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Introduction
Chronic exposure to excess glucocorticoids (GCs) 
may result from either endogenous exposure, like 
in Cushing’s Syndrome (CS), or exogenous expo-
sure, like in patients who received GC treatment.1,2 
CS is a severe disease due to complications induced 
by excess GCs. Excess GCs can cause hyperten-
sion,3 metabolic changes, coagulopathy, and spe-
cific complications of the heart and vasculature.4,5 
The incidence of cardiovascular morbidity and 
mortality in patients with CS is usually high. As 
revealed by echocardiography, about 70% of 

patients with active CS have showed abnormal left 
ventricular (LV) mass parameters. Increased myo-
cardial fibrosis has been found in 42% and concen-
tric remodeling in 23% of these patients.6 Another 
study has also suggested that increased myocardial 
fibrosis is present in CS patients compared with 
healthy controls and hypertensive patients, as 
assessed by echocardiography.7 Changes in auto-
nomic cardiac regulation may contribute to cardio-
vascular risk. Electrocardiograph (ECG) findings 
have revealed changes in the QT interval, which is 
considered to be a CS-specific feature due to the 
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cardiotoxic effect of the cortisol excess despite the 
presence of other risk factors.8 Reduced heart rate 
(HR) variability has also been observed in CS 
patients.9,10 It is worth noting that the cardiometa-
bolic syndrome still progresses in some patients 
despite achieving long-term remission after medi-
cal treatment.11 Currently, there is no ideal treat-
ment strategy for preventing tissue-specific 
consequences of hypercortisolism.

Empagliflozin, a sodium-glucose cotransporter 2 
(SGLT2) inhibitor, is an oral hypoglycemic agent 
that reduces hyperglycemia by blocking renal glu-
cose reabsorption in the renal proximal tubules in 
an insulin-independent manner.12 Empagliflozin 
is a potent inhibitor of SGLT2 that does not 
increase the risk of bone fractures and amputa-
tions.13–15 In addition to its role in maintaining 
good glycemic control, empagliflozin also reduces 
blood pressure and body weight significantly in 
diabetic patients. Furthermore, it has been found 
that empagliflozin can alleviate heart failure and 
cardiovascular mortality in high-risk individuals 
with type 2 diabetes mellitus (T2DM).16–18 In 
prediabetic mice, empagliflozin can improve cor-
onary microvascular function and cardiac con-
tractility.19 SGLT2 inhibitors also exhibit 
beneficial cardioprotection effects in non-diabe-
tes patients with heart failure.17,20

However, the effects of SGLT2 inhibitors on car-
diovascular diseases induced by chronic excessive 
intake of GC are not fully understood. The pre-
sent study thus aimed to assess the efficacy of 
empagliflozin in preventing chronic hypercorti-
solism-induced specific cardiomyopathy, includ-
ing inflammation, myocardial fibrosis, and 
echocardiographic features.

Materials and methods

Animals and experimental protocol
All methods were carried out in accordance with 
the guidelines and regulations of Nanjing Medical 
University (China), and all animal procedures 
were authorized and specifically approved by the 
institutional ethical committee of Nanjing 
Hospital Affiliated to Nanjing Medical University 
(No. 1905292).

All mice were purchased from the Comparative 
Medicine Centre of Yangzhou University (China). 
Male C57BL/6J mice (6 weeks old; weight 16–22 g) 

were housed in cages (4–6 per cage) with ad libitum 
access to water and normal chow. Mice were kept 
in a temperature-, humidity-, and light-controlled 
environment (12-h light/dark cycle). Subsequently, 
animals were randomized into groups (15 per 
group) and raised for 4 weeks. The groups were as 
follows: (1) vehicle group (VEH): oral receiving 
tap water with a final ethanol concentration of 
0.66%; (2) CORT group: oral receiving tap water 
containing corticosterone (100 µg/ml) dissolved  
in ethanol (0.66%); (3) CORT + empagliflozin 
(CORT + EM) group: oral receiving tap water 
containing corticosterone (CORT:100 µg/ml) and 
empagliflozin (10 mg/kg/day, the dosage of empa-
gliflozin in every mouse was 0.16–0.22 mg/day, 
oral gavage, 0.5% hydroxyethyl cellulose was used 
as the vehicle). Empagliflozin was provided by 
Dalian Meilun Biotechnology Co., LTD (Dalian, 
China).

