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Canagliflozin attenuates post-resuscitation
myocardial dysfunction in diabetic rats by inhibiting
autophagy through the PI3K/Akt/mTOR pathway

Qihui Huang,1,2 Wei Shi,1,2 Minjie Wang,1,2 Liangliang Zhang,1,2 Yijun Zhang,1,2 Yan Hu,1,2 Sinong Pan,1,2

Bingrui Ling,1,2 Huaqing Zhu,3 Wenyan Xiao,1,2 Tianfeng Hua,1,2,4,* and Min Yang1,2,4,5,*
SUMMARY

This study investigated the effects of canagliflozin on myocardial dysfunction after cardiac arrest and
cardiopulmonary resuscitation in diabetic rats and the underlying mechanisms. Male rats with type 2
diabetes mellitus (T2DM) were subjected to a modified epicardial fibrillation model. Pretreatment
with canagliflozin (10 mg/kg/day) for four weeks improved ATP levels, post-resuscitation ejection frac-
tion, acidosis, and hemodynamics. Canagliflozin also reduced myocardial edema, mitochondrial dam-
age and, post-resuscitation autophagy levels. In vitro analyses showed that canagliflozin significantly
reduced reactive oxygen species and preserved mitochondrial membrane potential. Using the PI3K/
Akt pathway inhibitor Ly294002, canagliflozin was shown to attenuate hyperautophagy and cardiac
injury induced by high glucose and hypoxia-reoxygenation through activation of the PI3K/Akt/
mTOR pathway. This study highlights the therapeutic potential of canagliflozin in post-resuscitation
myocardial dysfunction in diabetes, providing new insights for clinical treatment and experimental
research.

INTRODUCTION

Diabetes mellitus is a major global public health challenge, with steadily increasing incidence and mortality rates.1 Studies have shown

that patients with diabetes have a 10-fold increased risk of sudden cardiac death compared with non-diabetic individuals. However,

diabetic patients have significantly lower rates of return of spontaneous circulation (ROSC) and 30-day survival.2,3 The mortality rate

for diabetic patients experiencing out-of-hospital cardiac arrest (OHCA) can be as high as 93.19%.4 Despite these significant implications,

there are currently very few pharmacological treatments available in clinical practice for diabetes-related post-resuscitation myocardial

dysfunction (PRMD).

Sodium-glucose cotransporter-2 inhibitors (SGLT-2i) are a class of well-known antidiabetic drugs that have attracted attention for their

unique cardioprotective properties, which are independent of glycemic control. Prospective clinical trials, such as CANVAS and EMPA-

REG OUTCOME, as well as comprehensive systematic meta-analyses, have consistently confirmed the potential of SGLT-2i to improve

adverse cardiac events.5–7 Recent animal studies have provided new insights into the potential benefits of canagliflozin preconditioning

for post-resuscitation myocardial protection.8 However, gaps in the knowledge of CA resuscitation in type 2 diabetic (T2DM) rats and the

precise mechanisms are not yet fully elucidated.

A key mechanism by which diabetes exacerbates myocardial ischemia/reperfusion injury (I/RI) is the dysregulation of autophagy in

diabetic myocardium. The PI3K/Akt/mTOR pathway is the only inhibitory pathway in the regulation of autophagy, capable of suppress-

ing the expression of autophagy-related proteins such as Beclin-1 and LC3, thereby negatively modulating the autophagic process. In a

hyperglycemic state, excessive reactive oxygen species (ROS) can reduce the binding efficiency of insulin receptor substrate-1 to PI3K/

Akt, thereby disrupting the myocardial self-protection mechanism during diabetic I/RI.9,10 Therefore, modulation of the PI3K/Akt/

mTOR pathway to restore autophagic function may represent a potential therapeutic strategy to ameliorate diabetic myocardial I/RI

injury.

In view of those considerations, our study was designed to evaluate the effects of canagliflozin on PRMD in T2DM rats and to elucidate the

underlying mechanisms, hoping to provide new insights for clinical treatment and experimental research.
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Figure 1. Flow of the model and baseline characteristics

(A) Flowchart of the type 2 diabetes mellitus (T2DM) and cardiac arrest/cardiopulmonary resuscitation (CA/CPR) modeling process in rats.

(B) Body weight changes in rats from 11 to 25 weeks.
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Figure 1. Continued

(C) Fasting blood glucose (FBG) variations in rats from 11 to 25 weeks.

(D) AUC of the intraperitoneal glucose tolerance test (IPITT) in non-T2DM and T2DM rats.

(E) AUC of the intraperitoneal glucose tolerance test (IPGTT) in non-T2DM and T2DM rats.

(F) Comparison of baseline levels of mean arterial pressure (MAP) before CA/CPR operation between groups (n = 6).

(G) Comparison of baseline levels of temperature before CA/CPR operation between groups (n = 6).

(H) Comparison of baseline levels of body weight before CA/CPR operation between groups (n = 6).

(I) Comparison of baseline levels of heart rate before CA/CPR operation between groups (n = 6). Measurement data were presented as meanG SD. Differences

among groups were determined by one-way ANOVA and LSD-test or Student’s t tests. ****p < 0.0001, Comparison of FBG levels at 19 weeks vs. 21 weeks;
####p < 0.0001, CANA versus CON group in 25 weeks; $$$$p < 0.0001, CANA versus CA group in 25 weeks; &&&&p < 0.0001, non-T2DM versus T2DM rats;

*p < 0.05, CON versus CA group; $p < 0.05, CA versus CANA group.
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RESULTS

