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Background: Previous studies have reported that six transmembrane protein of prostate 2 (STAMP2) attenuates metabolic inflam-
mation and insulin resistance in diabetes mellitus. However, the role of STAMP2 in the diabetic heart is still unclear.
Methods: A diabetic rat cardiomyopathy model was established via intraperitoneal STZ injection. STAMP2 was overexpressed in the 
treatment group using adeno-associated virus. Rat heart diastolic function was measured using echocardiography and a left ventricular 
catheter, and cardiac interstitial fibrosis was detected by immunohistochemistry and histological staining. Insulin sensitivity and NF- 
κB expression were shown by Western blotting. NMRAL1 distribution was illustrated by immunofluorescence.
Results: STAMP2 expression in the diabetic rat heart was reduced, and exogenous overexpression of STAMP2 improved glucose 
tolerance and insulin sensitivity and alleviated diastolic dysfunction and myocardial fibrosis. Furthermore, we found that NF-κB 
signaling is activated in the diabetic heart and that exogenous overexpression of STAMP2 promotes NMRAL1 translocation from the 
cytoplasm to the nucleus and inhibits p65 phosphorylation.
Conclusion: STAMP2 attenuates cardiac dysfunction and insulin resistance in diabetic cardiomyopathy, likely by promoting 
NMRAL1 retranslocation and NF-κB signaling inhibition.
Keywords: STAMP2, diabetic cardiomyopathy, NADPH, NMRAL1, NF-κB

Introduction
Diabetes mellitus has caused tremendous health and economic burdens worldwide. Among them, heart failure and other 
cardiovascular complications have been demonstrated to be the most common cause of death. Diabetic cardiomyopathy 
(DCM) greatly increases the incidence and mortality of heart failure.1 DCM is characterized by overt myocardial interstitial 
fibrosis and decreased diastolic function. Numerous theories have been proposed to explain the mechanism of severe interstitial 
fibrosis. Insulin resistance is indicated by abundant research to trigger DCM occurrence and development.2 However, the 
mechanism underlying insulin resistance and leading to altered myocardial structure remains incompletely understood.

STAMP2 (six-transmembrane protein of prostate 2), also known as STEAP4 (six-transmembrane epithelial antigen of 
prostate 4), belongs to a family of six-transmembrane proteins. Three of the four family members, including STAMP2, have 
been characterized as reductases because they all have NADPH oxidoreductase motifs.3 Recent studies have found that 
STAMP2 significantly improves insulin resistance in a variety of cells and animal models. For example, STAMP2 knockout 
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mice exhibit overt inflammation, spontaneous insulin resistance, glucose intolerance, mild hyperglycemia, dyslipidemia, and 
fatty liver disease,4 while overexpressing STAMP2 in diabetic mice reduced proinflammatory cytokine levels and improved 
insulin resistance by inhibiting JNK phosphorylation.5 Accelerated hepatic steatosis and insulin resistance were observed in 
STAMP2 knockout mice; conversely, adenoviral STAMP2 improved hepatocyte lipid accumulation, hepatic steatosis and 
insulin resistance via sterol response element binding protein 1 (SREBP1) and the PPARγ pathway.6 To date, two questions 
remain unanswered. First, how is STAMP2 capable of alleviating metabolic disorders, inflammatory signaling and insulin 
resistance? Additionally, although DCM is a typical metabolic disease and the heart is an organ with high STAMP2 
expression,7 there has not been any research concerning STAMP2 in DCM.

