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Canagliflozin combined with aerobic exercise
protects against chronic heart failure in rats

Helin Sun,1,2,6 Bingyu Du,1,2,6 Hui Fu,5 Zhaodi Yue,3,4 Xueyin Wang,2 Shaohong Yu,3,4,*

and Zhongwen Zhang1,2,7,*
SUMMARY

To determine the efficacy and potential protective mechanism of canagliflozin combined with aerobic ex-
ercise in treating chronic heart failure (CHF). Isoproterenol was injected into rats to create CHF models.
The rats were then subsequently divided into saline, canagliflozin (3 mg/kg/d), aerobic exercise training,
and canagliflozin combined with aerobic exercise training. Compared to the CHF group, the canagliflozin
combined with the aerobic exercise group had superior ventricular remodeling and cardiac function. In
rats treated with canagliflozin combined with aerobic exercise, the expression of cytochrome P450
(CYP) 4A3, CYP4A8, COL1A1, COL3A1, and FN1 was reduced, while the expression of CYP26B1,
ALDH1A2, andCYP1A1 increased significantly. Additionally, canagliflozin combinedwith aerobic exercise
decreased the phosphorylation of AKT and ERK1/2. Canagliflozin combined with aerobic exercise has a
positive effect on the development of CHF via the regulation of retinol metabolism and the AKT/ERK
signaling pathway.

INTRODUCTION

Chronic heart failure (CHF), themost prevalent formof cardiovascular illness, is a global health issuewith a high death andmorbidity rate.1 The

disease affects about 2% of the adult population worldwide, and the 5-year mortality rate is estimated to be between 45 and 60%.2 CHF is a

complex condition characterized by a cardiacmuscle’s inability tomaintain blood supply to peripheral tissues, resulting in decreased systemic

energy metabolism.3 Multiple studies have demonstrated that regulating cardiac energy metabolism is critical for treatment.4,5 The b-oxida-

tion of fatty acids in the mitochondria satisfies the heart’s high energy requirements. Oliveros et al. observed previously observed that a

vitamin A deficit paired antioxidant defenses, promoted lipid peroxidation in the adult rat heart, and altered aortic lipid metabolism.6 The

peroxisome proliferator-activated receptor (PPAR) is a ligand-activated nuclear transcription factor.7 PPAR modulates fatty acid oxidation

(FAO) and mitochondrial bioenergetics, suppresses myocardial remodeling and fibrosis, and improves HF.8 Consequently, we must investi-

gate new techniques for enhancing cardiac function by ameliorating abnormalities of cardiac energy metabolism, preventing cardiac remod-

eling and fibrosis, and thereby preventing or postponing the advancement of heart failure.

Canagliflozin, an inhibitor of sodium-glucose cotransporter 2 (SGLT-2), has been demonstrated to benefit HF with a lower ejection frac-

tion.9 SGLT-2 inhibitors (canagliflozin, and so forth) for patients with CHF, improve the quality of life, and reduce mortality, morbidity, and

readmission rates.10 In diabetic and nondiabetic subjects, canagliflozin treatment significantly reduced the risk of cardiovascular death,

myocardial infarction, and hospitalization for hypertension.11 In addition, SGLT-2 inhibitors can improve fatty acid metabolism and utilize ke-

tone bodies to create mitochondrial energy, so enhancing the aerobic metabolism of skeletal muscle, inhibiting anaerobic metabolism, and

enhancing aerobic exercise capacity.12 Canagliflozin has been demonstrated to decrease myocardial glucose metabolism, enhance myocar-

dial fatty acidmetabolism, and increase the circulation of ketone bodies,13 thereby ameliorating heart failure viamodifyingmyocardial energy

metabolism and oxidative stress.14

Aerobic exercise training is associated with improved aerobic capacity, cardiovascular function, and metabolic regulation.15 In patients

with CHF, aerobic exercise positively benefits cardiovascular function, myocardial metabolism, and antioxidant status.16 Additionally, it

can effectively reverse ventricular remodeling in heart failure, enhance aerobic capacity, and maximal oxygen absorption.17 The proposed

mechanisms of aerobic exercise in the therapy of CHF include increased energy expenditure and improved metabolic function. Tomas

et al. demonstrated that moderate-intensity aerobic exercise boosted mitochondrial respiration, ATP levels, and cardiac function in rats
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with CHF.18 Also, aerobic exercise has been shown to stimulate the release of irisin in cardiomyocytes, thereby enhancing cardiomyocyte

metabolism, preserving mitochondrial function, and increasing energy expenditure.19

The 2021 Canadian Heart Failure Guidelines highlight the combination of prescribed medications (SGLT-2 inhibitors, beta-blockers, and

so forth) and nonpharmacological therapy for the treatment of CHF.10,20 Based on canagliflozin medication, combined aerobic exercise may

be more beneficial in treating CHF, but the particular effect and molecular mechanism remain unknown. This study was designed to examine

the efficacy and potential protective mode of action of canagliflozin combined with aerobic exercise in the treatment of CHF.
MATERIALS AND METHODS