Baseline characteristics

A total of 21 rats were used in this study. One rat was excluded due to unsuccessful T2DM modeling and two rats in the CA group were

excluded due to failure to achieve ROSC. This resulted in a total of 18 rats for analysis. One rat failed resuscitation due to the inability to effec-

tively control mean arterial pressure, and subsequent autopsy revealed large abscesses in its lungs. In another rat, autopsy after failed resus-

citation revealed an abnormal heart position with a right-sided heart. No deaths were observed in the CONgroup. All rats in the CANAgroup

were successfully resuscitated. After an acclimatisation period of 7 days, the rats were subjected to an 8-week high-fat dietary (HFD) interven-

tion followed by treatment with streptozotocin (STZ) and canagliflozin (Figure 1A). Following the HFD, the average body weight of the three

groups of rats significantly increased by 80.79% (11 weeks vs.19 weeks, p < 0.0001, Figure 1B). Injection of STZ resulted in a significant eleva-

tion in fasting blood glucose (FBG) levels, with the average FBG levels increasing by 206.59% two weeks before and after STZ injection

(18 weeks vs. 21 weeks) (6.07 vs. 18.61). Blood glucose levels decreased significantly after canagliflozin gavage in rats. In the CANA group,

themean FBG levels decreased by 69.89% (19.00 vs. 5.72) before and after the intervention (21 weeks vs. 25 weeks). Additionally, the reduction

in FBG levels in the CANA group was statistically significant compared to the other groups (20.62 vs. 5.72, p < 0.0001, Figure 1C). To further

assess glucose and insulin tolerance, tests were conducted on non-diabetic rats, revealing that diabetic rats had significantly lower glucose

and insulin sensitivity compared to normal rats (p < 0.05, Figures 1D and 1E). Before performing CA/cardiopulmonary resuscitation (CPR), the

vital signs of the rats were monitored, and it was found that the MAP levels in the CANA group were higher than those in the other groups

(p < 0.05), while no significant differences in body weight, heart rate, and body temperature were observed among the groups (Figures 1F

through 1I).

Canagliflozin improves hemodynamics and left ventricular function after resuscitation in T2DM rats

Monitoring changes in blood pressure 6 h in rats after CA/CPR revealed that the CA group exhibited unstable and consistently low mean

arterial pressure (MAP) after resuscitation. In contrast, the CANA group showed a lower MAP within the first half hour after ROSC, which

gradually increased thereafter (Figure 2A). Statistical trends of arterial blood gases over 6 h of ROSC, lactate (Lac) and base excess (BE)

values showed significantly higher metabolic acidosis in the CA group. In contrast, canagliflozin significantly improved acidosis outcomes,

indicating accelerated metabolic recovery post-resuscitation (p < 0.05, Figures 2B and 2C). Additionally, left ventricle ATP levels signifi-

cantly decreased in diabetic rats post-resuscitation; however, canagliflozin increased energy reserves, with left ventricle ATP concentrations

being higher than those in the CA group (p < 0.05, Figure 2H). During resuscitation, the cardiac function of rats was monitored, revealing

that the left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) were lowest at 2 h post-resuscitation, and

gradually improved around 4 h. The ejection capacity of the CA group was significantly lower than that of the CANA group at 2 h after

resuscitation (p < 0.05, Figures 2F and 2G). Concurrent measurements of the left ventricular end-systolic volume (LVESV) and the left ven-

tricular end-systolic dimension (LVDS) revealed significant increases in both parameters in the post-resuscitation rats. These increases indi-

cate a decline in left ventricular contractile function and pronounced ventricular dilation, suggesting potential left ventricular dysfunction.

However, pretreatment with canagliflozin significantly reduced LVESV and LVDS after resuscitation, effectively alleviating cardiac injury in

diabetic rats (p < 0.05, Figures 2I and 2J). Compared to the CA group, the CANA group demonstrated significantly better left ventricular

function at 2, 4, and 6 h post-resuscitation and canagliflozin reduced the frequency of post-resuscitation arrhythmias in rats (Figures 2D

and 2H).

Canagliflozin attenuates myocardial injury after resuscitation in T2DM rats by downregulating autophagy protein

To assess the potential ameliorative induction of canagliflozin on pathological changes in myocardial I/RI of T2DM rats, we evaluated post-

resuscitation myocardial tissue damage using transmission electron microscopy (TEM) and hematoxylin-eosin (HE) staining. TEM revealed

significant ultrastructural changes in the myocardial tissue of CA group in comparison to CON group, including sarcomere disruption, mito-

chondrial swelling and deformation, partial outer mitochondrial membrane rupture, cristae disappearance, and the presence of numerous

autophagosomes and autolysosomes. In contrast, rats treated with canagliflozin exhibited marked improvements in mitochondrial

morphology, with a reduction in the number of autophagosomes (Figure 3G). After HE staining of myocardial tissue, the CA group exhibited

significant myocardial tissue edema, myocardial cell and interstitial blur, and rupture, as well as disordered arrangement of myocardial fibers
iScience 27, 110429, August 16, 2024 3
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Figure 2. Effects of canagliflozin on hemodynamics and left ventricular function in T2DM rats after resuscitation

(A) Trends in mean arterial pressure (MAP) within 6 h after-restore of spontaneous circulation (ROSC) (n = 6).

(B) Comparative levels of lactate (Lac) in arterial blood between groups (n = 6).

(C) Comparative levels of base excess (BE) in arterial blood between groups (n = 6).

(D) Echocardiographic assessments at baseline (BL), 2, 4, and 6 h after-ROSC (n = 6).

(E) The number of arrhythmias after ROSC between groups (n = 6).

(F) Comparison of left ventricular ejection fractions (LVEF) between groups (n = 6).

(G) Comparison of left ventricular fractional shortening (LVFS) between groups (n = 6).

(H) Comparison of ATP content in left ventricular tissue between groups (n = 6).

(I) Comparison of left ventricular end-systolic volume (LVESV) between groups (n = 6).