We assume that the biological function of STAMP2 is mediated by its NADPH oxidoreductase motif. NADPH can 
transmit cellular signals in multiple ways. Previous research has found that intracellular NADPH can be sensed by the 
NADPH sensor protein NMRAL1 (nmra-like family domain-containing protein 1). When NADPH is decreased, 
NMRAL1 migrates from the cytoplasm to the nucleus and inhibits p65 phosphorylation.8,9 There is abundant evidence 
linking NF-κB activation to myocardial insulin resistance.10

Therefore, we hypothesized that heart STAMP2 plays a protective role in DCM that depends on its NADPH 
oxidoreductase motif and the cellular NADPH sensor protein NMRAL1. As will be shown, we established a DCM 
model in type 2 diabetic rats and confirmed insulin resistance in model rats by examining Akt signaling, overt cardiac 
fibrosis using immunohistochemistry, and cardiac diastolic dysfunction via echocardiography and left ventricular 
catheterization. Then, STAMP2 was exogenously introduced into diabetic rat hearts via adeno-associated virus. Our 
data indicate that STAMP2 is decreased in DCM and that overexpression of STAMP2 improves cardiac fibrosis, diastolic 
dysfunction and insulin resistance in type 2 diabetic hearts via NMRAL1-mediated NF-κB inhibition.

Materials and Methods
Animals and Treatment
Four-week-old male Sprague–Dawley rats weighing 100–120 g were randomized into a control group and type 2 diabetes 
mellitus (DM) group. Rats in the control group were fed a regular diet. Rats in the type 2 diabetes mellitus group were 
fed a high-fat diet (34.5% fat, 17.5% protein, 48% carbohydrate; Beijing HFK Biotechnology, China), and type 2 
diabetes mellitus was induced at the age of 9 weeks by a single intraperitoneal injection of streptozotocin (STZ, Sigma‒ 
Aldrich, St. Louis, MO, USA) at a dose of 27.5 mg/kg dissolved in 100 mm citrate buffer (pH 4.5). DM was diagnosed 
by two continuous fasting blood glucose tests one week after STZ intraperitoneal injection. Rats with a blood sugar level 
higher than 11.1 mmol/L were enrolled in further study. At the age of 22 weeks, rats with similar blood sugar values and 
weights were randomly divided into 3 groups: the STAMP2 group containing type 2 diabetic rats receiving recombinant 
STAMP2-expressing serotype 9 adeno-associated virus (AAV9) via intrajugular vein injection (Hanbio Biotechnology, 
China); the vehicle group containing type 2 diabetic rats receiving blank AAV9 vector; and the DM group containing 
type 2 diabetic rats not receiving AAV9. Four weeks after transfection, ie, at the age of 26 weeks, rats were sacrificed, 
and hearts were collected for further study. For each experiment, 6–8 rats were used to calculate the result. All animal 
procedures in the present study were performed under the supervision of the Institutional Animal Care and Use 
Committee of Shandong University in accordance with the Regulations for the Laboratory Animals issued by the 
National Science and Technology Commission.

Glucose Tolerance Test, Insulin Tolerance Test and Serum Insulin
Intraperitoneal glucose tolerance tests (IPGTTs) and intraperitoneal insulin tolerance tests (IPITTs) were performed at 4 
w, 9 w, 22 w and 26 w. Before examination, blood samples for determination of the fasting serum insulin level were 
taken after the rats were fasted overnight. Then, 1 g/kg glucose or 1 U/kg insulin (Regular Humulin, Eli Lilly and 
Company) was injected intraperitoneally, and blood glucose was recorded at 0, 15, 30, 60 and 120 min following 
intraperitoneal injection using One-Touch Ultra glucometers. The mean area under the curve (AUC) was calculated. The 
insulin sensitivity index (ISI) was calculated according to serum insulin and blood glucose levels ISI=ln(serum insulin × 
blood glucose)−1.

https://doi.org/10.2147/DMSO.S374784                                                                                                                                                                                                                               

DovePress                                                                                             

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15 3220

Gao et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Echocardiography and Left Ventricular Catheterization
Echocardiography was performed at 4 w, 16 w, 22 w and 26 w for each rat using a Vevo770 animal echocardiography 
machine (Visual Sonics Inc.). Systolic and diastolic left ventricular posterior wall thickness, septum thickness, left ventricular 
diameter, left ventricular ejection fraction (LVEF) and fractional shortening (FS) were measured from the parasternal long- 
axis view via two-dimensional and M-mode ultrasound. Transmitral flow velocity variables, including peak E, peak A, and 
the E-to-A (E/A) ratio, were measured from the apical four-chamber view via mitral-valve pulsed Doppler. Tissue Doppler 
imaging of the mitral annulus was used to analyze early (E’), late (A’) diastolic velocity and the E’/A’ and E/E’ ratios.

