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Abstract

Diabetic cardiomyopathy (DCM) is an important complication resulting in heart fail-

ure and death of diabetic patients. However, there is no effective drug for treat-

ments. This study investigated the effect of D-pinitol (DP) on cardiac injury using

diabetic mice and glycosylation injury of cardiomyocytes and its molecular mecha-

nisms. We established the streptozotocin-induced SAMR1 and SAMP8 mice and DP

(150 mg/kg/day) intragastrically and advanced glycation end-products (AGEs)-

induced H9C2 cells. H9C2 cells were transfected with optineurin (OPTN) siRNA and

overexpression plasmids. The metabolic disorder indices, cardiac dysfunction, histo-

pathology, immunofluorescence, western blot, and immunoprecipitation were inves-

tigated. Our results showed that DP reduced the blood glucose and AGEs, and

increased the expression of heart OPTN in diabetic mice and H9C2 cells, thereby

inhibiting the endoplasmic reticulum stress (GRP78, CHOP) and glycophagy (STBD1,

GABARAPL1), and alleviating the myocardial apoptosis and fibrosis of DCM. The

expression of filamin A as an interaction protein of OPTN downregulated by AGEs

decreased OPTN abundance. Moreover, OPTN siRNA increased the expression of

GRP78, CHOP, STBD1, and GABARAPL1 and inhibited the expression of GAA via

GSK3β phosphorylation and FoxO1. DP may be helpful to treat the onset of DCM.

Targeting OPTN with DP could be translated into clinical application in the fighting

against DCM.
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1 | INTRODUCTION

Diabetic cardiomyopathy (DCM) is a pathophysiological condition that

results in heart failure in diabetic patients and increases mortality

throughout the world and the burden of economic and social. The

pathophysiological mechanisms of DCM include advanced glycation

end-products (AGEs), deposition, oxidative stress, endoplasmic

reticulum stress (ERS), glycophagy dysregulation, mitochondrial dys-

function, increased myocyte apoptosis and fibrosis, etc (Jia

et al., 2016, 2018; Zhao et al., 2018). However, the relationship

between ERS and glycophagy has not been fully unraveled.

ERS plays a crucial role in the development of myocardial apopto-

sis and fibrosis in DCM. Endoplasmic reticulum is a complex intracellu-

lar membrane network, which regulates protein folding and
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modification (Li, Yu, et al., 2022; Li, Zhang, et al., 2022). A variety of

factors including hyperglycemia, AGEs accumulation, oxidative stress,

and ischemia, cause the accumulation of unfolded proteins, and trig-

ger unfolded protein response, which ultimately leads to myocardial

apoptosis and hypertrophy (Fernández et al., 2015; He et al., 2018).

Glucose-regulated protein 78 (GRP78) and C/EBP homologous pro-

tein (CHOP) as markers of ERS play an important role in DCM

(Preetha Rani et al., 2022). Moreover, ERS can induce autophagy, and

autophagy protects ERS-mediated apoptosis by negative feedback.

The crosstalk between ERS and autophagy indicates that ERS is

involved in autophagic events (Mandl & Bánhegyi, 2018). On the con-

trary, excessive autophagy can also lead to atherosclerosis and cell

death. Glycophagy is a special type of autophagy that is crucial for

regulating glycogen catabolism. It is a double-edged sword that can

provide both endogenous protection and endogenous damage. The

expression of gamma-aminobutyric acid receptor-associated protein-

like 1 (GABARAPL1) and starch binding domain-containing protein

1 (STBD1), as glycophagy markers, was increased in the heart of

streptozotocin (STZ)-induced diabetic rats (Mellor et al., 2014). Acid

alpha-glucosidase (GAA) plays an important role in lysosomal glyco-

genolysis. Many studies have reported that glycophagy aggravates the

myocardial injury of diabetes and ultimately leads to the onset and

development of DCM (Koutsifeli et al., 2022; Zhao et al., 2018).

Optineurin (OPTN) is an autophagic receptor that participates in

many crucial cellular processes such as cell division, autophagy, trans-

portation of protein, and membrane cargo (Hu et al., 2023; Qiu

et al., 2022). Chen et al. reported that high glucose significantly inhib-

ited the levels of OPTN mRNA and protein in murine renal tubular

epithelial cells. OPTN inhibited the activation of NOD-like receptor

thermal protein domain-associated protein 3 inflammasomes and

reduced the level of mitochondrial reactive oxygen species in diabetic

nephropathy (Chen et al., 2019). Moreover, it is found that OPTN

knockdown was related to activation ERS response and chaperones-

mediated autophagy in the pancreatic ductal adenocarcinoma cells (Ali

et al., 2019). Therefore, it is of great clinical significance to elucidate

the molecular mechanism OPTN-modulated ERS and glycophagy in

DCM, and to search for effective drug targets for treatment.

