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aldosterone-induced cardiac inflammation  
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Fei Guo1, Jian Xu1, Rong Wu2

1Department of Cardiology, The First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University 
of Science and Technology of China, Hefei 230001, Anhui, China; 2Department of Reproduction, First Affiliated 
Hospital of Medical University of Anhui, Hefei 230022, Anhui, China

Received June 17, 2019; Accepted December 3, 2019; Epub January 15, 2020; Published January 30, 2020

Abstract: Aldosterone (Aldo)-salt-induced cardiovascular inflammation plays an important role in the pathogenesis 
of cardiac fibrosis. GSK-3β contributes to inflammatory cardiac diseases, and thiadiazolidinone-8 (TDZD-8) is able to 
repress the expression of inflammatory cytokines by acting as a specific GSK-3β inhibitor. However, the role of TDZD-
8 in Aldo-salt-induced cardiac inflammation and fibrosis has not been clearly documented. In the present study, rats 
were treated with Aldo-salt in the absence or presence of TDZD-8 for 4 weeks, and then hemodynamic and cardiac 
parameters were assayed at various time points. We found that the expression levels of pro-inflammatory cytokines 
(IL-1β and TNF-a) and fibrosis (TGF-β and collagen I) were increased in cardiac tissues by Aldo-salt infusion, whereas 
TDZD-8 treatment reversed these alterations. TDZD-8 also suppressed Aldo-salt-induced endothelial-to-mesenchy-
mal transition (EndoMT), as indicated by increased expression of VE-cadherin and decreased expression of a-SMA. 
Furthermore, TDZD-8 upregulated the protein levels of LC3-II in cardiac tissues, and p62 degradation, indicating 
that autophagy was activated by TDZD-8 in cardiac tissues. More importantly, autophagy inhibition by specific inhibi-
tors attenuated the function of TDZD-8 in inhibiting EndoMT and perivascular fibrosis. Taken together, these results 
demonstrate that TDZD-8 plays a protective role in Aldo-salt-induced cardiac fibrosis by activating autophagy.
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Introduction

Cardiovascular disease (CVD) continues to be 
the first cause of mortality and morbidity world-
wide [1, 2]. Although advancements have been 
made in the diagnosis and therapy of CVD, 
there is still a critical need for novel diagnostic 
biomarkers to decrease the morbidity, and no- 
vel therapeutic interventions to decrease the 
mortality. 

Aldosterone (Aldo), which is secreted from the 
adrenal cortex, is a mineralocorticoid hormone 
that acts classically by the activation of intra-
cellular mineralocorticoid receptor (MR) [3]. 
Studies have shown that Aldo-salt plays a cru-
cial role in regulating blood pressure and elec-
trolytic balance [4, 5]. Clinical and preclinical 
evidence showed that Aldo-salt plays an impor-
tant pathophysiological role in cardiac remodel-
ing by promoting cardiac fibrosis [6]. Aldo-salt is 

involved in cardiac remodeling, specifically it 
induces inflammation, oxidative stress and fi- 
brosis [7-9]. Emerging data reported that chron-
ic inflammation plays an important role in the 
pathogenesis of cardiac fibrosis and hyperten-
sion [10, 11]. 

Glycogen synthase kinase 3β (GSK3β), an evo-
lutionarily conserved serine/threonine protein 
kinase, was initially identified as a key regulator 
of insulin-dependent glycogen synthesis [12]. 
Recent studies have shown that GSK3β is 
involved in cardiac growth during development 
and in response to stress [13]. GSK3β is also 
an important positive regulator of inflammatory 
and fibrotic processes [14, 15]. Jope et al first 
identified the role of GSK3β in the regulation of 
inflammation [16], demonstrating that GSK3β 
activity is indispensable for full stimulation of 
the production of pro-inflammatory cytokines 
such as interleukin-6 (IL-6), tumor necrosis fac-
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tor α (TNF-α) and IL-1β [16, 17]. Additionally, 
GSK3β inhibition by specific inhibitors greatly 
decreases pro-inflammatory cytokine produc-
tion and increases anti-inflammatory cytokine 
production [18]. Previous studies have demon-
strated that the activity of GSK-3β is negatively 
regulated by S9 phosphorylation [19, 20].