Hemodynamic measurements were recorded through left ventricular catheterization via the right carotid artery at 26 
w, immediately before the rats were sacrificed. Data, including left ventricular end-diastolic pressure (LVEDP) and dp/dt, 
were collected and analyzed using the Powerlab system coupled to Labchart software (ADinstruments, California).

Histologic, Immunohistochemical and Immunofluorescence Staining
For histopathological analyses, mid-ventricular sections of the left ventricle were excised, fixed (4% paraformaldehyde), 
dehydrated, and embedded in paraffin. Four-micrometer-thick sections were prepared for further studies. Hematoxylin-eosin 
staining was used to show general ventricular wall morphology changes. Fluorescein isothiocyanate–conjugated wheat germ 
agglutinin (WGA; Invitrogen) was adopted for membrane staining to show the cross-sectional cardiomyocyte area. Masson 
staining was used to indicate collagen deposition. Sections were also incubated with primary antibodies against collagen 
I (Proteintech, China) and collagen III (Proteintech, China) to measure type I and III collagen deposition. For immunofluor-
escence (IF), sections were incubated with anti-NMRAL1 antibody (Proteintech, China) after protein blocking, antigen 
retrieval, and permeabilization. Subsequently, sections were stained with secondary antibody (conjugated with Alexa Fluor® 

488) and DAPI. Slides were photographed with a Pannoramic MIDI-II Digital Scanner (3DHISTECH, Budapest, Hungary), 
and the results were analyzed using ImageJ with the IHC Profiler plugin and the Coloc 2 plugin.

Western Blotting
Total protein samples were extracted from the left ventricular lysates and subsequently separated via SDS‒PAGE. 
STAMP2 was detected with a polyclonal antibody (Proteintech, China), and antibodies against Akt (CST, USA), 
phospho-Akt (p-Akt) (Ser473) (CST, USA), and insulin receptor substrate-1 (IRS-1) (CST, USA) were applied to 
investigate Akt signaling and insulin resistance. Antibodies against NF-κB p65 (CST, USA) and phospho-NF-κB p65 
(p-p65) (Ser536) (CST, USA) were used to investigate NF-κB activation. STAMP2 and IRS-1 protein levels were 
normalized to that of β-actin as an internal control. p-p65 and p-Akt levels were normalized to total p65 and Akt protein 
levels. The results were analyzed with ImageJ software.

Statistical Analysis
Statistical analysis was performed using SPSS 20.0 and GraphPad Prism 7.0 software. Data are shown as the means ± 
standard deviations or standard error. Comparisons of IPGTT, IPITT, fasting serum insulin, and insulin resistance index 
results are shown as t-test result for the AUC of the glucose curve; comparisons of echocardiography, left ventricular 
catheterization parameters, immunohistochemistry and Western blotting results were performed using t-tests; comparisons of 
NMRAL1 intra- and extranuclear distribution were performed with χ2 tests. p values under 0.05 were considered significant.