Our previous research found that D-pinitol (methyl ether of

D-chiro-inositol, DP) could inhibit the myocardial apoptosis and fibro-

sis in STZ-induced senescence-accelerated prone 8 (SAMP8) mice.

The protective effect of DP on DCM was related to the regulation of

OPTN (Li et al., 2021; Li, Yu, et al., 2022; Li, Zhang, et al., 2022). DP is

found in large quantities in soybean, carob pods, and legume foods.

DP has been pharmacologically evaluated for its antidiabetic, antioxi-

dant, antiageing, cardioprotective, renoprotective, and anticancer effi-

cacies (Liu et al., 2022; Medina-Vera et al., 2022). Oral DP can be

easily absorbed and cleared, and plays an insulin-like role and directly

activates insulin signaling processes in diabetic animal models. How-

ever, the molecular mechanism of DP in treating DCM has not been

elucidated.

The objective of the present study was to investigate the effect

of DP on DCM using the STZ-induced SAMR1 and SAMP8 mice and

AGEs-induced H9C2 cells. The molecular mechanism of DP

and OPTN-modulated ERS and glycophagy was evaluated in the

experiment.

2 | MATERIALS AND METHODS

2.1 | Materials

D-pinitol (Lot No: BCCB9551, purity 95%) and STZ were purchased

from Sigma Aldrich (St. Louis, USA). AGEs was purchased from Bioss

Biotechnology Co., Ltd (Beijing, China). Bovine serum albumin (BSA)

was purchased from Meilunbio (Dalian, China). The antibodies of

OPTN (10837-1-AP), GABARAPL1 (11010-1-AP), GRP78

(11587-1-AP), CHOP (15204-1-AP), glycogen synthase kinase-3β

(GSK3β, 22,104-1-AP), p-GSK3β (Ser9, 67,558-1-Ig), GAA

(14367-1-AP), and β-actin (20536-1-AP) were all purchased from Pro-

teintech (Wuhan, China). The antibody of filamin A (FLNA, sc-17,749)

was purchased from Santa Cruz Biotechnology (Dallas, USA). The anti-

bodies of GAA (A19234) and forkhead box O1 (FoxO1, A2934) were

purchased from ABclonal (Wuhan, China). The antibody of STBD1

(Df12326) was purchased from Affinity Biosciences (Changzhou,

China). The antibody of FLNA (BM4039) was purchased from BOS-

TER (Wuhan, China). The cell counting kit-8 (CCK-8) was purchased

from MedChem Express (New Jersey, USA). IP/CO-IP extraction kit

was purchased from Abbkine Scientific (Wuhan, China). The mouse

AGEs ELISA kit was purchased from Jiyinmei Biotechnology (Wuhan,

China). Lipofectamine 3000 was purchased from Thermo Fisher Scien-

tific (Waltham, USA). Annexin V-FITC/PI cell apoptosis detection kit

was purchased from Bergolin (Dalian, China). Glycogen content and

reactive oxygen species (ROS) assay kit were purchased from Solarbio

(Beijing, China). All other chemical reagents were purchased with ana-

lytical grade.

2.2 | Animals and groups

Detailed methods were described in Supplementary Material. CCR

(n = 10): control SAMR1 group, DMR (n = 13): STZ-induced SAMR1

group, CCP (n = 10): control SAMP8 group, DMP (n = 13): STZ-

induced SAMP8 group, DDP (n = 13): DP-treated STZ-induced

SAMP8 group. All procedures were approved by the Animal Ethics

Committee of Shandong University (Approval No: 21170). All animal

experiments were carried out according to the Laboratory

Animal Center's guidelines of Shandong University in compliance with

the ARRIVE guidelines.

2.3 | Echocardiography

Before the end of the experiments, transthoracic echocardiographic

images of hearts were obtained by Vevo 770 machine equipped with

a 30-MHz transducer (VisualSonics, Toronto, ON, Canada) under iso-

flurane anesthesia.
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2.4 | Determination of body weight (BW), heart
weight (HW)/BW, fasting blood glucose (FBG), AGEs,
and heart glycogen

Animals were weighed every week. At the end of the study, the HW

was measured and calculated the ratios of HW/BW (mg/g). Serum

FBG was determined by DVI-1650 Automatic Biochemistry and Anal-

ysis Instrument (Bayer, Germany). Serum and cardiac AGEs, and car-

diac glycogen contents were determined according to the

manufacturer's instructions.

2.5 | Light microscopy

Hearts were excised and fixed in 4% paraformaldehyde, embedded in

paraffin, and cut into 4-μm-thick sections. Then, they were stained

with hematoxylin and eosin (HE), Masson's Trichrome, Periodic Acid-

Schiff (PAS), immunofluorescence (OPTN 1:200), and immunohisto-

chemistry (STBD1, GRP78, GAA 1:200).