Thiadiazolidinone-8 (TDZD-8) is a specific inhib-
itor of GSK3β activity [21]. Xie et al demonstrat-
ed that GSK3β inhibition using TDZD-8 has a 
potent therapeutic effect by ameliorating L- 
dopa-induced dyskinesia in 6-OHDA parkinso-
nian rats [22]. However, its role in regulating 
cardiac fibrosis and injury is still unclear.

In the present study, the role of TDZD-8 in inhib-
iting Aldo-salt-induced cardiac inflammation 
and fibrosis was investigated. We found that 
TDZD-8 treatment suppressed Aldo-salt-indu- 
ced cardiac inflammation and injury. Moreover, 
TDZD-8 promoted autophagy activation in car-
diac tissues. Notably, autophagy inhibition 
attenuated the role of TDZD-8 in suppressing 
perivascular fibrosis. Therefore, all results sug-
gest that TDZD-8 plays a protective role in Aldo-
salt-induced cardiac inflammation and fibrosis, 
at least in part by activating autophagy.

Materials and methods

Animal model

All animal care and experimental procedures 
complied with requirements of the Ethics Com- 
mittee of Experimental Animals at Anhui Me- 
dical University. Six-week old male Wistar rats 
(220-250 g) were obtained from Shanghai Mo- 
del Organisms Center, Inc. (Shanghai, China). 
All rats were housed in traditional open cages 
in a pathogen-free facility under normal feeding 
and lighting conditions. Rats were randomly 
divided into three groups (11 rats in each 
group): 1) Vehicle control: Rats were subcuta-
neously treated with vehicle (sunflower oil) only 
for 3 weeks; 2) Aldo-salt: Aldo-salt was dis-
solved in sunflower oil, and rats were subcuta-
neously treated with Aldo-salt (1 mg/kg each 
day) and 1% NaCl as drinking water for 3 weeks; 
and 3) Aldo-salt combined with TDZD-8: The 
rats were subcutaneously treated with Aldo-
salt (1 mg/kg/day) and TDZD-8 (1.5 mg/kg/
day) and 1% NaCl as drinking water for 3 weeks. 

Reagents

Aldo-salt, TDZD-8 (the GSK-3β inhibitor) and 
3-MA (the autophagy inhibitor) were obtained 
from Target Mol (Boston, USA). The 4’6-diamid-
ino-2-phenylindole (DAPI; Life Technologies) 
was used for nuclear staining. 

Western blotting 

SDS-PAGE under denaturing conditions was 
performed to separate the extracted heart pro-
teins, which were then transferred to a PVDF 
membrane. Blocking with 5% BSA in TBST, the 
PVDF membranes were incubated with speci- 
fic primary antibodies in a refrigerator at 4°C 
overnight (GSK3β:ZG004, 1:250, Invitrogen, 
CA, USA; p-GSK3β:44-604G, 1:200, Invitrogen; 
LC3B:MAB85582, 0.1 µg/mL, R&D Systems, 
MN, USA; p62:ab56416, 1 µg/mL, Abcam, MA, 
USA; VE-cadherin:ab166715, 1:1,000, Abcam; 
a-SMA:ab5694, 1 µg/mL, Abcam). The mem-
brane was then washed 3 times with TBST, and 
then incubated with ECL HRP-conjugated sec-
ondary antibodies for 1 h and imaged with an 
Odyssey Imaging System (LI-COR Biosciences). 
Each assay was carried out in triplicate and sta-
tistically quantified by ImageJ software.

Total RNA extraction and quantitative real-time 
PCR (qPCR)

Total RNA was isolated from cardiac tissues 
with TRIzol (Invitrogen), and then 1 μg RNA was 
converted into cDNA using a Revert Aid First 
Strand cDNA Synthesis Kit (Shnghai Haoran 
Biological Technology CO., Ltd), as the manu-
facturer’s instructions. The mRNA levels of 
IL-1β, TNF-α, TGF-β, Col I, LC3B and p62 were 
measured with qPCR, and β-actin was used as 
the internal control. The primers are listed in 
Supporting Table S1.