(J) Comparison of left ventricular end-systolic dimension (LVDS) between groups (n = 6). Measurement data were presented as meanG SD. Differences among

groups were determined by one-way ANOVA and LSD-test. *p < 0.05, CON versus CA group; #p < 0.05, CON versus CANA group; $p < 0.05, CA versus CANA

group.
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when compared to the CON group. In comparison to the CA group, the CANA group observed a marked reduction in edema and damage,

with a more orderly arrangement of myocardial fibers (Figure 3A).

Our analysis concurrently revealed that, relative to the CON group, myocardial injury markers creatine kinase-MB (CK-MB) and lactate de-

hydrogenase (LDH) showed a marked elevation in the CA group. In contrast, the CANA group showed a lesser extent of myocardial damage

(p < 0.05, Figures 3C and 3D). To further determine whether the benefits on myocardial tissue of canagliflozin are related to autophagy, the

expression of autophagy in myocardial tissue was detected. An evident upsurge in the autophagic proteins LC3II/I and Beclin 1 was observed

in the CA group in comparison to the CON group, However, canagliflozin treatment appeared to suppress the overexpression of these au-

tophagic proteins (p < 0.05, Figures 3B, 3E, and 3F). These findings imply that canagliflozin administration may diminish autophagic levels in

myocardial tissue and notably ameliorate myocardial I/RI in T2DM rats following resuscitation.

Canagliflozin improves H/R injury of H9c2 cardiomyocytes in high glucose environment

We investigated the potential protective effect of canagliflozin pretreatment on hypoxic reoxygenation of H9c2 cells by utilizing a high

glucose hypoxia reoxygenation (HG + H/R) model on H9c2 cardiomyocytes. Cell Counting Kit-8 experiments demonstrated that the

addition of canagliflozin significantly improved the viability of cells subjected to H/R compared to the HG + H/R group (p < 0.05, Fig-

ure 4A). We further evaluated oxidative stress and mitochondrial dysfunction by assessing changes in ROS levels and mitochondrial

membrane potential (MMP). The model group exhibited significantly higher levels of ROS and MMP, whereas canagliflozin mitigated

the severity of oxidative stress and significantly reduced mitochondrial damage (Figures 4H and 4I). These findings were consistent

with a marked decrease in LDH activity and the oxidative index malondialdehyde (MDA) (p < 0.05, Figures 4B and 4C). The results indi-

cate that canagliflozin effectively ameliorates oxidative stress and mitochondrial damage induced by HG + H/R. To further evaluate this,

we assessed the changes in cellular ATP levels following reoxygenation. Under HG + H/R injury, ATP levels were significantly reduced.

However, treatment with canagliflozin increased ATP production, thereby improving cellular energy status (p < 0.05, Figure 4D). The

impact of canagliflozin on autophagy in cardiomyocytes under HG + H/R injury was also investigated. LC3II/I and Beclin 1 protein expres-

sion levels were notably increased in H9c2 cardiomyocytes of the HG + H/R group when compared to the CON group. However, can-

agliflozin effectively reversed the extent of increased autophagy, yielding statistically significant differences (p < 0.05, Figures 4E through

4G). In summary, our results demonstrate that canagliflozin pretreatment improves cell viability, reduces intracellular oxidative stress,

ameliorates mitochondrial dysfunction, decreases LDH activity, and attenuates persistent autophagy in cardiomyocytes induced by

HG + H/R injury conditions.

Canagliflozin inhibits autophagy through the PI3K/Akt/mTOR pathway to exert myocardial protection

To explore the relationship between autophagy regulation and the PI3K/Akt/mTOR pathway, we employed a co-incubation approach us-

ing the PI3K inhibitor Ly294002 in conjunction with canagliflozin to inhibit activation of the PI3K/Akt pathway in H9c2 cardiomyocytes. Our

goal was to assess alterations in cardiomyocyte autophagy and determine whether the efficacy of canagliflozin would be reduced. We

observed that canagliflozin significantly promoted cell viability after HG + H/R. Remarkably, the positive effects of canagliflozin on cell

viability were negated when Ly294002 was added in the HG + H/R + CANA group (p < 0.05, Figure 5A). Furthermore, we examined mito-

chondrial function using fluorescence microscopy and found that the addition of Ly294002 counteracted the protective impact of canagli-

flozin on mitochondrial function. This was demonstrated by a substantial increase in JC-1 green fluorescent monomers and a decline in

mitochondrial membrane potential (Figure 6D). Compared to the HG + H/R + CANA group, the HG + H/R+CANA+Ly294002 group ex-

hibited significantly elevated levels of LDH activity, MDA, and ROS oxidation, further indicating the reversal of canagliflozin’s myocardial

protective effects (Figures 5B, 5C, and 5I). In addition, results showed that pretreatment with canagliflozin activated the phosphorylation of

p-Akt/Akt protein expression levels, significantly increased the ratio of phosphorylated p-mTOR/mTOR, and reduced the protein levels of

the autophagy markers LC3 II/I and Beclin 1. However, the addition of Ly294002 markedly reversed the expression levels of the pathway

proteins, inhibited p-mTOR/mTOR protein expression, and attenuated canagliflozin inhibition of autophagy in myocardial cells (p < 0.05,

Figures 5D through 5H). Furthermore, to elucidate the relationship between the canagliflozin and the PI3K/Akt/mTOR pathway, we con-

ducted validation experiments on myocardial tissue from animals. The results demonstrated that pretreatment with canagliflozin activated
iScience 27, 110429, August 16, 2024 5
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Figure 3. Canagliflozin attenuates myocardial structural damage by reducing autophagy levels

(A) Hematoxylin-eosin (HE) staining of myocardial tissue in ROSC rats using pathological sections, Magnification,3100 and 3400.

(B) Representative protein bands of LC3II/I, Beclin 1, and GAPDH.