2.6 | Transmission electron microscope

The hearts were cut into cubes of 1 mm3 in size, immediately put into

the transmission electron microscope (TEM) fixative, and then embed-

ded with resin. The slices were obtained using Leica UC7 microsys-

tems, then stained by uranium acetate-saturated alcohol and lead

citrate. The ultrathin sections were examined with an HT7800 TEM

(Hitachi, Japan).

2.7 | Cell cultures

H9C2 cells (rat heart myoblast cell line) were obtained from the

Shanghai QiDa Biotechnology (Shanghai, China). H9C2 cells were cul-

tured in DMEM medium containing 10% FBS in an incubator with a

volume fraction of 5% CO2 at 37�C. Logarithmic growth cells in good

condition were used for the following experiments.

2.8 | Knockdown of OPTN by small interfering
RNAs (siRNA) and overexpression plasmid transfection

OPTN siRNAs and negative control siRNAs were designed and chemi-

cally synthesized from Shanghai GenePharma (Shanghai, China). The

siRNA sequence targeting OPTN included: sense 50-GCCAGUU-

GUUUGAGAUACATT-30, antisense 50-UGUAUCUCAAACAAC

UGGCTT-30. The sequence of negative control siRNA is: sense 50-

UUCUCCGAA CGUGUCACGUTT-30, antisense 50-ACGUGACAC-

GUUCGGAGAATT-30. The overexpression plasmids Rattus-OPTN

(GenBank accession no: NM_145081.4) were constructed by Shang-

hai BioSune Biotechnology (Shanghai, China). H9C2 cells were trans-

fected with OPTN siRNA and overexpression plasmids using

Lipofectamine 3000 according to the manufacturer's instructions. The

OPTN expression was measured by real-time polymerase chain reac-

tion (RT-PCR) and western blot at 24, 48 h after transfection.

2.9 | Co-immunoprecipitation (CO-IP)

H9C2 cells with overexpressing OPTN were lysed using the CO-IP

extraction kit. The lysates were incubated with either anti-OPTN anti-

body or IgG overnight at 4�C. Then, the beads were boiled in an SDS

loading buffer for CO-IP assay and western blot validation. The inter-

acting proteins of OPTN were identified with Q-Exactive HF LC–MS/

MS (Thermo Fisher Scientific, USA). Detailed methods and database

searching were described in Supplementary Material.

2.10 | Immunofluorescence

H9C2 cells were fixed with 4% paraformaldehyde for 15 min and

were permeabilized with 0.5% Triton X-100 for 20 min from the vari-

ous treatment groups. After blocking with 5% BSA for 30 min, the

cells were incubated with primary antibodies (OPTN, STBD1, GRP78,

FLNA 1:100) at 4�C overnight. Subsequently, the cells were incubated

with fluorescence staining secondary antibody for 60 min at room

temperature. Cell fluorescence was observed by a fluorescence micro-

scope (Olympus BX53, Japan) and was evaluated by Fiji Image soft-

ware. The results were expressed as mean fluorescence

intensity (MFI).

2.11 | Western blot analysis

The heart and H9C2 cells samples were homogenized in ice-cold lysis

buffer containing PMSF (Beyotime Biotechnology, Jiangsu, China). An

equal amount of protein was separated by SDS-PAGE (10%) and

transferred onto polyvinylidene difluoride membranes. The membrane

was sealed with PBST-5% skimmed milk or PBST-5% BSA and then

incubated overnight with the antibody at 4�C as follows: OPTN

(1:5000), STBD1 (1:1000), GABARAPL1 (1:1000), GRP78 (1:5000),

CHOP (1:1000), GAA (1:1000), FLNA (1:1000), GSK3β (1:5000), pho-

GSK3β (Ser9, 1:1000), and FoxO1 (1:1000). Secondary antibody

(Beyotime, China) was applied for 1 h at room temperature. The inten-

sity of immunoblot bands was normalized to that of β-actin (1:2000).

Densitometry was obtained for quantification of each identified pro-

tein band and analyzed with Image J densitometry software.

2.12 | Statistical analysis

Data were expressed as mean ± standard deviation. Statistical

analysis between groups was made using one-way analysis of variance

(ANOVA) followed by Tukey's post hoc test for multiple comparisons.

p-value <0.05 was considered statistically significant. All analyses

were performed with SPSS for Windows software version 22.0 (SPSS,

Chicago, USA).
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3 | RESULTS

3.1 | Effects of DP on BW, HW/BW, serum FBG
and AGEs, cardiac AGEs and glycogen, and cardiac
function

The mice number was 10, 10, 10, 10, and 11, respectively, of group

CCR, DMR, CCP, DMP, and DDP at the end of experiment. The BW

of diabetic groups (DMR and DMP) decreased significantly compared

with the control group (CCR and CCP) at 23 weeks (p < 0.01). DP sig-

nificantly increased the weight of diabetic mice (Figure 1a, p < 0.01).

The ratios of HW/BW, serum FBG and AGEs concentrations, cardiac

AGEs, and glycogen contents of the diabetic groups (DMR and DMP)

were significantly higher than those of the control group (CCR and

CCP), while those in the DDP group were decreased (p < 0.01)

(Figure 1b–f).