Echocardiographic evaluation
Transthoracic echocardiography was performed 
using non-invasive Doppler ultrasound at the end 
of the study period in all mice using a high-fre-
quency ultrasound imaging system (Vevo 2100 
VisualSonics, Inc., Toronto, Ontario, Canada). 
As previously described,21 HR and the following 
structural variables were evaluated: LV end-dias-
tolic diameter (LVEDD), LV end-systolic diam-
eter (LVESD), interventricular septal thickness in 
systole (IVSs) and in diastole (IVSd), and LV 
posterior wall thickness in systole (LVPWs) and 
diastole (LVPWd). LV function was assessed by 
the following parameters including fractional 
shortening (FS), ejection fraction (EF), and E/A 
ratio. The mean values of six consecutive cardiac 
cycles were obtained for all indicators. All meas-
urements were conducted by a single investigator 
who was blinded to the experimental groups.

Calculated heart liver and epididymal fat weight 
index
At the end of the study period, the mice in each 
group were weighed and measured tibia length 
after pentobarbital (1.5%) anesthesia. The heart, 
liver, and epididymal white adipose tissue 
(eWAT) were removed, washed with precooled 
phosphate-buffered saline, dried with filter paper, 
and weighed. The heart weight to tibia length 
ratio (mg/mm), liver weight to body weight ratio 
(mg/g), and eWAT weight to body weight ratio 
(mg/g) were calculated.
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Biochemical analyses
Fasting blood was obtained from the orbital 
venous plexus in heparin-coated tubes. Blood was 
centrifuged to separate plasma from whole blood 
and stored at −80°C until analysis. The levels of 
serum insulin and CORT were tested by enzyme-
linked immunosorbent assay (ELISA) kit (Wuhan 
Cloud-Clone Biotechnology Co., LTD, Wuhan, 
China). Plasma total cholesterol (TC), triglycer-
ide (TG), low-density lipoprotein cholesterol 
(LDL-C), high-density lipoprotein cholesterol 
(HDL-C), glucose (FPG), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), 
and uric acid (UA) were determined by chemilu-
miniscence. The homeostasis model assessment 
of insulin resistance (HOMA-IR) was calculated 
using the following formula: FPG (mmol/l) × fast-
ing plasma insulin (mIU/l) divided by 22.5.

Liver TG content
After a 6-h fast, all TGs in mouse liver tissues 
were extracted and analyzed using TG assay kits 
(Nanjing Jiancheng Biotechnology Co., LTD, 
Nanjing, China), according to the manufacturer’s 
instructions.

Histological and immunohistochemical analysis
Heart tissues were fixed in 4% paraformaldehyde, 
dehydrated, paraffin-embedded, sectioned at 
4 μm thickness, and mounted on glass slides. The 
anterolateral sections from hearts were evaluated 
the extent of fibrosis in cardiac muscle (Masson’s 
trichrome staining) and cardiomyocyte cross-sec-
tional area in myocardial sections [wheat germ 
agglutinin (WGA) staining]. Connective tissue is 
stained blue, nuclei are stained dark purple, and 
cytoplasm is stained red after Masson’s trichrome 
staining. Paraffin-embedded heart sections were 
stained immunohistochemically for F4/80 and 
transforming growth factor-β1 (TGF-β1) as 

previously described.22 The quantification of the 
positive area was calculated by ImageJ software 
(version 1.50; https://imagej.nih.gov/ij/).

RNA extraction and quantitative real-time PCR
Total RNA was extracted from myocardium 
using TRIzol reagent (Thermo Fisher Scientific, 
Waltham, MA, USA) and reverse-transcribed 
into complementary DNA (cDNA) with a 
PrimeScript Reverse Transcription Master Mix 
(TaKaRa, Shiga, Japan), according to the proto-
col per manufacturer’s instruction. Quantitative 
real-time PCR (qPCR) was performed with TB 
Green premix Ex Taq II (TaKaRa) on an Applied 
Biosystems 7500 Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA). In 
order to analyze relative gene expression with 
real-time PCR, we selected two reference genes: 
β-actin and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). The intra- and inter-assay 
variation was tested. The real-time PCR effi-
ciency of the two reference genes was similar, and 
expression of the two reference genes was con-
stant. We selected GAPDH as reference gene and 
expression of the target gene was normalized to 
GAPDH. The primers listed in Table 1. Relative 
expression levels were calculated using the cycle 
threshold (2−ΔΔCt) method.