Histological analysis

Rats were treated with the assigned reagents, 
and then the left ventricles were fixed with 4% 
paraformaldehyde, embedded in paraffin and 
cut into 4 μm-thick sections as previously 
described [18]. Masson’s trichrome staining 
was carried out with serial sections. The per-
centage of perivascular collagen deposition by 
trichromatic staining in total perivascular area 
was calculated, and the color cube function of 
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the software was used to evaluate perivascular 
fibrosis.

Statistical analysis

Each experiment was carried out in triplicate, 
and all results are presented as the mean ± 
S.D. Averaged data were compared with an 
unpaired Student’s t-test (Figure 4) or one-way 
ANOVA (Figures 1-3 and 5), followed by the 
Scheffé test. The level of significance was set 
at P < 0.05.

Results

TDZD-8 inhibited GSK3β activation and de-
creased Aldo-salt-induced cardiac inflamma-
tion

To investigate the role of GSK3β in regulating 
Aldo-salt-induced cardiovascular inflammation 
and fibrosis, rats were treated with Aldo-salt 
combined with TDZD-8 (a specific GSK3β inhib-
itor), and hemodynamic and cardiac parame-
ters were assessed. Aldo-salt treatment led to 
a significant increase in diastolic blood pres-

Given that EndoMT contributes to the develop-
ment of various cardiovascular diseases, we 
next investigated the effects of Aldo-salt and 
TDZD-8 on EndoMT. As shown in Figure 2A and 
2B, Aldo-salt treatment resulted in decreased 
mRNA and protein levels of VE-cadherin and an 
increased expression level of a-SMA, indicating 
that Aldo-salt induced EndoMT. As expected, 
TDZD-8 significantly suppressed Aldo-salt-in- 
duced EndoMT (Figure 2A and 2B).

We then investigated the role of TDZD-8 in reg-
ulating cardiac fibrosis as chronic inflammation 
and EndoMT playing critical roles in the patho-
genesis of cardiac fibrosis and hypertension 
[10, 11]. To verify this, we assessed the expres-
sion levels of transforming growth factor-β 
(TGF-β) and collagen type I (Col I), which are a 
profibrotic marker and extracellular matrix pro-
tein, respectively [23]. As shown in Figure 3A 
and 3B, Aldo-salt upregulated the mRNA and 
protein levels of TGF-β and Col I in cardiac tis-
sues, whereas TDZD-8 treatment significantly 
inhibited the Aldo-salt-induced upregulation of 
TGF-β and Col I. Perivascular fibrosis in the left 

Figure 1. TDZD-8 inhibited GSK3β activation and decreased Aldo-salt-in-
duced cardiac inflammation. (A) Western blot analysis of p-GSK3β level in 
the heart tissues after treatment with Aldo-salt, or Aldo-salt and TDZD8. This 
assay was performed in triplicate. (B) Quantitative analysis of western blot 
data showed in (A). (C) The mRNA levels of IL-1β (C) and TNF-α (D) were ana-
lyzed by quantitative real-time PCR. β-actin was set as the internal control. 
This assay was repeated at least three times. *P < 0.05 vs control, #P < 
0.05 vs Aldo.

sure (DBP) and systolic blood 
pressure (SBP) (Table 1). 
Aldo-salt also increased the 
ratio of heart weight (HW) to 
body weight (BW), and de- 
creased heart rate (Table 1). 

GSK3β expression and activa-
tion was assessed becau- 
se TDZD-8 has been descri- 
bed as a specific inhibitor of 
GSK3β. Figure 1A and 1B 
showed that TDZD-8 treat-
ment could not change the 
total GSK3β protein level,  
but that TDZD-8 upregulated 
phosphor-GSK3βS9 levels at 
PSer9 in the heart tissues, 
indicating that TDZD-8 inhi- 
bited GSK3β activation. Fun- 
ctionally, TDZD-8 treatment 
significantly inhibited Aldo-sa- 
lt-induced upregulation of car-
diac IL-1β and TNF-α mRNA 
levels (Figure 1C and 1D). 