Experimental animals

Male Sprague Dawley (SD) rats of eight weeks of age were acquired from BeijingWeitong Lihua Laboratory Animal Technology Co., Ltd., and

animal experiments were conducted in the SPF animal roomof the First AffiliatedHospital of Shandong FirstMedical University (License num-

ber: SCXK Beijing 2016-0006). Before the experiment, the rats were housed for two weeks under standard temperature (21–23�C) and humid-

ity (40–60%) conditions with free access to food and drink. The care and use of laboratory animals conformed to the Guide for the Manage-

ment and Use of Laboratory Animals, and the Animal Experimentation Committee of the First Affiliated Hospital of Shandong First Medical

University granted ethical and scientific approval (2020S014).
Experimental protocol

70 rats were randomly assigned to two groups: the saline-treated control group (n = 6) and the CHF group (n = 64). As previously stated,21 the

isoproterenol (ISO)-induced ratmodels of CHFwere created. For ten days, rats were injected intra-peritoneally with a 5mg/kg/d ISO solution.

Animals that have died were excluded from the study. After establishing the model, 24 rats in the CHF group survived and were randomized

into four groups: the ISO+CAgroup (n = 6, oral administration of canagliflozin 3mg/kg/d), the ISO+AEgroup (n = 6, aerobic exercise training

on a small animal multitrack treadmill), the ISO+AE+CA group (n = 6, simultaneous oral administration of canagliflozin and aerobic exercise

training), and the ISO group (n = 6, oral administration of equal amounts of normal saline).

Regarding the study by HIRA et al.,22 canagliflozin (Merck Serono, Beijing, China) was supplied through gavage, and the medication dose

was established to be 3 mg/kg/d for 4 weeks. The aerobic exercise program is based on the design of Bedford et al.23 Every day, rats

completed 5 to 10 min of warm-up exercise (speed 5 m/min, incline 0�), after which the speed was increased to 12 m/min and the elevation

was altered to 5� (equivalent to 45 percent VO2max). On days 1, 2, and 3, the running time was 15, 30, and 45 min, respectively, and on day 4,

the running time was increased to 60 min. The aerobic exercise was performed six times each week for four weeks. The study excluded rats

who refused to run steadily on the treadmill. After four weeks, the rats were anesthetized with 2% sodium pentobarbital (40 mg/kg) and sacri-

ficed. Blood was obtained from the femoral artery, centrifuged to collect serum, and then stored at �80�C for ELISA. Cardiac tissue samples

taken from the mid LV (2.5 mm above the apex) of the heart were fixed with 4% paraformaldehyde for histopathological analysis and immu-

nohistochemical staining, and the remaining LV tissues were stored at �80�C for western blot assay and qPCR analysis.
Echocardiographic assessment

Echocardiography was performed one day before the ISO injection, one day after the ISO injection, and four weeks after the drug and ex-

ercise interventions. To alleviate pain and anxiety, rats were sedated with 1.5% isoflurane and placed in the supine position. Left ventricular

ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) were the key parameters measured. Parameters such as the left ven-

tricular end of systole volume (LVESV), left ventricular end of diastole volume (LVEDV), left ventricular internal diameter at end-systole (LVID),

left ventricular internal diameter at end-diastole (LVIDd), left ventricular posterior wall diastole (LVPWd), left ventricular posterior wall systole

(LVPWs), left ventricular anterior wall diastole (LVAWd), and left ventricular anterior wall systole (LVAWs) were obtained from the 2D-guided

M-mode measurements by software of the Vevo 3100 (VisualSonics Inc, Toronto, Ontario, Canada). The values of LVFS and LVEF were calcu-

lated by the Vevo LAB software. Carry out three measurement analyses and take the average value of the three analyses.
Histopathological examination

After immobilizing myocardial tissues with 4% paraformaldehyde for at least 48 h, paraffin sections were prepared. These sections were

stained with hematoxylin-eosin (HE) and Masson trichrome to evaluate histopathological alterations and collagen deposition, then photo-

graphed at a magnification of 403. Using Image-Pro Plus 6.0, the collagen volume fraction (collagen area/total area3 100%) was calculated.
Immunohistochemistry

The hearts were submerged in paraformaldehyde at a concentration of 4% and embedded in paraffin. Cross-sections of the heart were dew-

axed, heated for antigen retrieval, treatedwith 3 percent hydrogenperoxide to inhibit endogenous peroxidase activity, and then blockedwith

4 percent bovine serum albumin. The sections were then treated overnight at 4�C with the primary antibodies collagen I (COL1) (Abcam,

1:150), collagen III (COL3) (Abcam, 1:700) and fibronectin (FN1) (Abcam, 1:1000). The slices were treated with the appropriate secondary an-

tibodies, and the positive staining was detected with diaminobenzidine (DAB) and counterstained with hematoxylin before being studied

under a 40-magnification electron microscope. Image Pro Plus 6.0 software was used to quantify every image.
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RNA sequencing

Total RNA was extracted from the apical tissue using the RNeasy Mini Kit (250) Qi-agen#74106 kit, and three biological replicates in the Con-

trol, ISO, ISO+CA, and ISO+AE+CA groups were used for quality inspection and RNA quantification. Strand-specific libraries were prepared

following the depletion of ribosomal RNA and sequenced on an Illumina NovaSeq 6000 instrument using the paired-end sequencing

chemistry.