Western blotting analysis
Toll-like receptor 4 (TLR4) (Affinity Biosciences 
Cat# AF7017, RRID: AB_2835322; Affinity 
Biosciences, Cincinnati, OH, USA), total signal 
transducer and activator of transcription 3 
(T-STAT3) (Affinity Biosciences Cat# AF6294, 
RRID: AB_2835144) and its phosphorylated 
(Affinity Biosciences Cat# AF3293, RRID: 
AB_2810278) form in heart muscle were evalu-
ated by Western blotting. Samples were homog-
enized in a lysis buffer, sonicated, and centrifuged. 

Table 1. Primers for qPCR.

Gene name Forward primer Reverse primer

Ccl2 TCCACTACCTTTTCCACAACCA CGCACAGAGTGGATGTCGTC

Itgax CAGAGCCAGAACTTCCCAACT ATCTGTGGAACTGATGCTACCC

Mrc1 GACGAAAGGCGGGATGTGT TGGGTTCAGGAGTTGTTGTGG

Adgre1 TCCTACACTATCTTTTCCTCGCC CCTTCAGGTTTCTCACCATCAG

qPCR, quantitative real-time PCR.
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Protein concentration was determined using a 
bicinchoninic acid (BCA) protein quantitation 
assay. Protein (40 μg) were separated by 10% 
SDS-PAGE, transferred to polyvinylidene dif-
luoride (PVDF) membranes, blocked with 5% 
bovine serum albumin (BSA) [in Tris-buffered 
saline with 0.1% Tween 20 (TBST)] for 2 h at 
room temperature and then incubated with pri-
mary antibodies overnight at 4°C. The mem-
branes were then washed and incubated with 
secondary horseradish peroxidase-conjugated 
antibodies for 1 h at room temperature. After 
washing with TBST, bands were detected using 
the enhanced chemifluorescence reagent. The 
intra- and inter-assay variation was tested in 
GAPDH and β-actin, and western blotting effi-
ciency of the two reference proteins were similar 
and constant. Band intensity was quantified by 
scanning densitometry using Image J software 
and normalized to GAPDH (Affinity Biosciences 
Cat# AF7021, RRID: AB_2839421).

Statistical analysis
Results are presented as mean ± standard devia-
tion (SD). Differences between the mean values 
were determined using one-way ANOVAs with 
Tukey’s post hoc correction (GraphPad Prism; 
GraphPad, San Diego, CA, USA), with p < 0.05 
as significant.

Results

Effect of empagliflozin on weight gain and 
serum parameters
The weight gain and serum parameters of the mice 
in the three groups are summarized in Table 2. 
Body weight, heart weight, heart weight/tibial 
length, liver weight, liver weight/body weight, and 
liver TG content in CORT-treated mice were sig-
nificantly higher than those in the VEH and 
CORT + EM groups (p < 0.05 or 0.001). However, 
there were no statistically significant differences in 
these indexes between the VEH and CORT + EM 
groups (p > 0.05). The eWAT weight and eWAT 
weight/body weight in the CORT + EM group sig-
nificantly was lower after 4 weeks of prevention 
compared with that in the CORT group (p < 0.05 
or 0.001), but these indices were still higher than 
those in the VEH group. The level of plasma 
CORT was significantly higher in the CORT and 
CORT + EM groups compared with the VEH 
group (p < 0.05). Meanwhile, the levels of insulin 

and HOMA-IR were significantly higher in the 
CORT and CORT + EM groups compared with 
the VEH group (p < 0.05), and there were no sig-
nificant differences in the levels of insulin and 
HOMA-IR between the CORT and CORT + EM 
groups (p > 0.05). The levels of TC, HDL-C, 
LDL-C, and TG also were significantly higher in 
the CORT and CORT + EM groups compared 
with the VEH group (p < 0.05); however, there 
were no significant differences in these indices 
between the CORT + EM group and CORT 
group (p > 0.05). The UA level was significantly 
higher in the CORT group than in the VEH and 
CORT+EM groups (p < 0.05). There were no 
statistical differences in the levels of fasting blood 
glucose, ALT, and AST in the three groups at the 
end of the study period.

