen Species-Mediated Damage of
Retinal Neurons: Drug Development Targets for Therapies of Chronic
Neurodegeneration of the Retina. Int J Mol Sci. (2018) 19:3362. doi: 10.3390/
ijms19113362

20. Kannan K, Jain SK. Oxidative stress and apoptosis. Pathophysiology. (2000) 7:153–
63. doi: 10.1016/s0928-4680(00)00053-5

21. Kang Q, Yang C. Oxidative stress and diabetic retinopathy: Molecular mechanisms,
pathogenetic role and therapeutic implications. Redox Biol. (2020) 37:101799.
doi: 10.1016/j.redox.2020.101799

22. Ji S, Shu H, Zhao H, Jiang H, Ye Y, Liu X, et al. Genotype-Phenotype Discrepancies
in Family Members With a Novel Glucokinase Mutation: Insights Into GCK-MODY
and Its Interplay With Insulin Resistance. Diabetes. (2025) 74:2337–50. doi: 10.2337/
db24-1036

23. Chou JC, Rollins SD, Fawzi AA. Trypsin digest protocol to analyze the retinal
vasculature of a mouse model. J Vis Exp. (2013), e50489. doi: 10.3791/50489

24. Veenstra A, Liu H, Lee CA, Du Y, Tang J, Kern TS. Diabetic Retinopathy: Retina-
Specific Methods for Maintenance of Diabetic Rodents and Evaluation of Vascular
Histopathology and Molecular Abnormalities. Curr Protoc Mouse Biol. (2015) 5:247–
70. doi: 10.1002/9780470942390.mo140190

25. Bhatwadekar AD, Duan Y, Chakravarthy H, Korah M, Caballero S, Busik JV, et al.
Ataxia Telangiectasia Mutated Dysregulation Results in Diabetic Retinopathy. Stem
Cells. (2016) 34:405–17. doi: 10.1002/stem.2235

26. Barber AJ, Lieth E, Khin SA, Antonetti DA, Buchanan AG, Gardner TW. Neural
apoptosis in the retina during experimental and human diabetes. Early onset and effect
of insulin. J Clin Invest. (1998) 102:783–91. doi: 10.1172/jci2425

27. Martin PM, Roon P, Van Ells TK, Ganapathy V, Smith SB. Death of retinal
neurons in streptozotocin-induced diabetic mice. Invest Ophthalmol Vis Sci. (2004)
45:3330–6. doi: 10.1167/iovs.04-0247
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2026.1744691/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2026.1744691/full#supplementary-material
https://doi.org/10.2337/diab.39.6.647
https://doi.org/10.2337/diab.39.6.647
https://doi.org/10.1016/j.abb.2019.01.011
https://doi.org/10.1038/s41572-023-00421-w
https://doi.org/10.1111/jdi.13860
https://doi.org/10.2337/dc14-2769
https://doi.org/10.1001/jama.2013.283980
https://doi.org/10.1001/jama.2013.283980
https://doi.org/10.5694/mja16.00458
https://doi.org/10.1016/j.bbadis.2025.168137
https://doi.org/10.1161/circresaha.115.306884
https://doi.org/10.1056/NEJMra1005073
https://doi.org/10.2337/dc11-1909
https://doi.org/10.1007/s00125-019-4838-9
https://doi.org/10.1007/s00125-019-4838-9
https://doi.org/10.1016/j.ophtha.2008.09.037
https://doi.org/10.1155/2007/43603
https://doi.org/10.1007/s11154-008-9090-4
https://doi.org/10.1007/s00204-023-03476-6
https://doi.org/10.1007/s00204-023-03476-6
https://doi.org/10.3390/cells12020300
https://doi.org/10.3390/antiox9080761
https://doi.org/10.3390/ijms19113362
https://doi.org/10.3390/ijms19113362
https://doi.org/10.1016/s0928-4680(00)00053-5
https://doi.org/10.1016/j.redox.2020.101799
https://doi.org/10.2337/db24-1036
https://doi.org/10.2337/db24-1036
https://doi.org/10.3791/50489
https://doi.org/10.1002/9780470942390.mo140190
https://doi.org/10.1002/stem.2235
https://doi.org/10.1172/jci2425
https://doi.org/10.1167/iovs.04-0247
https://doi.org/10.3389/fendo.2026.1744691
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2026.1744691
28. Behl Y, Krothapalli P, Desta T, DiPiazza A, Roy S, Graves DT. Diabetes-enhanced
tumor necrosis factor-alpha production promotes apoptosis and the loss of retinal
microvascular cells in type 1 and type 2 models of diabetic retinopathy. Am J Pathol.
(2008) 172:1411–8. doi: 10.2353/ajpath.2008.071070