Moreover, the cardiac function in left ventricular internal dimen-

sion diastole (LVIDd, mm) of mice was significantly increased, and the

left ventricular volume in diastole (LVVd, μL), left ventricular ejection

fractions (LVEF, %), fractional shortening (FS, %), and the ratio E

peak/A peak (E/A) in the diabetic group were significantly reduced

compared with that in the control group. However, after 8-week DP

administration, the cardiac dysfunction was significantly improved in

the diabetic mice (Figure 1g–l, p < 0.01).

3.2 | Effects of DP on cardiac histological findings
and ultrastructure

Under light microscopy, the heart of diabetic groups (DMR and DMP)

showed irregular arrangement of muscle fibers, edema, inflammatory

cell infiltration, and extracellular matrix accumulation. Moreover, the

cardiac fibrosis, collagen, and glycogen contents were significantly

higher observed in the diabetic group (DMR and DMP) than those of

control group (CCR and CCP). A decreased level of myocardial injury,

fibrotic formation, and glycogen content were observed in the heart

of DDP group when treated with DP (Figure 2a–c).

TEM analysis showed cardiomyocyte architecture in the hearts.

The cardiomyocyte of diabetic group (DMR and DMP) showed sarco-

meres and myofilament arrangements disturbance, sarcoplasmic retic-

ulum dilation, glycogen particle aggregation, glycogen autophagosome

and damaged mitochondria, and cristae appearing disordered. DP

could significantly improve the subcellular structural damage in dia-

betic mice (Figure 2d).

3.3 | Effects of DP on OPTN, STBD1,
GABARAPL1, GRP78, CHOP, and GAA in the heart of
diabetic mice

By immunofluorescence, OPTN-positive expression was decreased in

the heart tissues of diabetic groups (DMR and DMP), and DP

significantly restored the OPTN-positive expression in the heart tis-

sues (Figure 3a). MFI of OPTN was determined in the heart

tissues (Figure 3b). By immunohistochemistry, STBD1 and

GRP78-positive areas were increased, GAA-positive areas were

decreased in the heart tissues of diabetic groups (DMR and DMP),

while DP improved the STBD1, GRP78, and GAA-positive areas

(Figure 3c). To further investigate the effect of DP on glycophagy and

ERS, we measured the protein expression of OPTN, STBD1, GABAR-

APL1, GRP78, CHOP, and GAA by western blot. Consistently, DP

increased the protein expression of OPTN and GAA, and inhibited the

protein expression of STBD1, GABARAPL1, GRP78, and CHOP in the

DDP group (Figure 3d–k, p < 0.05).

3.4 | Transduction efficiency and effects of OPTN
on cell viability in H9C2 treated by AGEs

H9C2 carrying OPTN siRNA (OsiRNA) and negative control siRNA

(NC), and EGFP (GFP) and OPTN overexpression plasmids (Oover)

were harvested. The transduction efficiency was assessed by RT-PCR

and western blot. The mRNA and protein expression of OPTN

reached optimal transduction efficiency at 48 h (Supplementary

Figures S1).

The structure of DP was shown in Supplementary Figure S2A.

The cell viability of H9C2 cells was decreased in exposure to AGEs

(0, 25.00, 50.00, 100.00, 200, 400 μg/mL) for 48 h (Supplementary

Figure S2B). The cell viability was increased when H9C2 cells were

exposed to DP at a concentration of ≤80.00 umol/L for 48 h

(Supplementary Figure S2C). The DMSO, unmodified BSA, negative

control siRNA, or GFP did not affect cell viability. Different concentra-

tions of DP pretreatment (20, 40, 80 μmol/L) significantly improved

the decrease of cell viability induced by AGEs (200 μg/mL) stimulation

(Supplementary Figure S2D, p < 0.01). Moreover, OPTN siRNA signifi-

cantly decreased cell viability (p < 0.01). The cell viability was

increased when the OsiRNA group was exposed to DP for 48 h.

OPTN overexpression significantly attenuated AGEs induced the

decrease of cell viability compared with the GFP + AGEs group

(Supplementary Figure S2E, p < 0.01) for 48 h.

3.5 | Effects of DP on ROS and OPTN on
apoptosis in H9C2 treated by AGEs

The ROS formation was significantly increased by AGEs (200 μg/mL)

stimulation, whereas pretreatment of DP (80 μmol/L) prevented

AGEs-induced ROS generation for 48 h (Supplementary Figure S3A

and S3B, p < 0.01).