Effect of empagliflozin on LV dimensions and 
functions in CORT-treated mice
As shown in Figure 1 and Table 3, the HR of 
mice in the CORT + EM group was significantly 
lower after 4 weeks of administration of empagli-
flozin compared with that of mice in the CORT 
group, but it was still higher than that in the 
VEH group. There was obvious impairment in 
LV mass, LV mass/body weight ratio, IVSd, 
IVSs, and LVPWd in the CORT group. 
Administration of empagliflozin could largely 
restore LV mass, LV mass/body weight ratio, 
IVSd, IVSs, and LVPWd in CORT-treated 
mice, which were similar to those in the VEH 
group. There were no significant differences in 
the values of LVEDD, LVESD, and IVSs among 
the three groups. CORT administration lead to 
lower EF and FS, which was significantly 
improved by empagliflozin. Furthermore, empa-
gliflozin could simultaneously inhibit the reduc-
tion of diastolic function (E/A).

Empagliflozin inhibits myocardial hypertrophy 
and myocardial fibrosis in CORT-treated mice
Histological sections were stained with fluores-
cein isothiocyanate-labeled WGA to determine 
cell size. The mean cardiomyocyte size in the 
CORT group was significantly larger than that in 
the VEH group (p < 0.05, Figure 2A, B), and the 
CORT + EM group exhibited a significantly 
smaller cardiomyocyte size (p < 0.05).

Masson’s trichrome staining was performed to 
evaluate the degree of cardiac fibrosis. As shown 
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Table 2. Weight gain and serum parameters.

VEH (n = 15) CORT (n = 15) CORT + EM (n = 15) p value

Body weight (g) 23.63 ± 0.87 24.74 ± 0.69* 23.01 ± 0.71# <0.001

Heart weight (mg) 133.43 ± 6.11 139.45 ± 6.82* 132.13 ± 6.75# 0.008

Heart weight/tibial length (mg/mm) 7.41 ± 0.35 7.75 ± 0.28* 7.34 ± 0.37# 0.004

Liver weight (mg) 912.5 ± 79.86 1087.50 ± 137.08* 905.00 ± 61.23# <0.001

Liver weight/body weight (mg/g) 38.63 ± 2.64 43.95 ± 5.94* 39.69 ± 4.01# 0.005

Liver TG content (mmol/g protein) 3.43 ± 0.73 6.45 ± 1.11* 4.20 ± 0.93# <0.001

eWAT weight (mg) 197.50 ± 5.00 745.00 ± 115.61* 265.00 ± 26.46*# <0.001

eWAT weight/body weight (mg/g) 8.36 ± 0.15 30.10 ± 4.54* 11.62 ± 1.10*# <0.001

Fasting blood glucose (mmol/l) 5.53 ± 0.43 5.72 ± 1.11 5.25 ± 0.66 0.268

Insulin (ng/ml) 0.74 ± 0.08 14.38 ± 2.17* 13.71 ± 3.01* <0.001

HOMA-IR 4.49 ± 0.35 82.55 ± 17.60* 79.09 ± 9.95* <0.001

TC (mmol/l) 77.83 ± 3.17 201.17 ± 12.87* 202.54 ± 11.93* <0.001

TG (mmol/l) 91.40 ± 7.82 289.10 ± 25.66* 273.49 ± 25.08* <0.001

HDL-C (mmol/l) 59.71 ± 3.11 75.27 ± 5.38* 73.93 ± 4.51* <0.001

LDL-C (mmol/l) 12.08 ± 1.08 60.26 ± 5.22* 61.69 ± 5.14* <0.001

ALT (U/l) 67.94 ± 16.92 72.89 ± 10.20 59.37 ± 21.05 0.092

AST (U/l) 120.51 ± 17.66 124.87 ± 17.79 118.13 ± 10.47 0.496

UA (mmol/l) 109.78 ± 25.12 144.56 ± 29.49* 112.01 ± 28.46# 0.002

CORT (ng/ml) 47.32 ± 8.40 201.73 ± 93.28* 196.08 ± 84.17* <0.001

Data are expressed as the mean ± SD.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CORT, corticosterone; EM, empagliflozin; eWAT, 
epididymal white adipose tissue; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment 
of insulin resistance; LDL-C, low-density lipoprotein cholesterol; SD, standard deviation; TC, total cholesterol; TG, 
triglyceride; UA, uric acid; VEH, vehicle group.
*p < 0.05 versus VEH.
#p < 0.05 versus CORT.