29. Kern TS. Contributions of inflammatory processes to the development of the early
stages of diabetic retinopathy. Exp Diabetes Res. (2007) 2007:95103. doi: 10.1155/2007/
95103

30. Tang J, Kern TS. Inflammation in diabetic retinopathy. Prog Retin Eye Res. (2011)
30:343–58. doi: 10.1016/j.preteyeres.2011.05.002

31. Sohn EH, van Dijk HW, Jiao C, Kok PH, Jeong W, Demirkaya N, et al. Retinal
neurodegeneration may precede microvascular changes characteristic of diabetic
retinopathy in diabetes mellitus. Proc Natl Acad Sci U.S.A. (2016) 113:E2655–2664.
doi: 10.1073/pnas.1522014113

32. Wang W, Lo ACY. Diabetic Retinopathy: Pathophysiology and Treatments. Int J
Mol Sci. (2018) 19:1816. doi: 10.3390/ijms19061816

33. Shi X, Li P, Herb M, Liu H, Wang M, Wang X, et al. Pathological high intraocular
pressure induces glial cell reactive proliferation contributing to neuroinflammation of
the blood-retinal barrier via the NOX2/ET-1 axis-controlled ERK1/2 pathway. J
Neuroinflamm. (2024) 21:105. doi: 10.1186/s12974-024-03075-x

34 . Ra j a gopa l R , B l i g a r d GW, Zhang S , Y i n L , Luka s i ew i c z P ,
Semenkovich CF. Functional Deficits Precede Structural Lesions in Mice With High-
Fat Diet-Induced Diabetic Retinopathy. Diabetes. (2016) 65:1072–84. doi: 10.2337/
db15-1255

35. Asare-Bediako B, Noothi SK, Li Calzi S, Athmanathan B, Vieira CP, Adu-
Agyeiwaah Y, et al. Characterizing the Retinal Phenotype in the High-Fat Diet and
Western Diet Mouse Models of Prediabetes. Cells. (2020) 9:464. doi: 10.3390/
cells9020464

36. Forrester JV, Kuffova L, Delibegovic M. The Role of Inflammation in Diabetic
Retinopathy. Front Immunol. (2020) 11:583687. doi: 10.3389/fimmu.2020.583687
Frontiers in Endocrinology 11
37. Panday A, Sahoo MK, Osorio D, Batra S. NADPH oxidases: an overview from
structure to innate immunity-associated pathologies. Cell Mol Immunol. (2015) 12:5–
23. doi: 10.1038/cmi.2014.89

38. Begum R, Thota S, Abdulkadir A, Kaur G, Bagam P, Batra S. NADPH oxidase
family proteins: signaling dynamics to disease management. Cell Mol Immunol. (2022)
19:660–86. doi: 10.1038/s41423-022-00858-1

39. Yamagishi S, Ueda S, Matsui T, Nakamura K, Okuda S. Role of advanced glycation
end products (AGEs) and oxidative stress in diabetic retinopathy. Curr Pharm Des.
(2008) 14:962–8. doi: 10.2174/138161208784139729