The raw off-machine data were first processed to obtain high-quality sequences, and then the high-quality sequences were aligned to

reference genes, and the results were quantified for transcriptome expression. Differentially expressed genes were calculated and differen-

tially screened by Fragments Per Kilobase per Million (FPKM), and so forth. Screening criteria: p value < 0.05 and the fold change (FC) is 2

times up (FCR 2) or 2 times down (FC% 2) 0.5) and eliminated the differentially expressed genes with FPKM less than 1 in each group. Visual

analysis of sequencing results using R language and bioinformatics online tools (http://www.bioinformatics.com.cn/). The STRING 11.5 data-

base24 (https://cn.string-db.org) contains genes with distinct expressions. After hiding unconnected nodes, platform and protein-protein

interaction (PPI) networks were obtained. To further examine the PPI network, the Molecular Complex Detection (MCODE) 25 tool of Cyto-

scape 3.7.126 (http://cytoscape.org/) was utilized. Gene Ontology (GO) functional analysis and Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analysis were performed using Metascape27 (https://metascape.org/), and bioinformatics online tools and Cytoscape

3.7.1 software were utilized for data visualization.
Western blot analysis

Protein lysates from heart tissue were separated by 10% SDS-PAGE and then transferred to PVDF membranes (EMD Millipore, Billerica,

MA, USA). Membranes were incubated overnight at 4�C with the following primary antibodies: b-tubulin (1:1,000; 10068-1-AP; Protein-

tech), AKT (1:1,000; cat. no. ab32505; Abcam), phosphorylated AKT (p-AKT) (1:1,000; cat. no. ab192623; Abcam), ERK1/2 (1:1,000; cat.

no. ab184699; Abcam), and phosphorylated ERK1/2 (1:1,000; cat. no. ab201015; Abcam). The membranes were cleaned and incubated

with the appropriate secondary antibody (1:10000) at room temperature for 1 h the following day. Using an ECL Chemiluminescence Kit,

blots were seen (servicebio, Wuhan, China). Using the FluorChem E imaging equipment, the protein bands were semi quantified

(ProteinSimple, San Francisco, CA, USA). Using an image analysis system, protein band densities were assessed and expressed as ratios

to AKT or ERK1/2.
Quantitative reverse transcription-PCR analysis

Total RNA was extracted using TRIzol reagent (Genstar, Beijing, China) according to the manufacturer’s protocol, and cDNAwas obtained

by reverse transcription reaction withmRNA utilizing an AccuPower RT PreMix kit (Accurate Biology, Hunan, China). Quantitative real-time

PCR (qPCR) was used to determine themRNA levels of collagen 1 alpha 1 (COL1A1), collagen 3 alpha 1 (COL3A1), FN1, cytochrome P450

(CYP) 1A1, CYP2C23, CYP4A8, CYP4A3, CYP26B1, Aldehyde oxidase 1 (AOX1), Aldehyde dehydrogenase 1 family member A2 (ALDH1A2).

As an internal control, b-actin was used to calculate relative expression. The relative RNA concentration was determined using the 2�DDct

method.
Enzyme-linked immunosorbent assay analysis

After four weeks of intervention, blood samples from rats were collected. ELISA kits were used to determine the serum concentrations of

N-terminal pro-B-type natriuretic peptide (NT-pro BNP) (Shanghai Enzyme-linked Biotechnology Co., Ltd.) according to the manufacturer’s

instructions.
Statistical analysis

GraphPad Prism 8 software (GraphPad, SanDiego, CA, USA) was used to analyze the data, and the results are presented as meanG standard

errors of mean (SEM). For multivariate comparisons between groups, a two-way ANOVA followed by the Turkey post–hoc test was used.

p < 0.05, p < 0.01, p < 0.001, and p < 0.0001 were considered to be statistically significant.
RESULTS

Canagliflozin combined with aerobic exercise improved isoproterenol-induced cardiac dysfunction

To investigate the effect of canagliflozin combined with aerobic exercise on CHF, cardiac function was assessed using echocardi-

ography. After 10 days of ISO administration, the levels of LVEF (p < 0.001) and LVFS (p < 0.001) in the ISO group were significantly

lower than in the control group, indicating that the CHF rat model was successfully established. LVEF and LVFS levels were signif-

icantly higher in the ISO+CA group (LVEF, p < 0.05; LVFS, p < 0.05), the ISO+AE group (LVEF, p < 0.05; LVFS, p < 0.05), and the

ISO+AE+CA group (LVEF, p < 0.01; LVFS, p < 0.01). Moreover, compared to the ISO group, the levels of LVIDs (p < 0.05) and

LVESV (p < 0.05) were significantly reduced in the ISO+AE+CA group but not in the ISO+CA group (LVIDs, p = 0.21; LVESV,

p = 0.21). (Figures 1A and 1B, Table 1).