Figure 1. LV echocardiographic representative images.
CORT, corticosterone group; CORT+EM, CORT + empagliflozin group; LV, left ventricular; VEH, vehicle group.

https://journals.sagepub.com/home/taj
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in Figure 2A and C, there was significantly more 
collagen deposition in the CORT group com-
pared with the VEH group (p < 0.05). The 
administration of empagliflozin alleviated CORT-
induced collagen deposition markedly, as shown 
by the downregulation of the fibrosis ratio 
(p < 0.05). Furthermore, the anti-fibrosis effects 
of empagliflozin were also verified by the reduc-
tion in the expression of pro-fibrotic proteins 
TGF-β1 compared with the CORT group, as 
seen through immunohistochemical staining of 
TGF-β1 (p < 0.05, Figure 2A, D).

Empagliflozin attenuates CORT-induced 
infiltration of macrophage in mouse heart
Based on the results of the immunostaining and 
mRNA expression of F4/80, empagliflozin was 
found to lower markedly the infiltration of mac-
rophage in the mouse myocardium (p < 0.05, 
Figure 3A, B). M1 macrophages (Itgax) and 

MCP-1 (Ccl2) levels were significantly higher in 
CORT-treated mice than in the VEH and 
CORT + EM groups (p < 0.05, Figure 3B), 
whereas the mRNA level of M2 macrophages 
(Mrc1) was significantly lower in CORT-treated 
mice than in the CORT + EM group (p < 0.05, 
Figure 3B).

Effect of empagliflozin on TLR-4 and Stat3 
pathway in mouse heart
Western blot analysis of TLR-4 protein expression 
levels showed that TLR-4 level in the CORT + EM 
group was lower dramatically compared with the 
CORT group (p < 0.05, Figure 4A).

Western blot analysis showed that phosphoryla-
tion of STAT3 at Tyr705 was activated by CORT 
(p < 0.05), and empagliflozin inhibited signifi-
cantly the phosphorylation of STAT3 (p < 0.05, 
Figure 4B).

Table 3. Echocardiographic assessment of left ventricle structural and functional data in mice.