Results
Diabetic Rats Exhibited Overt Hyperglycemia, Insulin Resistance, Cardiac Diastolic 
Dysfunction and Fibrosis
GTTs and ITTs
Compared to the control group, the AUC of the blood glucose curve was significantly higher in diabetic rats for both the 
IPGTTs (3297.1±808.7 vs 1027.6±156.8, p <0.01, Figure 1A) and IPITTs (1315.7±234.9 vs 378.7±80.2, p <0.01, 
Figure 1B). Although fasting serum insulin was not significantly increased in diabetic rats (Figure 1C), the insulin 
resistance index was markedly decreased (−6.1±0.1 vs −4.7±0.1, p<0.01, Figure 1D).
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Ultrasonic and hemodynamic findings
Diabetic rats exhibited distinct diastolic dysfunction after intraperitoneal streptozotocin was introduced. At week 26, 
compared to control rats, diabetic rats showed an increased A peak (790.0±198.4 vs 625.9±118.7, p<0.05) and A’ peak 
(64.8±9.3 vs 50.6±11.1, p<0.01) and a decreased E’ peak (40.1±8.2 vs 65.9±18.8, p<0.01), while the E peak generally 
remained unchanged. Accordingly, the E/A and E’/A’ ratios were significantly lower in diabetic rats (1.0±0.2 vs 1.4±0.2, 
0.6±0.1 vs 1.3±0.3, both p<0.01, Figure 1F and G), and the E/E’ ratio was increased in diabetic rats (20.6±5.1 vs 13.9 
±4.7, p <0.01, Figure 1H). Other parameters, including left ventricular end-diastolic diameter (LVEDD), left ventricular 
posterior wall end-diastolic thickness, and ejection fraction, were not different between the diabetic and control rats. 
Cardiac catheterization demonstrated that diabetic rats had a significantly lower dp/dt (7597±2315.2 vs 2086.7±731.7, 
p <0.01, Figure 1J) and a higher but not significantly different LVEDP than control rats (Figure 1K).

Histologic staining
The hearts of diabetic rats were obviously heavier than those of nondiabetic rats, while their body weight was 
significantly lower; thus, the heart weight to body weight ratio (HW/BW) was increased in diabetic rats (p <0.01, 
Figure 2). HE staining showed that the diabetic heart was dilated, and WGA staining showed that the cross-sectional 

Figure 1 Glucose, insulin, echocardiography and left ventricular catheterization findings in control and DM hearts. (A–D): IPGTT, IPITT, fasting serum insulin, and insulin 
resistance index results in control and DM rats at each time point. Data are shown as t-test results for the AUC of the glucose curve for 8 rats in each group. (E): 
Representative images of mitral flow Doppler and tissue Doppler in control and DM rats at 26 w. (F–H): E/A, E’/A’, and E/E’ ratio in control and DM rats at each time point. 
Data are shown as t-test results for 8 rats in each group. (I–K): dp/dt and LVEDP in control and DM rats at 26 w. Data are shown as t-test results for 3 rats in each group. 
*p<0.05 vs control; **p<0.01 vs control.
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Figure 2 Cardiac fibrosis in control and DM hearts. (A): General view of control and DM hearts; (B and C): HE and WGA staining in control and DM hearts. The cell cross- 
sectional area in 8 rats in each group was compared using t tests. (D): Collagen I and collagen III immunohistochemistry and Masson staining of control and DM hearts; the 
data for 8 rats in each group were compared using t tests. **p<0.01 vs control.
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cardiomyocyte area was significantly larger in diabetic rats than in control rats (p <0.01, Figure 2C). Masson staining and 
collagen I and collagen III immunohistochemistry demonstrated that fibrosis deposition was greatly increased in the 
diabetic rat hearts (p <0.01, Figure 2D).

Diabetic Hearts Had Decreased STAMP2 Expression
Western blotting showed that STAMP2 expression was significantly decreased in diabetic hearts compared to control hearts 
(p =0.02, control vs DM). After transfection with recombinant STAMP2-expressing AAV9, STAMP2 was successfully 
overexpressed in the recombinant STAMP2-expressing group (p <0.01 vs vehicle group; p <0.01 vs DM group, Figure 3).