The percentage of apoptotic cells was significantly increased by

AGEs (200 μg/mL) stimulation for 48 h (p < 0.01). Pretreatment of

H9C2 with DP (80 μmol/L) significantly improved the AGEs-

stimulated cell apoptosis (p < 0.01). OPTN siRNA significantly

increased the cell apoptosis (p < 0.01), while DP (80 μmol/L)
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attenuated the cell apoptosis for 48 h. Induction of the GFP group

with AGEs (200 μg/mL) resulted in a significant increase in cell apo-

ptosis, whereas OPTN overexpression significantly attenuated AGEs-

induced cell apoptosis for 48 h (Supplementary Figure S4A and

S4B, p < 0.01).

3.6 | Effects of OPTN on STBD1, GABARAPL1,
GRP78, CHOP, and GAA in H9C2 cells

The expression of OPTN, STBD1, and GRP78 was detected in H9C2

cells by immunofluorescence. Compared with CC group, the

F IGURE 1 Effects of DP on BW, HW/BW, serum FBG and AGEs, cardiac AGEs and glycogen, and cardiac function in STZ-induced SAMP8.
(a) Body weight changes of the mice. (b) HW/BW changes of the mice. (c) Serum FBG changes of the mice. (d) Serum AGEs changes of the mice.

(e) Cardiac AGEs changes of the mice. (f) Cardiac glycogen changes of the mice. (g) Representative echocardiographic images of LV M-model in
the mice. (h) Measurement of the LVIDd (mm) in the mice. (i) Measurement of the LVVd (mm) in the mice. (j) Measurement of LVEF (%) in the
mice. (k) Measurement of FS (%) in the mice. (l) Measurement of the ratio E peak/A peak (E/A) in the mice. (A-L: CCR, n = 10; DMR, n = 10; CCP,
n = 10; DMP, n = 10; DDP, n = 11). *p < 0.05, **p < 0.01 compared with control group (CCR and CCP); #p < 0.05, ##p < 0.01 compared with
DMP group. CCR: control SAMR1 group; DMR: STZ-induced SAMR1 group; CCP: control SAMP8 group; DMP: STZ-induced SAMP8 group;
DDP: DP-treated STZ-induced SAMP8 group. DP: D-pinitol; BW: body weight; HW/BW: heart weight/body weight; FBG: fasting blood glucose;
AGEs: advanced glycation end-products; STZ: streptozotocin; LVIDd: left ventricular internal dimension diastole; LVVd: left ventricular volume in
diastole; LVEF: left ventricular ejection fractions; FS: fractional shortening.
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expression of OPTN was significantly decreased, and the expression

of STBD1 and GRP78 was significantly increased in the AGEs group.

Pretreatment of H9C2 with DP (80 μmol/L) significantly improved the

expression of OPTN, STBD1, and GRP78 by AGEs (200 μg/mL) stimu-

lation for 48 h. Induction of the CC group with AGEs (200 μg/mL)

resulted in a significant increase in the expression of STBD1 and

GRP78, whereas OPTN overexpression significantly attenuated AGEs

induced the expression of STBD1 and GRP78 for 48 h. OPTN siRNA

significantly increased the expression of STBD1 and GRP78 for 48 h

(Figure 4a,b). MFI of OPTN, STBD1, and GRP78 was determined in

H9C2 cells (Figure 4c–e). To further investigate the effect of OPTN

and DP on glycophagy and ERS, we measured the protein expression

of OPTN, STBD1, GABARAPL1, GRP78, CHOP, and GAA by western

blot. Consistently, DP increased the protein expression of OPTN and

GAA and inhibited the protein expression of STBD1, GABARAPL1,

GRP78, and CHOP in the DDP group (Figure 4f–h, p < 0.05). Stimula-

tion of GFP group with AGEs (200 μg/mL) resulted in a significant

increase in the protein expression of STBD1, GABARAPL1, GRP78,

and CHOP, and a significant decrease in the protein expression of

GAA, whereas OPTN overexpression significantly attenuated AGEs

induced the protein expression of STBD1, GABARAPL1, GRP78,

CHOP, and GAA compared with GFP + AGEs group (Figure 4i–k,

p < 0.05). Moreover, the protein expression of STBD1, GABARAPL1,

GRP78, and CHOP significantly increased, the protein expression of

GAA significantly decreased in OsiRNA group compared with those in

NC group (Figure 4l–n, p < 0.01). But both OsiRNA+DP group and

F IGURE 2 Effects of DP on cardiac histological findings and ultrastructure. (a) Representative light micrographs of the heart (HE, bar:
100 μm, n = 5). (b) Representative light micrographs of the heart (Masson's Trichrome, bar: 100 μm, n = 5). (c) Representative light micrographs
of the heart (PAS, bar: 100 μm, n = 5). D: Transmission electron microscope images of the myocardium (bar: 2.0 μm, 1.0 um, n = 5). CCR: control
SAMR1 group; DMR: STZ-induced SAMR1 group; CCP: control SAMP8 group; DMP: STZ-induced SAMP8 group; DDP: DP-treated STZ-induced
SAMP8 group. DP: D-pinitol.
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OsiRNA group had similar in protein expression of those (p > 0.05).