VEH (n = 10) CORT (n = 10) CORT + EM (n = 10) p value

Heart rate (bpm) 438.67 ± 30.71 497.92 ± 17.78* 460.22 ± 21.35# <0.001

LVEDD (mm) 3.83 ± 0.28 3.94 ± 0.24 4.00 ± 0.32 0.405

LVESD (mm) 2.81 ± 0.27 3.01 ± 0.21 2.93 ± 0.22 0.179

IVSd (mm) 0.63 ± 0.06 0.76 ± 0.03* 0.66 ± 0.05# <0.001

IVSs (mm) 1.05 ± 0.08 1.17 ± 0.05* 1.08 ± 0.05# <0.001

LVPWd (mm) 0.60 ± 0.03 0.71 ± 0.06* 0.63 ± 0.04# <0.001

LVPWs (mm) 0.99 ± 0.05 0.98 ± 0.04 0.98 ± 0.04 0.840

LV mass (mg) 74.82 ± 11.94 101.78 ± 9.02* 88.03 ± 13.11# <0.001

LV mass/body weight (mg/g) 3.14 ± 0.13 4.11 ± 0.15* 3.83 ± 0.10*# <0.001

EF (%) 56.58 ± 2.86 45.61 ± 1.55* 53.86 ± 2.23# <0.001

FS (%) 29.09 ± 1.68 22.50 ± 0.79* 26.73 ± 1.15*# <0.001

E/A 1.57 ± 0.09 1.25 ± 0.11* 1.47 ± 0.10# <0.001

Data are presented as the mean ± SD.
CORT, corticosterone; E/A, ratio between early (E)-to-late (A) diastolic mitral inflow; EF, ejection fraction; EM, 
empagliflozin; FS, fractional shortening; IVSd, interventricular septal width during end-diastole; IVSs: systolic 
interventricular septal thickness; LV, left ventricle; LVEDD, Left ventricular end-diastolic diameter; LVESD, Left ventricular 
end-systolic diameter; SD, standard deviation; VEH, vehicle group.
*p < 0.05 versus VEH.
#p < 0.05 versus CORT.
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Figure 2. Empagliflozin suppresses myocardial hypertrophy and fibrosis in CORT-treated mice. WGA staining, 
immunostaining of TGF-β1 protein expression, and Masson’s trichrome staining of the myocardium (A). 
Cardiomyocyte cross-sectional area (B), connective tissue fraction (C), and the percentages of positive areas of 
TGF-β1 (D). Data are expressed as mean ± SD.
*p < 0.05 versus VEH.
#p < 0.05 versus CORT.
CORT, corticosterone group; CORT+EM, CORT + empagliflozin group; SD, standard deviation; TGF-β1, transforming growth 
factor-β 1; VEH, vehicle group; WGA, wheat germ agglutinin.
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Discussion
The key findings of this study were that adminis-
tration of empagliflozin significantly ameliorated 
systolic and diastolic LV function, cardiac hyper-
trophy, and fibrosis, and inhibited the infiltration 
of macrophages, especially M1 macrophages, in 
the myocardial tissue in CORT-treated mice. 
Furthermore, empagliflozin could effectively 
reduce body weight, liver TG, visceral adipose 
tissue, and UA, but it may not improve insulin 
resistance.

Impairment of cardiac function, such as LV hyper-
trophy, concentric remodeling, and diastolic and 
systolic dysfunction, has been reported in CS 
patients using echocardiography.6,23 Consistent 
with previous studies, although CORT did not 
affect LV diameters in our study, LV hypertrophy 
and impairment of LV diastolic and systolic func-
tion were obvious in the CORT-treated mice 
compared with the VEH group. The WGA stain-
ing of myocardial tissue suggested that severe 
myocardial fibrosis was found in the CORT 

group, and that the size of myocardial cells was 
larger than those in the VEH group. These struc-
tural and pathological abnormalities might be 
attributed to GC excess, which leads to increased 
blood pressure by the stimulation of both miner-
alocorticoid and GC receptors and activation of 
the components of the renin-angiotensin system 
that enhances angiotensin-II responsiveness of the 
myocytes.24,25 More importantly, GC excess can 
induce the development of myocardial fibrosis 
directly, thus contributing significantly to the 
development of cardiac dysfunction, independent 
of LV hypertrophy.7

In the present study, administration of empagliflo-
zin for 4 weeks successfully improved the cardiac 
structural and functional abnormalities in CORT-
treated mice. It has been reported that cardiac 
function was improved in a female rodent model of 
diabetes and in a non-diabetic pressure overload-
induced heart failure mouse model by empagliflo-
zin.26,27 Consistent with our study, empagliflozin 
significantly attenuated cardiac fibrosis in both 

Figure 3. Macrophage infiltration in myocardium. Immunofluorescence images of macrophage antibody F4/80 
(A). mRNA expression of macrophage markers (Adgre1, Mrc1, Itgax, and Ccl2) (B). Values are expressed as 
means ± SD.
*p < 0.05 versus VEH.
#p < 0.05 versus CORT.
CORT, corticosterone group; CORT+EM, CORT + empagliflozin group; SD, standard deviation; VEH, vehicle group.
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atrial and ventricular tissues of rats with hyperten-
sive heart failure.28 In addition to the heart, empa-
gliflozin also exerts an anti-fibrotic effect on models 
of experimental diabetes nephropathy.29 Therefore, 
the beneficial effects of SGLT2 inhibitors on 
attenuation of fibrosis and improvement of struc-
tural and functional abnormalities might be inde-
pendent of its glucose-lowering effects.