(C) Comparison of myocardial tissue creatine kinase isoenzyme MB (CK-MB) levels between groups (n = 6).

(D) Comparison of myocardial tissue lactate dehydrogenase (LDH) levels between groups (n = 6).

(E) Quantitative analysis of myocardial tissue LC3II/I protein expression levels (n = 3).

(F) Quantitative analysis of myocardial tissue Beclin 1 protein expression levels (n = 3).

(G) Ultra pathological changes in myocardial tissue by transmission electron microscopy in various groups of rats. Autophagosomes (red asterisks); damaged

mitochondria (yellow arrows), Magnification,310000 and 325000. Measurement data were presented as mean G SD. Differences among groups were

determined by one-way ANOVA and LSD-test. *p < 0.05, CON versus CA group; $p < 0.05, CA versus CANA group.
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the expression levels of p-Akt/Akt and p-mTOR/mTOR proteins (p < 0.05, Figures 6A through 6C). Taken together, these data provide

evidence that canagliflozin may protect cardiomyocytes against I/RI by modulating autophagy levels through the PI3K/Akt/mTOR pathway.
DISCUSSION

In the current study, we investigated the effects and mechanisms of canagliflozin on cardiac function after CA/CPR in T2DM rats. Our results

demonstrated that canagliflozin pretreatment significantly alleviated PRMD, as evidenced by improved myocardial tissue structure, reduced

levels of indicators of heart injury (CK-MB and LDH), a decrease in the incidence of arrhythmias, improved myocardial contractility and ATP

content. Further investigation revealed that these benefits are linked to a reduction in autophagy. Through in vitro experiments, we discov-

ered that canagliflozin pretreatment exerts its effects by activating the PI3K/Akt/mTOR pathway to reduce autophagy levels, which reduces

oxidative stress and improvesmitochondrial function aftermyocardial I/RI. It provides a valuable therapeutic approach for managing PRMD in

diabetes patients.

PRMD is defined as reversible dysfunction caused by stunned myocardium without coronary artery occlusion.11 Evidence suggests that

more than 30% of all mortality in the first 72 h after CPR can be attributed to PRMD.12 The pathophysiological mechanism of PRMD is myocar-

dial I/RI. Previous studies have shown that diabetes not only increases susceptibility to myocardial I/RI but also that diabetes combined with

myocardial I/RI increases infarct size by approximately 50% compared to non-diabetic patients, which may lead to more severe PRMD and

poorer prognosis.13–15 The mechanisms responsible for this deterioration are not clearly understood, but oxidative stress, mitochondrial

dysfunction, and dysregulation of autophagic balance associated with hyperglycemia may play crucial roles.16 Disturbances in lipid and

glucose metabolism in diabetic myocardial cells trigger various damage mechanisms, including the formation of the polyol pathway and

advanced glycation end products.17 This results in the overproduction of superoxide inside the mitochondrial electron transport chain, which

inhibits glycolytic enzymes, causing alterations in cellular pathways and exacerbating oxidative stress.18 Mitochondrial dysfunction occurs

earliest in diabetesmellitus combinedwithmyocardial I/RI, as evidencedbymitochondrial swelling, cristae rupture, and cessation of oxidative

phosphorylation, which causes lactate accumulation and calcium overload, leading to decreased myocardial contractility and cellular meta-

bolic disturbances. In addition, hyperglycemia reduces the activity of antioxidant enzymes, which leads to an increase in ROS and mitochon-

drial dysfunction, creating a vicious circle.19 Our findings indicate that despite the recovery of myocardial automaticity within 30 min of ROSC,

overall cardiac function remains severely impaired. Characteristic features include significant hemodynamic deterioration, intracellular

acidosis, and myocardial pathological changes such as edema, myofiber rupture, and mitochondrial disruption. Elevated levels of cardiac

injury markers and oxidative stress indicators, such as CK-MB and LDHwere observed. Evaluation via echocardiography within 2 h post-resus-

citation revealed a marked decrease in EF and FS, indicating compromised contractile function, with some degree of recovery observed over

time. Recent studies have shown that canagliflozin attenuates acute cardiac dysfunction after CPR in non-diabetic rats by improving markers

of myocardial injury and decreasing the incidence of arrhythmias, but no morphological changes were observed.8 This difference may high-

light the role of diabetes in exacerbating cardiac injury after resuscitation.

Diabetic myocardial I/RI is associated with autophagy dysfunction, which may constitute one of the underlying pathogenic mecha-

nisms.20 Autophagy, comprising double-membrane autophagosomes and lysosomes, serves as a cellular cleansing mechanism, degrad-

ing damaged organelles, and proteins to maintain cellular homeostasis. Under various stress conditions such as hyperglycemia, oxidative

stress, and mitochondrial dysfunction, myocardial cells undergo H2O2-mediated modification of Atg4 at Cys81, promoting the conversion

of LC3B-I to LC3B-II and thus activating autophagy.21,22 Autophagy has a dual function in myocardial I/RI. During ischemia, upregulated

autophagy exerts cardioprotective effects, but its sustained activation during reperfusion may exacerbate cellular damage.23 In diabetic

myocardial I/RI, excessive ROS production by damaged mitochondria leads to oxidative damage and drives autophagic cell death, which

can be induced by degradation of essential cellular components and aberrant autophagic lysosomal degradation, and this overactivation

of autophagy may be associated with multiple mechanisms. Studies suggest that in T2DM myocardial I/RI, autophagy is overactivated

and accompanied by apoptosis. Inhibition of AMPK phosphorylation reduces the expression of LC3 II/I and thereby attenuates myocar-

dial I/RI.24 Furthermore, Chen et al. discovered an upregulation of HMGB1 following diabetic myocardial I/RI, which resulted in excessive

autophagy activation and further aggravated myocardial injury.25 Others like Guan have observed significantly increased calpain-1/2 ac-

tivity in diabetic myocardial I/RI compared to non-diabetic counterparts, with degradation of Atg5 and LAMP2 resulting in increased au-

tophagic flux and deteriorated cardiac function.26 Following CA/CPR in T2DM rats, we observed a similar phenomenon of excessive

autophagy. Studies on autophagy-deficient mice (cATG5�/�) have demonstrated that decreased mitochondrial quality and function
iScience 27, 110429, August 16, 2024 7
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Figure 4. Canagliflozin improves HG + H/R injury in H9c2 cardiomyocytes

(A) Viability of H9c2 cardiomyocytes between groups (n = 3).