STAMP2 Improved Glucose Tolerance and Insulin Sensitivity
Before STAMP2 was overexpressed (22 w), GTTs and ITTs showed that the AUC of the glucose curve was not 
significantly different among the DM, vehicle and STAMP2 groups. Four weeks after transfection (26 w), the glucose 
curve of the STAMP2 group diverged from that of the DM and vehicle groups in both the GTT and ITT, and the AUC 
was correspondingly lower than that in the DM group (p<0.01 for GTT) and vehicle group (p<0.01 for GTT and p<0.05 
for ITT, Figure 4). Fasting blood samples for serum insulin determination were taken simultaneously, and insulin was not 
different among the DM, vehicle and STAMP2 groups, while the ISI was increased after STAMP2 was overexpressed in 
the STAMP2 group. (p<0.05 vs vehicle, p<0.01 vs DM, Figure 4). Proteins related to insulin signaling were also 
investigated via Western blotting. In the DM and vehicle groups, the p-Akt/Akt ratio was greatly decreased, and IRS-1 
was correspondingly decreased. STAMP2 transfection remarkably improved the p-Akt/Akt ratio and the IRS-1 level in 
diabetic hearts (both p<0.05, vs vehicle group and DM group, Figure 4).

STAMP2 Alleviated Myocardial Fibrosis in Diabetic Hearts
As indicated above, diabetic rats had an increased HW/BW ratio and cardiac interstitial fibrosis deposition. 
Overexpression of STAMP2 alleviated these changes: the HW/BW ratio in the STAMP group was lower than that in 
the DM and vehicle groups. The STAMP2 group also had a smaller cross-sectional cellular area, less fibrosis accumula-
tion and reduced collagen I and III deposition, as indicated by WGA, Masson and immunohistochemical staining, 
respectively (all p<0.01, Figure 5).

STAMP2 Attenuates Diabetes-Induced Diastolic Dysfunction
As shown above, echocardiography revealed overt diastolic dysfunction before STAMP2 was overexpressed (22 w), as 
demonstrated by the E/A, E’/A’ and E/E’ ratios (Figure 6A). Four weeks after transfection (26 w), the E/A ratio was 
significantly elevated in the STAMP2 group compared to the DM (1.3±0.12 vs 0.99±0.19, p<0.05, Figure 6B) and vehicle 
groups (1.3±0.1 vs 1.03±0.2, p<0.05, Figure 6B); E’/A’ was significantly elevated in the STAMP2 group compared to the 
DM (1.17±0.14 vs 0.57±0.19, p<0.01, Figure 6B) and vehicle groups (1.3±0.1 vs 0.09±1.17, p<0.01, Figure 6B); and E/E’ in 
the STAMP2 group was significantly lower than in the DM (14.47±4.14 vs 21.59±6.55, p<0.05, Figure 6B) and vehicle 
groups (14.47±4.14 vs 19.97±4.46, p=0.05, Figure 6B). Left ventricular end-diastolic diameter (LVEDD), left ventricular 
posterior wall end-diastolic thickness, and ejection fraction remained unchanged among the 4 groups. Left ventricular 

Figure 3 Representative Western blot and Western blot analysis of STAMP2 expression in the control, DM, vehicle and STMAP2 groups. Data for 6 rats in each group were 
compared using t tests. **p<0.01 vs vehicle; #p<0.05 vs DM.
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catheterization showed that the STAMP2 group had a higher dp/dt ratio (vs DM: 8174.13±1266.37 vs 1779.74±697.95, 
p<0.01; vs vehicle: 8174.13±1266.37 vs 2198.14±513.23, p<0.01, Figure 6B) and lower end-diastolic pressure than the DM 
and vehicle groups (vs DM: −7.1±1.92 vs 43.14±12.21, p<0.01; vs vehicle: −7.1±1.92 vs 10.97±3.55, p<0.01, Figure 6B).

STAMP2 Induces NMRAL1 Translocation to the Nucleus and Negatively Regulates 
NF-κB Signaling
STAMP2 is at the intersection of the metabolic and inflammatory pathways. Thus, we examined which inflammatory signaling 
pathways were altered, and we found increased phosphorylation of p65 in the DM and vehicle groups, whereas phosphoryla-
tion of p65 was decreased to a significantly lower extent in STAMP2-overexpressing diabetic hearts (Figure 7A).