Macrophage phenotypes have been shown to 
influence myocardial remodeling. Here, we 
found that macrophages, especially M1 mac-
rophages was greatly increased in the myocardial 
tissue of CORT-treated mice. Meanwhile, we 
also found that empagliflozin can significantly 
downregulate the level of F4/80 and promote 
M1 toward M2 macrophage phenotype transi-
tion in the myocardial tissue of CORT-treated 
mice. STAT3 signaling has also been shown to 
be involved in macrophage polarization,30 and 
angiotensin-II-mediated cardiac remodeling 
depends on phosphorylation of STAT3 through 
TLR4.31 TLR4 knockout significantly attenu-
ated angiotensin-II-induced STAT3 activation, 
resulting in preservation of cardiac dysfunction 

and myocardial remodeling.31 Moreover, 
Matsuda et  al. demonstrated that TLR4 defi-
ciency reversed angiotensin-II-induced cardiac 
hypertrophy, macrophage infiltration, and dias-
tolic dysfunction.32 In the present study, we 
found that CORT could activate STAT3 and 
upregulate the expression of TLR4 in mouse 
myocardium. While empagliflozin could down-
regulate the expression of TLR4 and the ratio  
of p-STAT3/STAT3. Therefore, empagliflozin 
may alleviate CS-associated cardiomyopathy by 
inhibiting the phosphorylation of STAT3, down-
regulating the expression of TLR4, and inhibit-
ing macrophage infiltration in the myocardium. 
We must acknowledge that the diabetes-inde-
pendent cardiovascular protective effects of 
empagliflozin may also benefit from its diuretic 
effect,33 improvement of energy metabolism, 
and establishing a powerful synergy with the 
metabolic substrate shift in myocardial cells.34–36 
The exact mechanisms of the pleiotropic effects 
of empagliflozin on improving heart perfor-
mance in the specific cardiomyopathy associated 
with GC use requires further experiments and 
research for it to be fully elucidated.

Figure 4. Representative immunoblots and quantitative analysis of TLR4 (A), STAT3 (B). Values are expressed 
as means ± SD.
*p < 0.05 versus VEH.
#p < 0.05 versus CORT.
CORT, corticosterone group; CORT+EM, CORT + empagliflozin group; STAT3, Signal transducer and activator of 
transcription 3; T-STAT3, total STAT3; P-STAT3, phosphorylated STAT3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
SD, standard deviation; TLR4, Toll-like receptor 4; VEH, vehicle group.
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In this study, we also evaluated the influence of 
empagliflozin on the metabolic comorbidities that 
may affect the cardiac function in CORT-treated 
mice. A previous study suggested that empagliflo-
zin can reduce the plasma glucose concentration 
threshold to <40 mg/dl, which is well below the 
normal fasting plasma glucose concentration in 
individuals without diabetes.37 However, we did 
not find an effect of empagliflozin on plasma glu-
cose levels in CORT-treated mice. This might be 
due to interference of CORT or the difference 
between humans and mice, and the exact reason 
needs to be studied further. The decline in the 
UA level with empagliflozin may be due to the 
increased UA excretion due to glycosuria. The 
present findings also indicated beneficial effects 
of empagliflozin on the reduction of body weight, 
the weight of eWAT, and improvement of fatty 
livers in CORT-treated mice. Although many 
studies have found that SGLT2 inhibitors could 
improve insulin resistance and reduce serum lipid 
levels, some studies have put forward different 
views. Dapagliflozin, another SGLT2 inhibitor, 
had no effect on tissue-level insulin sensitivity, as 
seen through PET/CT imaging findings in obese 
patients with type 2 diabetes.38 There were no 
changes in LDL-C or TG levels in DM patients 
after treatment with empagliflozin.39 Therefore, 
the mechanism of effect of SGLT2 inhibitors on 
blood lipids and insulin resistance needs further 
exploration.

We must acknowledge that there are some limita-
tions to our study. First, the data on the effects of 
empagliflozin on blood pressure, energy metabo-
lism, myocardial oxidative stress, intramyocardial 
sodium and calcium regulation, and HR variabil-
ity were not available. Second, the animals were 
not housed in individual cages, making the urine 
collection a bulk collection. This bulk urine sam-
ple was analyzed for information such as urine 
volume, glucosuria, albuminuria, urinary CORT, 
and electrolyte excretion.

Conclusion
Empagliflozin exerted beneficial effects on UA, liver 
TGs, and visceral adipose tissue in mice exposed to 
CORT. It also ameliorated myocardial fibrosis, 
hypertrophy, and dysfunction in the same group. 
The potential application of the SGLT2 inhibitor 
empagliflozin in conditions beyond T2DM may 
include CS-associated cardiomyopathy.
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