To further confirm the protective effect of canagliflozin combinedwith aerobic exercise on CHF,NT-pro BNP serum levels weremeasure.28

Compared to the ISOgroup, theNT-pro BNP levels in the ISO+AEgroup (p < 0.01), the ISO+CAgroup (p < 0.05), and the ISO+AE+CAgroup
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Figure 1. Effects of canagliflozin combined with aerobic exercise on echocardiographic variables in rats induced by ISO

(A) The representative images of echocardiography in different groups.

(B) The quantitative results of echocardiography.

(C) The expression level of NT-pro BNP. Data are shown as the meanG SEM of n = 5 per group. Significance: ###p < 0.001 vs. control group; ####p < 0.0001 vs.

control group; *p < 0.05 vs. ISO group; **p < 0.01 vs. ISO group. ISO, isoproterenol-treated group; ISO + AE, ISO + aerobic exercise group. ISO + CA, ISO +

canagliflozin; ISO + AE + CA, ISO + aerobic exercise + canagliflozin; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; NT-pro

BNP, N-terminal pro-B-type natriuretic peptide. Data are represented as mean G SEM.

ll
OPEN ACCESS

iScience
Article
(p < 0.01) were significantly lower (Table 1). These results suggested that ISO impaired cardiac function and that canagliflozin intervention

alone and in combination with aerobic exercise therapy improved ISO-induced cardiac insufficiency by enhancing myocardial contractility.
Canagliflozin combined with aerobic exercise can improve isoproterenol-induced ventricular remodeling

We used HE and Masson trichrome staining to determine the effects of canagliflozin in conjunction with aerobic exercise on ISO-induced

pathological morphology and collagen fiber deposition in rat hearts.
Table 1. Canagliflozin combined with aerobic exercise improved left ventricular function in ISO-induced rats

Group Control ISO ISO+AE ISO+CA ISO+CA+AE

LVPWd (mm) 2.64 G 0.47 2.33 G 0.12 2.42 G 0.26 2.28 G 0.16 2.46 G 0.17

LVPWs (mm) 3.31 G 0.35 3.35 G 0.26 3.56 G 0.35 3.76 G 0.17 3.92 G 0.23

LVAWd (mm) 2.74 G 0.22 2.05 G 0.21 2.23 G 0.13 2.17 G 0.15 2.49 G 0.20

LVAWs (mm) 4.04 G 0.06 2.71 G 0.20## 3.14 G 0.24 2.99 G 0.10 3.21 G 0.32

LVIDd (mm) 7.11 G 0.31 6.73 G 0.04 6.09 G 0.30 7.01 G 0.39 6.64 G 0.61

LVIDs (mm) 2.86 G 0.38 4.16 G 0.28## 2.67 G 0.25*** 3.56 G 0.26 3.39 G 0.32*

LVEDV (ul) 272.20 G 29.05 248.80 G 7.02 159.40 G 18.84*** 260.10 G 32.15 237.00 G 54.53

LVESV (ul) 60.15 G 11.05 111.40 G 18.51## 43.03 G 8.68*** 74.01 G 10.62 56.47 G 13.57**

ISO, isoproterenol-treated group; ISO + AE, ISO + aerobic exercise group; ISO + CA, ISO + canagliflozin; ISO + AE + CA, ISO + aerobic exercise + canagliflozin;

LVPWd, left ventricular posterior wall thickness at end-diastole; LVPWs, left ventricular posterior wall thickness at end systole; LVAWd, left ventricular anterior wall

diastole; LVAWs, left ventricular end systolic anterior wall thickness; LVIDd, left ventricular end-diastolic inner-dimension; LVIDs, left ventricular end-systolic inner-

dimension; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume. The results are expressed asmeanG SEMof n = 5 per group.

Significance: #p < 0.05 vs. control group; ##p < 0.01 vs. control group; ####p < 0.0001 vs. control group; *p < 0.05 vs. ISO group; **p < 0.01 vs. ISO group;

***p < 0.001 vs. lSO group. Data are represented as mean G SEM.

4 iScience 27, 109014, March 15, 2024



Figure 2. Effects of canagliflozin combined with aerobic exercise on ventricular remodeling in rat heart tissue

(A) Representative images of HE staining of left ventricular tissue in different groups (Microscope magnification 103, scale bar indicates 200 mm; Microscope

magnification 403, scale bar indicates 50 mm).

(B) Representative images of Masson trichrome staining of left ventricular tissue in different groups, (Microscope magnification 103, scale bar indicates 200 mm;

Microscope magnification 403, scale bar indicates 50 mm).

(C–E) Immunohistochemical analysis of collagen I, collagen III and fibronectin protein in heart cross sections of different groups (Microscope magnification 403,

scale bar indicates 50 mm).