Next, we investigated how NF-κB signaling was affected by STAMP2. As indicated above, we investigated the 
NMRAL1 intracellular distribution in all 4 groups via immunofluorescence staining with an anti-NMRAL1 antibody. The 
ratio of the nucleus with NMRAL1 embedded inside to the total nucleus (with and without NMRAL1 embedded inside) 
is shown. The results indicated that the ratio in the control and STAMP2 groups was significantly higher than that in the 
DM and vehicle groups (STAMP2 vs vehicle: χ²=15.39, p<0.01, STAMP2 vs DM: χ²=5.40, p<0.05, Figure 7B).

Figure 4 STAMP2 improved glucose tolerance and insulin sensitivity. (A-B): IPGTTs and IPITTs in rats from the control, DM, vehicle and STAMP2 groups at each time point. 
Data are shown as t-test results for the AUC of the glucose curve for 8 rats in each group. (C): Fasting serum insulin and insulin resistance index values in rats from the 
control, DM, vehicle and STAMP2 groups at each time point. Data for 8 rats in each group were compared using t tests. (D): Representative Western blot and Western blot 
analysis of Akt, p-Akt and IRS-1 expression in the control, DM, vehicle and STMAP2 groups. Data for 6 rats in each group were compared using t-tests. *p<0.05 vs vehicle, 
**p<0.01 vs vehicle, #p<0.05 vs DM, ##p<0.01 vs DM.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15                                               https://doi.org/10.2147/DMSO.S374784                                                                                                                                                                                                                       

DovePress                                                                                                                       
3225

Dovepress                                                                                                                                                              Gao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
According to a previous epidemiological study, the prevalence of heart failure in diabetic patients is 2 times higher than 
that in nondiabetic patients,11 and heart failure has become the most common cardiovascular complication of diabetes 
mellitus.12 Since the incidence of myocardial infarction in diabetic patients has substantially dropped during the last two 
decades,13 DCM is emerging as the main cause of heart failure in diabetic patients.2 To date, no evidence has indicated 
that risk factor intervention can reduce the incidence and hospitalization rate of heart failure in diabetic patients.14 

Antidiabetic agents have also failed, and some even make the condition worse.15 This frustrating situation urges further 
exploration of the deep-seated pathophysiology of DCM and new therapeutic targets for DCM.

The two major pathophysiologic bases of DCM are diastolic dysfunction and extracellular matrix remodeling, which 
are triggered and exacerbated by insulin resistance.16 The normal and unstressed myocardium predominantly metabolizes 
free fatty acids (FFAs) for ATP production. However, in a stressed state (eg, ischemia, pressure load, injury), the heart 

Figure 5 STAMP2 alleviated myocardial fibrosis in diabetic hearts. (A): General view of rat hearts from the control, DM, vehicle and STAMP2 groups; (B and C): HE and 
WGA staining of control, DM, vehicle and STAMP2 group hearts. The cell cross-sectional area in 8 rats from each group was compared using t tests. (D): Collagen I and 
collagen III immunohistochemistry and Masson staining in hearts from rats in the control, DM, vehicle and STAMP2 groups. Data for 8 rats in each group were compared 
using t tests. *p<0.05 vs vehicle, **p<0.01 vs vehicle, #p<0.05 vs DM, ##p<0.01 vs DM, $$p<0.01 vs control.
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Figure 6 STAMP2 attenuates diabetes-induced diastolic dysfunction. (A): Representative mitral flow Doppler, tissue Doppler, dP/dT and LV pressure results for rats in the 
control, DM, vehicle and STAMP2 groups; 6 samples from each group were used for the study. (B): Analysis of the E/A, E’/A’, and E/E’ ratios; EF; dp/dt; and LVEDP in control, 
DM, vehicle and STAMP2 rats. The data are shown as t-test results for each group. *p<0.05 vs vehicle, **p<0.01 vs vehicle, #p<0.05 vs DM, ##p<0.01 vs DM.