These results suggest that glycophagy and ERS pathway are involved

in OPTN-mediated H9C2 cell apoptosis in response to AGEs

stimulation.

F IGURE 3 Effects of DP on OPTN, STBD1, GABARAPL1, GRP78, CHOP, and GAA in the heart of diabetic mice. (a) Immunofluorescent
images of OPTN in the heart tissues (bar: 100 μm, N = 5). (b) MFI of OPTN in the heart tissues (n = 5). (c) Immunohistochemistry images of
STBD1, GRP78 and GAA in the heart tissues (bar: 100 μm, N = 5). (d) Western blot images of OPTN in the heart tissues (n = 3). (e) Western blot
images of STBD1, GABARAPL1, GRP78, CHOP, and GAA in the heart tissues (n = 3). (f–k) Data were expressed as the expression ratio of OPTN/
β-actin, STBD1/β-actin, GABARAPL1/β-actin, GRP78/β-actin, CHOP/β-actin, and GAA/β-actin. *p < 0.05, **p < 0.01 compared with control
group (CCR and CCP); #p < 0.05, ##p < 0.01 compared with DMP group. CCR: control SAMR1 group; DMR: STZ-induced SAMR1 group; CCP:
control SAMP8 group; DMP: STZ-induced SAMP8 group; DDP: DP-treated STZ-induced SAMP8 group. DP: D-pinitol; MFI: mean fluorescence
intensity.
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F IGURE 4 Effects of OPTN on STBD1, GABARAPL1, GRP78, CHOP, and GAA in H9C2 cells. (a) Immunofluorescent images of OPTN in

H9C2 cells (bar: 100 μm, N = 3). (b) Immunofluorescent images of STBD1 and GRP78 in H9C2 cells (bar: 100 μm, N = 3). (c–e) MFI of OPTN,
STBD1, and GRP78 in H9C2 cells (n = 3). (f) Western blot images of OPTN, STBD1, GABARAPL1, GRP78, CHOP, and GAA in AGEs-induced
H9C2 cells (n = 3). (g, h) Data were expressed as the expression ratio of OPTN/β-actin, STBD1/β-actin, GABARAPL1/β-actin, GRP78/β-actin,
CHOP/β-actin, and GAA/β-actin. (i) Western blot images of STBD1, GABARAPL1, GRP78, CHOP, and GAA in H9C2 cells with OPTN
overexpression (n = 3). (j, k) Data were expressed as the expression ratio. (l) Western blot images of STBD1, GABARAPL1, GRP78, CHOP, and
GAA in H9C2 cells with OPTN siRNA (n = 3). (m, n) Data were expressed as the expression ratio. *p < 0.05, **p < 0.01 compared with CC group;
#p < 0.05, ##p < 0.01 compared with AGEs group. †p < 0.05, ††p < 0.01 compared with NC group; ‡p < 0.05, ‡‡p < 0.01 compared with OsiRNA
group. ⁕p < 0.05, ⁕⁕p < 0.01 compared with GFP group; ◊p < 0.05, ◊◊p < 0.01 compared with GFP + AGEs group. AGEs: advanced glycation end-
products.
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F IGURE 5 Legend on next page.
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F IGURE 5 Identification and confirmation of OPTN–FLNA interaction. (a) Immunofluorescence staining and co-localization analyses of OPTN
(green) and FLNA (red) (bar: 50 μm, N = 3). (b–e) The overlap analysis of OPTN and FLNA in CC group and Oover group. (f) Western blot images
of confirmation of OPTN-FLNA interaction in the immunoprecipitates (n = 3). (g) Western blot images of OPTN and FLNA in the different
concentrations AGEs-induced H9C2 cells (n = 3). (h) Data were expressed as the expression ratio of OPTN/β-actin and FLNA/β-actin. (i) Western

blot images of FLNA in H9C2 cells with OPTN siRNA and overexpression (n = 3). (j) Data were expressed as the expression ratio of FLNA/
β-actin. *p < 0.05, **p < 0.01 compared with CC group. †p < 0.05, ††p < 0.01 compared with NC group. ⁕p < 0.05, ⁕⁕p < 0.01 compared with GFP
group.

F IGURE 6 Effects of OPTN on phospho-GSK3β and FoxO1. (a) Western blot images of p-GSK3β, GSK3β, and FoxO1 in the heart tissues
(n = 3). (b, c) Data were expressed as the expression ratio of p-GSK3β/GSK3β and FoxO1/β-actin. (d) Western blot images of p-GSK3β, GSK3β,
and FoxO1 in H9C2 cells with OPTN siRNA (n = 3). (e, f) Data were expressed as the expression ratio of p-GSK3β/GSK3β and FoxO1/β-actin.
(g) Western blot images of p-GSK3β, GSK3β, and FoxO1 in H9C2 cells with OPTN overexpression (n = 3). (h, i) Data were expressed as the
expression ratio of p-GSK3β/GSK3β and FoxO1/β-actin. *p < 0.05, **p < 0.01 compared with control group (CCR and CCP); #p < 0.05, ##p < 0.01
compared with DMP group. †p < 0.05, ††p < 0.01 compared with NC group; ‡p < 0.05, ‡‡p < 0.01 compared with OsiRNA group. ⁕p < 0.05,
⁕⁕p < 0.01 compared with GFP group; ◊p < 0.05, ◊◊p < 0.01 compared with GFP + AGEs group. CCR: control SAMR1 group; DMR: STZ-induced
SAMR1 group; CCP: control SAMP8 group; DMP: STZ-induced SAMP8 group; DDP: DP-treated STZ-induced SAMP8 group.