(F) The quantitative analysis of collagen deposition and percentage area of collagen I, collagen III and fibronectin.
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Figure 2. Continued

(G) The gene expression levels of COL1A1, COL3A1 and FN1 were detected by qPCR. The internal reference was b-actin. Data are shown as the meanG SEM of

n = 5–6 per group. Significance: ###p < 0.001 vs. control group; ####p < 0.0001 vs. control group; ***p < 0.001 vs. ISO group; ****p < 0.0001 vs. lSO group. ISO,

isoproterenol-treated group; ISO + AE, ISO + aerobic exercise group; ISO + CA, ISO + canagliflozin; ISO + AE + CA, ISO + aerobic exercise + canagliflozin; HE,

hematoxylin-eosin; COL1, Collagen I; COL3, Collagen III; FN1, fibronectin. Data are represented as mean G SEM.
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Figure 2A demonstrates that the cardiomyocytes in the ISO group were significantly sparse and hypertrophied, the myocardial fibers were

broken and disorganized. With a relatively neat arrangement of myocardial fibers, the pathological histological changes of the rats in the

ISO+AE+CA group were improved. As depicted in Figures 2B and 2F, Masson trichrome staining revealed that collagen fiber deposition

was significantly elevated in the ISO group (p < 0.0001) compared to the control group. The deposition of collagen fibers was significantly

reduced in the ISO+AE group (p < 0.001), the ISO+CA group (p < 0.01), and the ISO+AE+CA group (p < 0.0001) compared to the ISO group.

Intervention with canagliflozin alone or combined with aerobic exercise therapy improved myocardial pathological changes and decreased

collagen fiber deposition.

To examine the potential modulating effect of canagliflozin combined with aerobic exercise therapy on myocardial fibrosis, the immuno-

histochemical expression of the fibrosismarkers COL1, COL3, and FN1wasmeasured. As shown in Figures 2C–2E, quantitative image analysis

revealed a significant increase in COL1 (p < 0.0001), COL3 (p < 0.0001), and FN1 (p < 0.05) expression in the ISO group compared to the

control group. Compared with the ISO group, the expression of COL1, COL3 and FN1 in the ISO+AE group (COL1, p < 0.01; COL3,

p < 0.01; FN1, p < 0.01), ISO+CA group (COL1, p < 0.001; COL3, p < 0.05; FN1, p < 0.05) and ISO+AE+CA group (COL1, p < 0.001;

COL3, p < 0.001; FN1, p < 0.05) were significantly reduced.

RT-PCR was used to confirm the differential expression of genes associated with fibrosis. As shown in Figure 2G, The mRNA levels of

COL1A1 (p < 0.0001), COL3A1 (p < 0.01) and FN1 (p < 0.001) were significantly up-regulated in the ISO group compared with the control

group, whereas the expression of COL1A1, COL3A1 and FN1 genes were down-regulated in the ISO+AE group (COL1A1, p < 0.001;

COL3A1, p < 0.001; FN1 p < 0.05), the ISO+CA group (COL1A1, p < 0.001; COL3A1, p < 0.05, FN1< 0.05), and the ISO+AE+CA group

(COL1A1, p < 0.0001; COL3A1, p < 0.0001; FN1, p < 0.01), compared with the ISO group. These results suggested that both canagliflozin

intervention and combined aerobic exercise training can reduce myocardial fibrosis.
Canagliflozin combined with aerobic exercise attenuated isoproterenol-induced chronic heart failure in rats mainly by the

retinol metabolism signaling pathway

The cardiac transcriptomeof the control, ISO, ISO+CA, and ISO+AE+CAgroupswere profiled andqPCRwas used to validate the sequencing

data. We focused our analysis on the sequencing results of the ISO group versus the Control group and ISO+AE+CA group versus the ISO

group. RNA-seq detected 18,713 genes in the apical tissue of the ISO groups and Control group, there were 19,091 genes in the apical tissue

of the canagliflozin combined with aerobic exercise treatment and ISO groups, with 152 differentially expressed genes, including 51 up-regu-

lated and 101 down-regulated genes (Figure 3). From the PPI network, an MCODE module consisting of 6 targets was identified, which may

play more significant regulatory roles (Figure 4A).

Figure 4B depicts the biological process items from the differentially expressed genes’ GO analysis. Down-regulated genes were associ-

atedwith response to vitaminA, retinoic acidmetabolic process, positive regulation of icosanoid secretion, and regulation of icosanoid secre-

tion. Up-regulated genes were predominantly involved in the collagen metabolic process, response to organophosphorus, response to ret-

inoic acid, and diterpenoid metabolic process. Most involved in the retinol metabolism, PI3K-Akt signaling pathway, AGE-RAGE signaling

pathway in diabetic complications, and TNF signaling pathway, according to the KEGGpathway enrichment analysis (Figure 4C). Intriguingly,

the majority of the differentially expressed genes were enriched in the retinol metabolism pathway, and the GO analysis also included re-

sponses to vitamin A and the retinoic acid metabolic process. Therefore, we hypothesized that the combination of canagliflozin and aerobic

exercise could improve CHF primarily via the retinol metabolism pathway.