40. Stitt AW. AGEs and diabetic retinopathy. Invest Ophthalmol Vis Sci. (2010)
51:4867–74. doi: 10.1167/iovs.10-5881

41. Chen Y, Xia Q, Zeng Y, Zhang Y, Zhang M. Regulations of Retinal Inflammation:
Focusing on Müller Glia. Front Cell Dev Biol. (2022) 10:898652. doi: 10.3389/
fcell.2022.898652

42. Balzamino BO, Cacciamani A, Dinice L, Cecere M, Pesci FR, Ripandelli G, et al.
Retinal Inflammation and Reactive Müller Cells: Neurotrophins' Release and
Neuroprotective Strategies. Biol (Basel). (2024) 13:1030. doi: 10.3390/biology13121030

43. Feng Y, Wang X, Li P, Shi X, Prokosch V, Liu H. Exogenous hydrogen sulfide and
NOX2 inhibition mitigate ferroptosis in pressure-induced retinal ganglion cell damage.
Biochim Biophys Acta Mol Basis Dis. (2025) 1871:167705. doi: 10.1016/
j.bbadis.2025.167705

44. Ashcroft FM, Lloyd M, Haythorne EA. Glucokinase activity in diabetes: too much of a
good thing? Trends Endocrinol Metab. (2023) 34:119–30. doi: 10.1016/j.tem.2022.12.007

45. Zhao T, Fan J, Abu-Zaid A, Burley SK, Zheng XFS. Nuclear mTOR Signaling
Orchestrates Transcriptional Programs Underlying Cellular Growth and Metabolism.
Cells. (2024) 13:781. doi: 10.3390/cells13090781

46. Xie Z, Xie T, Liu J, Zhang Q, Xiao X. Glucokinase Inactivation Ameliorates Lipid
Accumulation and Exerts Favorable Effects on Lipid Metabolism in Hepatocytes. Int J
Mol Sci. (2023) 24:4315. doi: 10.3390/ijms24054315
frontiersin.org

https://doi.org/10.2353/ajpath.2008.071070
https://doi.org/10.1155/2007/95103
https://doi.org/10.1155/2007/95103
https://doi.org/10.1016/j.preteyeres.2011.05.002
https://doi.org/10.1073/pnas.1522014113
https://doi.org/10.3390/ijms19061816
https://doi.org/10.1186/s12974-024-03075-x
https://doi.org/10.2337/db15-1255
https://doi.org/10.2337/db15-1255
https://doi.org/10.3390/cells9020464
https://doi.org/10.3390/cells9020464
https://doi.org/10.3389/fimmu.2020.583687
https://doi.org/10.1038/cmi.2014.89
https://doi.org/10.1038/s41423-022-00858-1
https://doi.org/10.2174/138161208784139729
https://doi.org/10.1167/iovs.10-5881
https://doi.org/10.3389/fcell.2022.898652
https://doi.org/10.3389/fcell.2022.898652
https://doi.org/10.3390/biology13121030
https://doi.org/10.1016/j.bbadis.2025.167705
https://doi.org/10.1016/j.bbadis.2025.167705
https://doi.org/10.1016/j.tem.2022.12.007
https://doi.org/10.3390/cells13090781
https://doi.org/10.3390/ijms24054315
https://doi.org/10.3389/fendo.2026.1744691
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Age- and diet-dependent progression of retinal microvascular injury in GCK-MODY under metabolic stress
	Introduction
	Materials and methods
	Animal models
	Retinal morphological analysis
	Retinal trypsin digestion
	Immunohistochemistry
	Reactive oxygen species detection
	RNA extraction, cDNA synthesis, and quantitative real-time PCR
	Western blot analyses
	Statistical analysis

	Results
	Retinal structure and vasculature remain intact in GCKMut under ND
	HFD induces retinal microvascular injury in aged GCKMut mice
	HFD elevates retinal oxidative stress in aged GCKMut mice
	Chronic HFD aggravates retinal inflammation in GCKMut mice
	HFD enhances retinal apoptosis in aged GCKMut mice
	NOX2 expression correlates with inflammation and apoptosis in GCKMut retinas

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