10 LI ET AL.

 10991573, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.8134 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [04/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3.7 | Identification and confirmation of OPTN–
FLNA interaction

We obtained 147 interaction proteins of OPTN (score >40) by LC–

MS/MS analysis. FLNA protein has a higher score (323.31) and

sequence coverage (33.60), and was expected to be an essential inter-

acting protein of OPTN (Supplementary Table S1, Figure S5). The rela-

tionship between OPTN and FLNA was performed by

immunofluorescence. OPTN (green) and FLNA (red) coexisted in the

cytoplasm in the CC group and Oover group (Figure 5a). The correla-

tion coefficients were 0.77 and 0.87 in the CC group and Oover

group, respectively (Figure 5b–e). By CO-IP and western blot assay,

FLNA protein was detected in the beads incubated with OPTN anti-

body and not detected in the beads incubated with IgG antibody

(Figure 5f). Moreover, AGEs inhibited the protein expression of OPTN

and FLNA in a concentration-dependent manner (Figure 5g,h). The

protein expression of FLNA significantly decreased in OsiRNA group

compared with those in NC group (p < 0.05), whereas OPTN overex-

pression significantly increased the protein expression of FLNA com-

pared with GFP group (Figure 5i,j, p < 0.05).

3.8 | Effects of OPTN on Phospho-GSK3β
and FoxO1

The protein expression of p-GSK3β and FoxO1 was significantly

increased in the heart tissues of diabetic groups (DMR and DMP),

while DP significantly inhibited the protein expression of p-GSK3β

and FoxO1 in the DDP group (Figure 6a–c, p < 0.05). Moreover,

OPTN siRNA significantly increased the protein expression of

p-GSK3β and FoxO1 (p < 0.01), while DP (80 μmol/L) inhibited the

protein expression of p-GSK3β and FoxO1 for 48 h (Figure 6d–f,

p < 0.05). Induction of GFP group with AGEs (200 μg/mL) resulted in

a significant increase in the protein expression of p-GSK3β and

FoxO1, whereas OPTN overexpression significantly attenuated AGEs

induced the protein expression of p-GSK3β and FoxO1 for 48 h

(Figure 6g–i, p < 0.01). These results suggest that OPTN regulated the

ERS and glycophagy through GSK3β phosphorylation and FoxO1 sig-

naling pathways.

4 | DISCUSSION

DCM is one of the main causes of heart failure in diabetic patients

(Li et al., 2023; Wang et al., 2020). However, the mechanisms by

which high circulating AGE levels cause DCM to remain poorly under-

stood. In the present study, STZ-induced SAMR1 and SAMP8 mice

were found to exhibit high serum and cardiac AGEs, cardiac dysfunc-

tion, ERS, glycophagy, myocardial apoptosis, and fibrosis compared

with non-diabetic mice. Moreover, AGE stimulation significantly

increased OPTN-mediated cardiomyocytes ERS, glycophagy, and apo-

ptosis, whereas DP could significantly improve all of these changes

in vivo and in vitro. These findings provide new insights into the

pathogenesis of DCM and new theoretical evidence for the applica-

tion of DP in the prevention and treatment of DCM.

Many studies showed that ERS caused by AGEs played a key role

in diabetes and its complications (Du et al., 2023; Fernández

et al., 2015; He et al., 2018). Excessive AGEs exacerbated coronary

microvascular dysfunctions by activating ERS-mediated signaling

pathway in diabetes. ERS could lead to the accumulation of unfolded

proteins, contributing to myocardial apoptosis in diabetic animal

models (Liu et al., 2021; Wu, Lu, et al., 2023; Wu, Xu, et al., 2023).

The current study identified a novel physiological role of OPTN in

reversing ERS-induced DCM. Diabetic mice exhibited obvious systolic

dysfunction, diastolic dysfunction, and myocardial fibrosis, and OPTN

expression decreased at 23 weeks. DP significantly increased the

expression of OPTN and alleviated ERS and DCM.