Based on the results of the KEGG pathway enrichment analysis, a target pathway network was constructed using Cytoscape 3.7.1 (Fig-

ure 4D). CYP4A3, CYP4A8, ALDH1A2, CYP26B1, CYP1A1, and AOX1 in the protein functional module were enriched in the retinol metabolic

pathway, consequently, these six targets were deemed essential for further qPCR validation. As shown in Figures 5A and 5B, relative to the

control group, the mRNA levels of CYP4A3 (p < 0.05), CYP4A8 (p < 0.0001), and AOX1 (p < 0.0001) in the ISO group were significantly up-

regulated, while ALDH1A2 (p < 0.01), CYP26B1 (p < 0.05) and CYP1A1 (p < 0.01) were significantly down-regulated. By treating with canagli-

flozin alone (CYP4A3, p < 0.05; CYP4A8, p < 0.0001), aerobic exercise alone (CYP4A3, p < 0.05; CYP4A8, p < 0.001), or in combination with

aerobic exercise (CYP4A3, p < 0.0001; CYP4A8, p < 0.0001), the mRNA levels of CYP4A3 and CYP4A8 were significantly down. In addition,

canagliflozin combined with aerobic exercise significantly upregulated the levels of ALDH1A2 (p < 0.001), CYP1A1 (p < 0.05), and

CYP26B1 (p < 0.001). As expected, the qPCR results were largely congruent with those of RNA-seq, demonstrating the precision of the

high-throughput RNA-seq results.

Canagliflozin combined with aerobic exercise exerted the protective effect against CHF by inhibiting the activation of the AKT/ERK

signaling pathway.

AKT/ERK signaling pathways that are activated can exacerbate myocardial fibrosis.29–31 Our preliminary sequencing results indicated that

the biological process analysis of the down-regulated genes includes components that regulate the activity of protein kinase. To determine

whether the activation was inhibited by the combination of canagliflozin and aerobic exercise, the phosphorylation status of the AKT and ERK
6 iScience 27, 109014, March 15, 2024



Figure 3. RNA-seq was performed to detect genome-wide transcriptomes and identify differentially expressed genes

(A) Volcano plot of differential genes from the ISO group and the Control group identified through RNA-seq. The abscissa is log2 (fold change), and the vertical

coordinate is the negative logarithm of the value of Q with a base of 10, i.e., -log10 (Q). The larger the value, the more significant the difference.

(B) Scatterplot of differential genes. The horizontal and vertical coordinates represent the samples from the ISO group and the ISO+AE+CA group, respectively.

The red indicates the up-regulated differential genes in the ISO+AE+CA group relative to the ISO group and the blue indicates the down-regulated differential

genes in the AE + CA group relative to the ISO group, and the gray indicates genes that are not different between the two groups.

(C) Venn diagram. The orange section indicates differential genes from the ISO group and the Control group targets, and the green section indicates differential

the ISO group and the ISO+AE+CA group targets. One hundred and fifty-two targets in the middle overlapping section are common targets.

(D) Histogram of differential genes.

(E) Heatmap of differential genes. Each row represents a differential gene, each column represents the same rat sample, and each group has 3 replicates.
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signaling pathway was determined using Western blotting. The basal levels of AKT and ERK1/2 did not differ significantly between groups.

However, compared to the control group, the p-AKT/AKT ratio (p < 0.0001) and p-ERK1/2/ERK1/2 ratio (p < 0.0001) were elevated in the ISO

group indicating that ISO stimulation activated the AKT/ERK signaling pathway in rats. Compared to the ISO group, the p-AKT/AKT ratio and

the p-ERK1/2/ERK1/2 ratio were significantly decreased in the ISO+CA group (p-AKT/AKT, p < 0.01; p-ERK1/2/ERK1/2, p < 0.001), ISO+AE

group (p-AKT/AKT, p < 0.01; p-ERK1/2/ERK1/2, p < 0.001) and a combination of both (p-AKT/AKT, p < 0.0001; p-ERK1/2/ERK1/2, p < 0.001).

These findings supported the conclusion that canagliflozin treatment alone or in conjunctionwith aerobic exercisemay be cardioprotective by

inhibiting AKT/ERK pathway activation (Figure 6).
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Figure 4. Enrichment analysis of the targets of canagliflozin combined with aerobic exercise in treating CHF

(A) PPI network. A total of 120 target proteins and 258 interacting edges are in the network. The sizes and colors of the nodes are illustrated from big to small and

blue to green in descending order of degree values.

(B) GO functional analysis. Biological process items in GO analysis enriched for up-regulated and down-regulated genes respectively.

(C) KEGGpathway enrichment analysis. The sizes of the bubbles were illustrated frombig to small in descending order of the number of potential targets involved

in the pathways.

(D) Target-pathway network. A total of 36 nodes and 54 edges are in the network. The middle square nodes represent targets on the pathway, the red nodes

represent key targets, and 12 blue V-shapes represent pathways. The sizes of the square node were illustrated from big to small in descending order of

degree values. 54 edges represent the interaction relationship between components, targets, and pathways. CHF, chronic heart failure; PPI, protein-protein

interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

ll
OPEN ACCESS

iScience
Article
DISCUSSION

CHF is a complex end-stage of multiple cardiovascular diseases caused by diastolic or systolic heart dysfunction.32 Given that the pathogen-

esis of CHF is associated with a variety of factors, including neurohormonal activation, ventricular remodeling, and disturbances in energy

metabolism,2 multi-target andmulti-pathway therapymay bemore effective for the treatment of CHF. In the present study, we first confirmed

that canagliflozin combined with aerobic exercise treatment could improve cardiac function and myocardial fibrosis. Incorporating network
8 iScience 27, 109014, March 15, 2024



Figure 5. Effects of canagliflozin combined with aerobic exercise on retinol metabolic pathways and indicators of fibrosis

(A) The gene expression levels of CYP4A3, CYP4A8 and CYP1A1 were detected by transcriptome sequencing and qPCR. The internal reference was b-actin.