(B) LDH activity in H9c2 cardiomyocytes between groups (n = 3).

(C) Malondialdehyde (MDA) content of H9c2 cardiomyocytes between groups (n = 3).

(D) ATP content of H9c2 cardiomyocytes between groups (n = 3).

(E) Representative protein bands for LC3II/I, Beclin 1, and GAPDH in H9c2 cardiomyocytes.

(F) Quantitative analysis of Beclin 1 protein expression level in H9c2 cardiomyocyte between groups (n = 3).

(G) Quantitative analysis of LC3II/I protein expression level in H9c2 cardiomyocyte between groups (n = 3).

(H) Effect of canagliflozin on reactive oxygen species (ROS) in H9c2 cardiomyocytes under high glucose (HG) + hypoxic-reoxygenation (H/R) injury conditions.

(I) Effect of canagliflozin on mitochondrial membrane potential (MMP) in H9c2 cardiomyocytes under HG + H/R injury conditions. Measurement data were

presented as mean G SD. Differences among groups were determined by one-way ANOVA and LSD-test. *p < 0.05, CON versus HG + H/R group;
$p < 0.05, HG + H/R versus HG + H/R + CANA group.
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disrupts energy supply and calcium handling, resulting in reduced cardiac contractility. Furthermore, autophagy regulates the phosphor-

ylation of troponin I, a critical protein in myofilament function essential for effective cardiac contraction under stress conditions.27–29

Following CA/CPR in T2DM rats, we observed similar excessive autophagy phenomena. Diabetic rats showed myocardial structural dam-

age and increased autophagosomes after ROSC, with significantly elevated autophagy markers LC3 and Beclin1. Consequently, left ven-

tricular systolic function (LVESV and LVDS) and contractility (LVEF and LVFS) were markedly reduced and negatively correlated with auto-

phagy protein levels. This observation is consistent with previous findings in patients with acute myocardial infarction where increased

autophagic activity was negatively correlated with LVEF.30 In vitro, LC3 II/I and Beclin 1 protein in cardiomyocytes significantly elevated,

and Akt/mTOR expression was inhibited after HG and H/R. Activation of Akt/mTOR phosphorylation by canagliflozin effectively inhibited

the formation of autophagic vesicles and the induction of autophagy proteins, which was accompanied by an increase in the expression

of the oxidation product MDA activity, and attenuated the decrease in mitochondrial membrane potential, thus improving cardiac

function.

Previous research has indicated the protective value of SGLT-2i in diabetic myocardial I/RI. For instance, empagliflozin activates the

JAK2/STAT3 pathway and downregulates the levels of Bax, Bcl-2, GRP78, and p-eIF-2 proteins, which diminishes cell apoptosis and

excessive endoplasmic reticulum stress (ERS), thereby protecting cardiomyocytes from HG + H/R damage.31 Pretreatment with dapa-

gliflozin significantly modulates OPAI expression in HG + H/R-induced myocardial injury. It impedes the conversion of long-chain OPA1

to short-chain OPA1, promoting mitosis and autophagy levels, thereby notably alleviating mitochondrial damage. Further investigations

revealed that dapagliflozin enhances p-AMPK/AMPK expression and suppresses mTOR phosphorylation, activating OPA1-mediated

mitochondrial autophagy, thus mitigating HG and H/R-induced myocardial injury.32 Moreover, dapagliflozin regulates the expression

of eNOS and iNOS, inhibits cardiac lipid peroxidation and protects diabetic rat hearts from myocardial I/R injury.33 Empagliflozin

and dapagliflozin are highly selective SGLT2 inhibitors, whereas canagliflozin is a less selective SGLT2 inhibitor targeting both

SGLT1 and SGLT2. Previous studies have demonstrated that SGLT1 is uniformly expressed throughout the myocardium, and its inhibi-

tion can mitigate myocardial damage exacerbated by high glucose levels during reperfusion.34,35 The administration of canagliflozin

offers some protection against diabetic myocardial I/RI, however, the exact mechanisms underlying its protective effects remain incom-

pletely understood. Research by Qin et al. demonstrates that inhibiting cardiomyocyte autophagy by activating the PI3K/Akt/mTOR

pathway may protect against myocardial I/RI.36 During acute I/RI, increased phosphorylation of myocardial ROS and insulin receptor

substrate 1 serine residues impairs their binding ability to PI3K/Akt, thereby weakening myocardial self-protection. Our study confirmed

similar outcomes in myocardium subjected to HG and H/R treatments. We observed a significant decrease in the expression of p-Akt/

Akt and p-mTOR/mTOR in myocardial cells under these conditions. Conversely, Akt/mTOR phosphorylation levels were found to be

activated by pretreatment with canagliflozin. Using the PI3K-specific inhibitor Ly294002 further validated the link between canagliflozin

and the PI3K/Akt/mTOR pathway. Our observations suggest that Ly294002 attenuates the autophagic and cardioprotective effects of

reoxygenated canagliflozin after reoxygenation.