Figure 7 STAMP2 induces NMRAL1 translocation to the nucleus and negatively regulates NF-κB signaling. (A): Western blot analysis of p-p65, p65 and STAMP2 expression 
in the control, DM, vehicle and STMAP2 groups. Data for 6 rats in each group were compared using t tests. (B): Representative immunofluorescence of NMRAL1 showing 
the intra- and extranuclear distribution and ratio of nuclei with NMRAL1 imbedded to total nuclei in the control, DM, vehicle and STMAP2 groups. Data for 8 rats in each 
group were compared using χ²-tests. *p<0.05 vs vehicle, **p<0.01 vs vehicle, #p<0.05 vs DM, $$p<0.01 vs control.
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turns to glucose as the main source of energy.17 Insulin resistance prevents this adaptive metabolic pattern switch. As 
a result, myocardial glucose uptake and utilization are crippled, and FFA metabolism is increased. This inappropriate 
reliance on FFA metabolism leads to increased oxygen consumption, decreased cardiac energy efficiency, and potentially 
lipotoxicity. In addition, accumulated FFA metabolic products are associated with increased reactive oxygen species 
(ROS) and inflammatory cytokine levels,18 which further aggravate insulin resistance.

Previous studies have found that STAMP2 alleviates insulin resistance in several metabolic disorder models, 
including in adipose tissue, atherosclerotic plaques, and fatty liver.5,19,20 Here, we found the protective role of 
STAMP2 in the diabetic heart is consistent with that in other metabolic organs. In the present study, we built 
a DCM model with classic manifestations of cardiac insulin resistance and interstitial fibrosis. After STAMP2 was 
specifically overexpressed in the heart via transfection with recombinant AAV9, alleviated cardiac insulin resistance 
and activated insulin signaling were observed. Cardiac fibrosis was also attenuated, as indicated by multiple histo-
chemical and immunohistochemical assays. Echocardiography and left ventricular catheterization revealed that dia-
stolic dysfunction was greatly ameliorated. All these results support the idea that STAMP2 can significantly improve 
cardiac fibrosis and diastolic dysfunction in diabetic hearts. Our research may identify a new promising therapy 
for DCM.

In addition, we investigated how STAMP2 alleviates insulin resistance. Previous studies have indicated that 
STAMP2 is capable of suppressing several inflammatory signaling pathways, thus improving insulin resistance.19,21 

However, how STAMP2 restrains these inflammatory signaling pathways is still unknown. In these previous studies, Akt 
signaling was consistently found to be activated when STAMP2 was overexpressed. Conversely, Akt can cross-talk with 
several inflammatory signaling pathways, such as mTOR and NF-κB, and promote inflammation,22 which apparently 
was not the reason why STAMP2 attenuated the inflammatory response. We started from the biological structure of 
STAMP2, as previously sequenced.23 STAMP2 was named after the distinctive six transmembrane domains in the 
C-terminus and the three functional domains in the N-terminus: a dinucleotide-binding domain, an NADPH oxidor-
eductase motif, and a pyrroline 5-carboxylate reductase motif. In the present study, we demonstrated that the NADPH 
oxidoreductase motif is the key to the anti-inflammatory and anti-insulin resistance capacity of STAMP2. Nevertheless, 
“NMRAL1-Mediated NF-κB Inhibition” might not be the only biological effect of the NADPH oxidoreductase motif of 
STAMP2. Previous research has also revealed that STAMP2 is involved in tumorigenesis24,25 but functions as 
a proinflammatory oxidative stress promoter, indicating that it might have an opposite function under different 
circumstances. More research, including loss-of-function research, needs to be performed in the future for further 
confirmation.

Several limitations of our study must be mentioned. First, due to methodological problems, reliable repeatability of 
NADPH level detection was not obtained in the present study, but since it has been verified in previous research,26 the 
results are still worth considering. Second, a cellular experiment was needed to confirm the protective effect of STAMP2 
after a NMRAL1 or NF-κB antagonist was used, which will be included in future studies.

In conclusion, STAMP2 is decreased in DCM. STAMP2 improves insulin resistance by promoting NMRAL1 nuclear 
translocation and NF-κB inhibition and thus attenuates cardiac fibrosis and diastolic dysfunction.
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