(B) The gene expression levels of CYP26B1, ALDH1A2 and AOX1 were detected by transcriptome sequencing and qPCR. The internal reference was b-actin. Data

are shown as the mean G SEM of n = 6 per group. Significance: #p < 0.05 vs. control group; ##p < 0.01 vs. control group; ####p < 0.0001 vs. control group;

*p < 0.05 vs. ISO group; **p < 0.01 vs. ISO group; ***p < 0.001 vs. ISO group; ****p < 0.0001 vs. ISO group. ISO, isoproterenol-treated group; ISO + AE,

ISO + aerobic exercise group; ISO + CA, ISO + canagliflozin; ISO + AE + CA, ISO + aerobic exercise + canagliflozin; ELISA, enzyme linked immunosorbent

assay; qPCR, reverse transcription-polymerase chain reaction. Data are represented as mean G SEM.
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pharmacology and whole-transcriptome sequencing, we found that canagliflozin combined with aerobic exercise exerts a protective effect in

rats with CHF primarily by modulating the retinol metabolic pathway. The levels of ALDH1A2, CYP26B1, and CYP1A1 on this pathway were

significantly up-regulated, while the levels of CYP4A3 and CYP4A8 were down-regulated. In addition, in vivo validation experiments have

further demonstrated the cardioprotective effect of canagliflozin in combination with aerobic exercise by inhibiting the activation of AKT/

ERK pathways.

Accumulating evidence indicates that the pharmacological targeting of the energymetabolic pathways has emerged as a novel therapeu-

tic approach for enhancing cardiac function in a failing heart.33 Vitamin A (retinol) and its derivatives regulate fundamental biological pro-

cesses such as development, differentiation, and metabolism,34 and lipid metabolism were significantly altered in the hearts of retinol-defi-

cient rats. Retinol deprivation is associatedwith a high level of PPAR expression.6 PPARs play a crucial role in fatty acidmetabolism in the heart

and are implicated in the pathogenesis of cardiac hypertrophy and HF. Retinoic acid (RA) is a retinoid derivative that inhibits the progression

of myocardial remodeling by modulating the expression of components of the renin-angiotensin system, thereby controlling left ventricular

hypertrophy and fibrosis.35,36 ALDH1A2 is the primary form of RALDHs involved in early embryonic and cardiac development.37 ALDH1A2

encodes retinal dehydrogenase type 2, which is required for the conversion of dietary retinol to retinoic acid.38 In cells, retinol is initially revers-

ibly oxidized to retinal,39 and then retinal is irreversibly converted to retinoic acid. In the GO analysis, responses to retinoic acid and vitamin A

were also mentioned. Thus, the retinol metabolic pathway may be critical for the regulation of cardiac energy metabolism in CHF rats when

canagliflozin and aerobic exercise are intervened simultaneously.

In this study, the key retinol metabolic pathway indicators CYP4A3, CYP4A8, CYP26B1, and CYP1A1 are members of the cytochrome The

cytochrome P450 (P450) family. It is well established that P450 u-hydroxylases, particularly CYP4A, are involved in Cardiovascular diseases

(CVDs).40 In failing and hypertrophied hearts, CYP4A subfamily expression was found to be upregulated.41 Previous research has demon-

strated that sustained the ISO stimulation of cardiomyocytes increases the expression of CYP4A3, a major CYP450 u-hydroxylase that gen-

erates 20-hydroxyeicosatetraenoic acid (20-HETE) in a time-dependent manner with adverse cardiovascular effects.40 Inhibition of CYP450

u-hydroxylase decreased 20-HETE production, protecting cells from ISO-induced apoptosis.42 Consistent with previous findings, the present

study indicates that canagliflozin in combination with aerobic exercise significantly decreased the levels of CYP4A3 and CYP4A8, leading to

improvement in heart failure.
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Figure 6. Effects of canagliflozin combined with aerobic exercise on the AKT/ERK signaling pathway in rats

The protein expression levels of AKT, p-AKT, ERK1/2 and p-ERK1/2 were determined by western blot.

(A) The protein expression levels of AKT, p-AKT, ERK1/2 and p-ERK1/2 in heart tissues, and b-tubulin was used as the internal standard.

(B) The quantitative results were calculated by Image Lab software. Data are shown as the mean G SEM of n = 3 per group. Significance: ##p < 0.01 vs. control

group; ###p < 0.001 vs. control group; *p < 0.05 vs. ISO group; **p < 0.01 vs. ISO group; ***p < 0.001 vs. lSO group; ****p < 0.0001 vs. lSO group. ISO,

isoproterenol-treated group; ISO + AE, ISO + aerobic exercise group; ISO + CA, ISO + canagliflozin; ISO + AE + CA, ISO + aerobic exercise + canagliflozin;

p-AKT, phosphorylated AKT; p-ERK1/2, phosphorylated ERK1/2. Data are represented as mean G SEM.
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The fibrotic response of the heart is a dynamic process in which transforming growth factor b (TGF-b1) is upregulated and activate down-

stream signals, includingAKT andERK.29,43 And the PI3K-Akt signaling pathwaywasdownstreamof TGF-b1, which significantly stimulatedPI3K-

Akt signaling pathway activity in cardiac fibroblasts.43 PI3K is an enzyme that can be activated and catalyze the conversion of phosphatidylino-

sitol diphosphate (PIP2) in the cell membrane to phosphatidylinositol triphosphate (PIP3). AKT is an important cell signaling protein, which is

activated by binding to PIP3.44 Activated AKT further regulates various biological processes, including cell growth, survival, and metabolism.