It has been shown that ERS activation leads to the activation of

numerous pathways in the pathophysiological processes of DCM. The

interaction of ERS and glycophagy promotes cardiomyocyte apoptosis

and necrosis. ERS can promote the accumulation of glycogen at endo-

plasmic reticulum sites. STBD1 is a glycogen-binding protein resident

in the endoplasmic reticulum. STBD1 was identified as the down-

stream target of ERS response in C2C12 cells, specifically promoting

the formation of endoplasmic reticulum-related glycogen clusters and

responding to ERS activation (Kyriakoudi et al., 2022; Lytridou

et al., 2020). Moreover, STBD1 is considered a selective autophagic

receptor for glycogen and an important glycophagy medium. Some

research suggests that the upregulation of glycophagy in DCM has

opened up a new research field. Glycophagy disorder may play role in

a mediating glycogen accumulation in DCM (Delbridge et al., 2015).

Our study proved that cardiac glycogen content and glycophagy were

significantly higher in diabetic mice. OPTN overexpression could

inhibit the expression of STBD1 in the AGEs-induced H9C2 cells.

Thus, OPTN is a crucial factor in AGEs-induced cardiomyocyte glyco-

phagy and DCM.

Many studies have shown that OPTN is involved in the autop-

hagy process, including cargo identification, autophagosome forma-

tion, autophagosome maturation, lysosomal quality control, and

autophagic degradation (Qiu et al., 2022). OPTN is highly expressed in

many tissues, including of heart, brain, and liver. OPTN-mediated

autophagy dysfunction is closely related to amyotrophic lateral sclero-

sis, Parkinson disease, osteoporosis, acute kidney injury, and diabetic

nephropathy. During the progression of diabetic nephropathy, the

expression of OPTN is negatively correlated with renal function (Chen

et al., 2018). It suggests that OPTN may play a renal protective role in

high glucose-induced renal tubular epithelial cell senescence and dia-

betic nephropathy. Moreover, it regulates the signaling pathway

induced by ERS and provides the protection against ERS-induced cell

death (Ramachandran et al., 2021). In the present study, we found

that OPTN had the cardioprotective effect in AGEs-induced H9C2

cells and DCM by regulating ERS and glycophagy.

However, we also discovered that FLNA is an important

interacting protein of OPTN in the cardiomyocyte, which contributes

to further analyzing the biological effects of OPTN. FLNA is an actin-

binding protein that participates in the formation of cytoskeleton, cell
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proliferation and differentiation, and signal transduction (Métais

et al., 2018; Zhou et al., 2021). Bandaru et al. reported that endothe-

lial FLNA deficiency exacerbated left ventricular dysfunction and

developed severe cardiac failure after myocardial infarction. FLNA

provided a favorable method for inhibiting abnormal cardiac remodel-

ing (Bandaru et al., 2015; Bandaru et al., 2021). FLNA is an important

interacting protein of protein kinase RNA-like ER kinase (PERK). The

interaction between FLNA and PERK regulated F-actin remodeling. It

has been reported that AGEs can increase ERS via GRP78 and PERK/

CHOP pathways (Belali et al., 2022). FLNA operates as an interphase

between unfolded protein response and actin cytoskeleton and main-

tains endoplasmic reticulum proteostasis (van Vliet et al., 2017). We

found out that OPTN overexpression significantly upregulated the

expression FLNA, which was associated with the inhibition of ERS in

DCM. Moreover, GSK3β and FoxO1 participate in the occurrence and

development of DCM through ERS and glycophagy (Divari

et al., 2020; Du et al., 2022; Wu, Lu, et al., 2023; Wu, Xu, et al., 2023).

The beneficial effect of OPTN on DCM is likely through regulation of

the GSK3β/FoxO1 pathway.

At present, it has been reported that DP could control postpran-

dial blood glucose and improve the insulin resistance in patients with

type 2 diabetes (Kang et al., 2006; Kim et al., 2012). The dose is 1.2 g/

day in the patients with type 2 diabetes mellitus. The daily dosage of

mice of DP is 150 mg/kg based on the body surface area conversion

index of humans and mice. Moreover, swiss albino mice tolerated DP

dose of up to 2 g/kg body weight and showed no toxic symptoms and

any mortality (Chauhan et al., 2011). In our study, we found that DP

(150 mg/kg) may be helpful to treat the onset of DCM. Targeting

OPTN with DP could be translated into clinical application in the

fighting against DCM.

5 | CONCLUSIONS

In summary, our findings suggested that DP reduced the blood glu-

cose and AGEs, and increased the expression of heart OPTN in dia-

betic mice, thereby inhibiting the ERS and glycophagy, and alleviating

the myocardial apoptosis and fibrosis of DCM. Moreover, OPTN could

attenuate AGEs-induced ERS and glycophagy in vivo and in vitro.

FLNA interacted with OPTN was downregulated by AGEs and further

reduced the inhibitory effect of OPTN on ERS and glycophagy

(Figure 7). Furthermore, our findings also provide insight into the

potential role of OPTN in DCM via GSK3β phosphorylation and

FoxO1 inhibition. This might be a new treatment strategy for patients

with DCM, consistent with our enrichment analysis of DP targets.
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