Our study provides evidence that canagliflozin alleviates PRMD in T2DM rats after resuscitation. The potential cardioprotective role of

canagliflozin may be mediated through regulation of the PI3K/Akt/mTOR pathway and myocardial autophagy. These findings provide valu-

able insights into the potential cardiovascular benefits of canagliflozin after resuscitation.
Limitations of the study

Our study has several limitations. Firstly, CAmodel effectively represents the etiology ofmost CA, but it cannot cover other clinically less com-

mon causes of CA; Secondly, our observation periodwas limited to 6 hwithout survival study. Future research should focus on extended prog-

nosis monitoring. Thirdly, the study was limited to a single time point observation of autophagy. More comprehensive future research is

needed to explore the dynamic changes in autophagic flux. Finally, our study was unable to fully elucidate the extent of the association be-

tween the cardioprotective effects of canagliflozin and its glycemic benefits, which highlights the need for additional basic and clinical

research to clarify this association.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 5. Canagliflozin inhibits autophagy through PI3K/Akt/mTOR pathway

(A) Viability of H9c2 cardiomyocytes between groups (n = 3).

(B) LDH activity in H9c2 cardiomyocytes between groups (n = 3).

(C) MDA content of H9c2 cardiomyocytes between groups (n = 3).

(D) Quantitative analysis of Beclin 1 protein expression level in H9c2 cardiomyocytes (n = 3).

(E) Quantitative analysis of LC3II/I protein expression level in H9c2 cardiomyocytes (n = 3).

(F) Representative protein bands for LC3II/I, Beclin 1, and p-mTOR, mTOR, p-Akt, Akt, and GAPDH in H9c2 cardiomyocytes.

(G) Quantitative analysis of p-Akt/Akt protein expression level in H9c2 cardiomyocytes (n = 3).

(H) Quantitative analysis of p-mTOR/mTOR protein expression level in H9c2 cardiomyocytes (n = 3).

(I) Ly294002 reduces the effect of canagliflozin on ROS in H9c2 cardiomyocytes with HG + H/R injury. Measurement data were presented as mean G SD.

Differences among groups were determined by one-way ANOVA and LSD-test. *p < 0.05, CON versus HG + H/R group; #p < 0.05, HG + H/R versus HG +

H/R + CANA group; $p < 0.05, HG + H/R + CANA versus HG + H/R+CANA+Ly294002 group.
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Figure 6. Canagliflozin inhibits myocardial tissue PI3K/Akt/mTOR pathway and attenuates Ly294002-induced mitochondrial membrane potential

levels in cardiomyocytes

(A) Representative protein bands for p-mTOR, mTOR, p-Akt, Akt, and GAPDH in myocardial tissue.

(B) Quantitative analysis of p-Akt/Akt protein expression level in myocardial tissue (n = 3).

(C) Quantitative analysis of p-mTOR/mTOR protein expression level in myocardial tissue (n = 3).

(D) Ly294002 reduces the effect of canagliflozin on MMP in H9c2 cardiomyocytes with HG + H/R injury.

Measurement data were presented as mean G SD. Differences among groups were determined by one-way ANOVA and LSD-test. *p < 0.05, CON versus CA

group; $p < 0.05, CA versus CANA group.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-Akt (Ser473) (D9E) XP� Rabbit mAb Cell Signaling Technology, USA Cat#4060;

RRID: AB_2315049

Akt (pan) (C67E7) Rabbit mAb Cell Signaling Technology, USA Cat#4691;

RRID: AB_915783

Phospho-mTOR (Ser2448) (D9C2) XP� Rabbit mAb Cell Signaling Technology, USA Cat#5536;

RRID: AB_10691552

mTOR (7C10) Rabbit mAb Cell Signaling Technology, USA Cat#2983

RRID: AB_2105622

LC3 Polyclonal antibody proteintech, USA Cat#14600-1-AP;

RRID: AB_2137737

Beclin 1 Monoclonal antibody proteintech, USA Cat#66665-1-Ig;

RRID: AB_2882020

Anti-GAPDH antibody [EPR16891] Abcam plc, UK Cat#ab181602; RRID: AB_2630358

Goat Anti-Rabbit IgG (H+L) HRP Affinity Biosciences, USA Cat# S0001;

RRID: AB_2839429

Goat Anti-Mouse IgG (H+L) HRP Affinity Biosciences, USA Cat# S0002;

RRID: AB_2839430

Chemicals, peptides, and recombinant proteins

Canagliflozin-in vivo Janssen Ortho Llc, USA TV-FRM-60395

Canagliflozin-in vitro Selleck Chemicals S2760, CAS: 842133-18-0

Streptomycin Sigma-Aldrich S6501,

CAS:3810-74-0

Ly294002 APExBIO Technology A8250, AS:154447-36-6

Critical commercial assays

CK-MB ELISA Kit Elabscience Biotechnology, China E-EL-R1327

LDH ELISA Kit Cloud-Clone Corp., China SEB864Ra

Enhanced ATP Assay Kit Beyotime Biotechnology, China S0027

Mitochondrial membrane potential

assay kit with JC-1

Beyotime Biotechnology, China C2006

Reactive Oxygen Species Assay Kit Beyotime Biotechnology, China S0033

Malondialdehyde assay kit Nanjing Jiancheng Bioengineering Institute, China A003-1

Experimental models: Cell lines

H9c2(2-1) Pricella, Wuhan, China CL-0089

Experimental models: Organisms/strains

SD-rats Jinan Pengyue Laboratory Animal

Breeding Co Ltd in Jinan, Shandong, China

No.370726220100737187

High Fat Diets Jiangsu Xietong Pharmaceutical

Bio-engineering Co., Ltd.

D12451

Software and algorithms

Image J 1.53 National Institutes of Health https://imagej.nih.gov/ij/

FlowJo FlowJo Software https://www.flowjo.com/

GraphPad Prism v9.5.1 GraphPad Software v9.5.1

G*Power *Power software Version 3.1.9.7
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RESOURCE AVAILABILITY

Lead contact

Please contact the lead contact person, Min Yang (yangmin@ahmu.edu.cn), for further information and resource requests.