ERK is another important signaling protein. It is a member of the mitogen-activated protein kinase (MAPK) family, involved in the regulation

of cell proliferation, differentiation, and survival.45 TGF-b1 is a cytokine that plays an important role in cell growth, differentiation, migration,

and matrix synthesis.46 TGF-b1 signaling mainly conducts signals by binding to TGF-b receptors on the cell surface and activating Smad pro-

teins. Activated Smad proteins further regulate gene transcription and cellular function. In cell signaling, the PI3K/AKT-ERK signaling pathway

and the TGF-b1 signaling pathway can interact. It was shown that PI3K/AKT signaling can promote the production and release of TGF-b1, while

alsomodulate the activation and effects of TGF-b1 signaling.47Moreover, TGF-b1 signaling can also affect cell growth and survival by regulating

the activation of the PI3K/AKT-ERK signaling pathway.48 Li et al. discovered that inhibiting AKT/ERK signaling pathways could ameliorate ISO-

inducedmyocardial fibrosis in mice.29,49,50 Activation of ERK signaling has been shown to induce cardiac hypertrophy, whereas the inhibition of

ERK consistently reduces cardiac hypertrophy and fibrosis.51 Consistent with previous research, we found that the combination of canagliflozin

and aerobic exercise significantly decreased the mRNA levels of COL1A1, COL3A1, and FN1 and inhibited AKT and ERK phosphorylation.

These results suggest that inhibiting the AKT/ERK signaling pathway can ameliorate myocardial fibrosis in rats with ISO.

Conclusions

This study demonstrated that the combination of canagliflozin and aerobic exercise can reduce fibrosis and improve cardiac function by regu-

lating retinol metabolism and the AKT/ERK signaling pathway, thereby exerting a significant protective effect against the development of

CHF. Our results provide a rational basis for future clinical studies of canagliflozin in non-diabetic kidney disease. Further understanding

of the mechanism of canagliflozin regulation has clinical relevance and provides important insights into the cardio-protective actions of can-

agliflozin (Figure 7).
10 iScience 27, 109014, March 15, 2024



Figure 7. The mechanism of aerobic exercise combined with canagliflozin therapy against ISO-induced CHF

Canagliflozin combined with aerobic exercise therapy modulates protein kinase activity. The combination therapy inhibited the activation of AKT/ERK signaling

pathway, thereby improving myocardial fibrosis. Canagliflozin combined with aerobic exercise improved cardiac energy metabolism in CHF rats mainly through

the retinol metabolic pathway. The combination significantly upregulated CYP1A1 levels to promote the conversion of retinol to retinoic acid, and it also

improved myocardial fibrosis by regulating ALDH1A2 and CYP26B1 to maintain retinoic acid homeostasis. Meanwhile, the combination treatment reduced

heart failure by downregulating CYP4A3 and CYP4A8 levels to reduce the production of 20-hydroxyeicosatetraenoic acid.
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Clinical perspective

1. Chronic heart failure, the most prevalent form of cardiovascular illness, is a global health issue. Canagliflozin treatment significantly

reduced the risk of cardiovascular death, myocardial infarction, and hospitalization for HF in both diabetic and non-diabetic subjects.

Heart Failure Guidelines highlight the combination of prescribedmedications (SGLT-2 inhibitors) and nonpharmacological therapy for

the treatment of CHF. Canagliflozin combined with aerobic exercise may be more beneficial in treating CHF, but the particular effect

and molecular mechanism remain unknown.

2. The combination of canagliflozin and aerobic exercise can reduce fibrosis and improve cardiac function by regulating retinol meta-

bolism and the AKT/ERK signaling pathway, thereby exerting a significant protective effect against the development of CHF.

3. Our results provide a rational basis for future clinical studies of canagliflozin in non-diabetic kidney disease. Further understanding of

the mechanism of canagliflozin regulation has clinical relevance and provides important insights into the cardio-protective actions of

canagliflozin.

Limitations of the study

Although this study provides an in-depth study of the protective role of canagliflozin combined with aerobic exercise in the development

of heart failure, there are several limitations. This study used a mouse model, so the findings may not be directly applicable to
iScience 27, 109014, March 15, 2024 11
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humans. Further clinical studies and human trials are still necessary to verify the efficacy and safety of this combination therapy in human

patients.
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This study did not generate any new unique reagents.
Data and code availability

All relevant data for this study are available from the corresponding authors (accession number GSE225149). This paper does not report orig-

inal code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

The data used to support the findings of this study are available from the corresponding author upon request.
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