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data produced in this study are included in the published article.

This work does not report original code.

No original code is reported in this paper. Any information needed to re-analyze the data reported in this paper is available upon request

from the primary contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal manipulations adhered to the guidelines of the Ethics Committee for Laboratory Animals of Anhui Medical University and the Centre

for Laboratory Animal Research of Anhui Medical University (Approval No. 20200383). Approval from the Shandong Provincial Laboratory An-

imal Centre was obtained to utilize male SD-Dawley rats from Jinan Pengyue Laboratory Animal Breeding Co Ltd in Jinan, Shandong, China.

The rats weighed (250�300) g and were 10 weeks old. The rats were able to freely consume food and water. Rats were kept under constant

conditions of temperature (22 G 2) �C and relative humidity (60 G 5%). Sample size determination was based on previous literature, the

complexity of model construction, and preliminary experimental results from echocardiographic measurements of the rats’ left ventricular

function data. Expected power was set at 0.8 (1-b) with a significance level (a) of 0.05 using G*Power.37,38

Cell

H9c2 cardiomyocytes were purchased from Procell Life Sciences Ltd. Cells were identified to species, DNA was extracted from the sample,

and an appropriate amount of sample DNA was used to amplify the animal mitochondrial COI gene using the species-specific fluorescent

compound primerMX, and the amplified product was detected and analyzed by capillary electrophoresis on the GenReader 70l0 instrument.

The cellular DNA amplification profile was clear, the internal reference gene position, amplification peaks were normal, the rat species-spe-

cific primer position showed specific peaks, and no amplification peaks were seen at other species-specific primer positions. The cell samples

were determined to be rat cells and no DNA contamination from other species was seen. No mycoplasma contamination was detected.

METHOD DETAILS

Model of T2DM

Rats were acclimatized and nourished for one week prior to an eight-week high-fat dietary (HFD) intervention. Following overnight fasting, a

Streptozotocin (STZ) solution (30 mg/kg) was administered intraperitoneally.39 Fasting blood glucose (FBG) was collected from the tail vein

after 72 hours. FBGwere assessed 72 hours post-STZ injection andmonitored for over oneweek. FBG level ofR11.1mmol/L or randomblood

glucose levels exceeding 16.7mmol/L confirmed the successful establishment of the T2DMmodel.40 Failure tomeet the criteria even after the

reinjection was considered a modeling failure. T2DM model was further evaluated using glucose and insulin tolerance tests. These tests

involved intraperitoneal injections of glucose at 1 g/kg and insulin at 1.0 U/kg, followed by plotting blood glucose curves over various

time intervals. Rats were randomly assigned to three groups: a control group (CON), a group that underwent CA/CPR (CA), and a group

that underwent CA/CPR and received canagliflozin at a dose of 10mg/kg/day via gavage for four weeks (CANA).41,42 The CONandCAgroups

were concurrently administered an equivalent volume of saline solution for the same duration.

Model of CA/CPR

Male rats fasted overnight with water access, anesthesia was administered with CO2 and pentobarbital (45mg/kg).43 Subsequently, rats were

intubated via trachea and ventilated with a KW-100-2 ventilator (Nanjing Kelvin Biotechnology Co., Ltd, China) at 6.5 ml/kg tidal volume and

100 breaths/min. Electrocardiograms were recorded via subcutaneous limb electrodes, while a heat lampmaintained their body temperature

at 36.5 G 0.5�C. For hemodynamic measurement and fluid replacement, a PE-50 catheter was inserted into the left inguinal arteriovenous

system. Sterile acupuncture needles were used as an electrode to locate points A and B and insert into the epicardium to induce fibrillation.

The specific insertion point was determined according to the anatomic characteristics of rats, point A corresponds to the most intense apical

pulsation, point B is located 2cm parallel to the right of point A, with an insertion depth of 1.5-2.0 cm.

Under continuous monitoring of blood pressure and electrocardiographic changes, ventricular fibrillation was induced using 0.5 mA elec-

trical stimulation for 3 minutes, with the current not exceeding 1 mA. Six minutes after the onset of ventricular fibrillation, chest compressions

were administered at a rate of 200 compressions per minute, with a depth of 1.0-1.3 cm, for a duration of 8 minutes. Following the compres-

sions, defibrillation was performed using a 4J shock, up to a maximum of three attempts. Return of spontaneous circulation (ROSC) was
16 iScience 27, 110429, August 16, 2024
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considered achieved if the mean arterial pressure (MAP) was R50 mmHg and sustained for 5 minutes. During compressions, epinephrine

(1 mg/kg) was administered as needed. After achieving ROSC, the rats’ vital signs were monitored for 6 hours. For subsequent analysis,

the rats’ hearts and serum were rapidly preserved at -80�C after the 6-hour monitoring period.

Cell culture and treatments

H9c2 cardiomyocytes were cultured in medium supplemented with fetal bovine serum and penicillin-streptomycin antibiotics, and main-

tained at 37 degrees constant temperature with 5% CO2. We conducted three independent in vitro experiments, each repeated three times,

to ensure robustness and consistency. Experiment 1 aimed to determine optimal high glucose (HG) concentration and growth duration for

H9c2 cells. A glucose gradient (5.56 mmol/L to 100.00 mmol/L) was applied for 24, 48, and 96 hours of cell culture, followed by 12 hours of

hypoxia (95% N2, 5% CO2) and 4 hours of reoxygenation. Experiment 2 aimed to examine the impact of canagliflozin preconditioning on car-

diomyocytes under HG and hypoxia/reoxygenation (H/R) conditions. Experiment 3 introduced the PI3K/Akt pathway inhibitor, Ly294002, at a

concentration of 10 mmol/L. The concentration and duration of action of Canagliflozin and Ly294002 were determined based on pharmaco-

kinetics and previous studies in the literature.44–46 Groupings are detailed in Figure 1 to maintain consistency and credibility throughout the

study.

Echocardiography

Cardiac function in rats was evaluated using a high-resolution echocardiography system (VINNO6 LAB, VINNO Technology, China). M-mode

images were captured from the parasternal long-axis view, guided by two-dimensional echocardiography. Left ventricular end-systolic vol-

ume (LVESV), left ventricular end-systolic dimension (LVDS), ejection fraction (EF), and fractional shortening (FS) were calculated by the Pombo

method using the system’s software provided by the system.38,47 During themeasurements, the vital signs of the rats were continuously moni-

tored by a monitor (iPM8, Mindray, China).

CK-MB and LDH measurement

The collection of blood from the left ventricle of the heart occurred after a 6-hour observation of ROSC. The supernatant was obtained

through centrifugation (4�C, 3500 g, 20 min). Myocardial tissue was examined by enzyme-linked immunosorbent assay. LDH activity and

CK-MB were recorded.

Hematoxylin and eosin (H&E) staining

After the 6-hour post-ROSC experiment, we extracted heart tissue. Atrial sections were preserved at -80�C for analysis. Ventricular sections

were fixed in 10% formalin, dehydrated in ethanol, paraffin-embedded, and 4 mm sections were prepared. Staining followed by microscopic

examination of myocardial tissue sections was conducted at 40x10 magnification, ensuring a blinded and unbiased analysis.

Transmission electron microscopy (TEM)

TEM was the technique used to assess autophagosome variation in myocardial tissue. Ventricular tissues (1 mm^3) were initially fixed in 2.5%

glutaraldehyde for 24 hours, followed by rinsing with PBS and subsequent fixation using 1% osmium tetroxide for 2 hours. After dehydration,

staining, rehydration (using ethanol gradients of 30%, 50%, 70% acetate uranyl, 80%, 95%, and 100%), maceration, and embedding, 70 nm

thick microtomes (Leica UC-7) were prepared. Finally, lead citrate staining was performed before examination with a JEM1400 electron mi-

croscope (Nippon Electron Corporation).

ATP measurement

Left ventricular tissue and H9c2 cells were harvested and lysed thoroughly by adding lysis buffer at a specified ratio. After lysis, samples un-

derwent centrifugation at 12,000g for 5 minutes at 4�C, and the supernatant was collected. For ATP measurement, 100 mL of detection work-

ing solution was added to each well or tube, and the samples were allowed to equilibrate at room temperature for 3-5 minutes. Next, 20 mL of

the lysed tissue and cell supernatant was added. ATP levels were measured using a luminometer (Beyotime S0027 Enhanced ATP Assay Kit).

ROS detection

We quantified intracellular ROS levels using the DCFH-DA Fluorescent Probe (Jiangsu Beyotime Biotechnology Co., Ltd.). DCFH-DA enters

cells without fluorescence and is then converted to DCFH. The existence of ROS causes DCFH to oxidize, producing fluorescent DCF. The

intensity of fluorescence is directly related to the concentration of ROS. After modeling and washing cardiomyocytes, we added a suitable

dilution of DCFH-DA (serum-free medium: DCFH-DA=1000:1) and incubated it in the dark for 20 minutes. Finally, we measured DCF fluores-

cence intensity using flow cytometry (excitation: 488 nm, emission: 525 nm), which was analysed by FlowJo software.

MMP measurement

JC-1 dye assesses MMP, fluorescing red at high and green at low potentials by mixing JC-1 (200X), ultrapure water, and JC-1 staining buffer

(5X) in a 1:160:40 proportion, a JC-1 staining solution was prepared. Cell culture medium and JC-1 stain were equal parts and the cells were
iScience 27, 110429, August 16, 2024 17
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incubated for 20 minutes and then washed twice. MMP was measured by observing the red-to-green fluorescence ratio under an inverted

microscope.
Western blotting

Myocardial tissue and H9c2 cell samples were prepared for Western blot analysis. We determined protein concentration using the BCA

method. After separation of the proteins, the membrane was transferred, closed and incubated at low temperature with the following anti-

bodies: phosphorylated Akt (Ser473, 1:2000, #4060, CST, USA), Akt (pan, 1:1000, #4691, CST, USA), phosphorylated-mTOR (Ser2448, 1:1000,

#5536, CST, USA), mTOR (1:1000, #2983, CST, USA), LC3-II/I (1:2500, 14600-1-AP, proteintech, USA), Beclin 1 (1:2000, 66665-1-Ig, proteintech,

USA), GAPDH(1:1000, ab181602, Abcam, UK), Goat Anti-Rabbit IgG (H+L) HRP(1:10000, Affinity, USA), and Goat Anti-Mouse IgG (H+L) HRP

(1:10000, Affinity, USA).The following day, anti-rabbit IgG and anti-mouse IgG antibodies were co-incubated with the PVDF membrane for 2

hours at room temperature. Immunoblot band intensity was analyzed using Chemi-Smart 5100.
QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis of all experimental data was conducted using GraphPad Prism version 9.5.1, and FlowJo version 10.6.2. The Shapiro-

Wilk test was employed to assess the normality of the data distribution. For comparisons between two datasets, theMann-Whitney U test was

utilized for data not following a normal distribution, while Student’s t-test was applied for normally distributed data. In cases of multiple com-

parisons involving three or more groups, one-way ANOVA followed by Tukey’s post hoc method was used. A two-sided p-value of less than

0.05 was considered statistically significant.
18 iScience 27, 110429, August 16, 2024
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