TDZD-8 inhibited Aldo-salt-
induced cardiac fibrosis
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ventricle was then assayed via the deposition 
of collagen around the vasculature, as previ-
ously described [24]. Figure 3C presented the 
representative results of collagen deposition 
and the quantification of fibrosis. The results 
showed that Aldo-salt treatment caused peri-
vascular fibrosis, whereas TDZD-8 significantly 
suppressed Aldo-salt-induced perivascular fi- 
brosis. These data demonstrated that TDZD-8 

could effectively suppress Aldo-salt-induced 
cardiac inflammation and fibrosis.

TDZD-8 activated cell autophagy in cardiac 
tissues

We then investigated whether TDZD-8 regulat-
ed autophagy activation and TDZD-8 inhibited 
cardiac fibrosis by regulating autophagy. As 

Figure 2. TDZD-8 inhibited Aldo-induced EndoMT. A. The mRNA levels of VE-cadherin and a-SMA in cardiac tissues 
were analyzed by quantitative real-time PCR after Aldo-salt treatment with or without TDZD-8. β-actin was set as 
the internal control. B. The protein levels of VE-cadherin and a-SMA were analyzed by western blot after Aldo-salt 
treatment with or without TDZD-8. Quantitative and statistical analysis was conducted based on data from least 
three repeats. *P < 0.05.

Figure 3. TDZD-8 inhibited Aldo-induced cardiac fibrosis. Cardiac mRNA (A) and protein (B) levels of TGF-β and Col I 
were assessed by quantitative real-time PCR. (C) IHC analysis for indicating the collagen deposition and perivascular 
fibrosis after Aldo-salt treatment, or Aldo and TDZD8 treatment. Bar, 50 µM. Quantitative analysis was conducted 
after the assay was performed in triplicate. *P < 0.05 vs control, #P < 0.05 vs Aldo-salt.



TDZD-8 ameliorates aldo-induced cardiac fibrosis

51 Int J Clin Exp Med 2020;13(1):47-55

shown in Figure 4A, additional treatment of 
TDZD-8 markedly upregulated the protein lev-
els of LC3-II (the marker of autophagy activa-
tion) compared with Aldo-salt alone in the car-
diac tissues, indicating that autophagy was 
activated after TDZD-8 treatment. The multi-
functional ubiquitin-binding protein p62/SQS- 
TM1 is an autophagy substrate [25]. The au- 
tophagy flux was also verified by assessing the 
reduction of the p62/SQSTM1 protein level fol-
lowing TDZD-8 treatment (Figure 4B). 

TDZD-8 inhibited Aldo-salt-induced cardiac 
fibrosis by activating autophagy

TDZD-8 inhibited Aldo-salt-induced cardiac in- 
flammation and fibrosis, and contributed to 
autophagy activation. Therefore, we next inves-
tigated whether TDZD-8 inhibited Aldo-salt-
induced cardiac inflammation and fibrosis by 
activating autophagy. Here, 3-methyladenine 
(3-MA) was used to specifically attenuate LC3-
II upregulation and destroy the formation  
of autophagosomes, as previously described 
[26]. Figure 5A and 5B showed that the level  
of cardiac inflammation and perivascular fibro-
sis was upregulated after Aldo-salt treatment, 
whereas TDZD-8 could reverse this alteration. 

cardiac injury by activating autophagy. These 
data demonstrate the important role of TDZD-8 
and autophagy in regulating Aldo-salt-induced 
inflammation and fibrosis and suggested that 
TDZD-8 possesses a potential therapeutic 
effect for alleviating salt-sensitive cardiac in- 
jury.

Aldosterone promotes inflammatory response 
by inducing the production of reactive oxygen 
species (ROS) such as hydrogen peroxide and 
superoxide, which stimulate the activation of 
the pro-inflammatory transcription factor acti-
vator protein (AP)-1 and nuclear factor kappa B 
(NF-κB) [27, 28]. In the heart, Aldo-salt-induced 
generation of ROS could activate Ca2+ calmodu-
lin (CaM)-dependent protein kinase II (CaMKII). 
The activation of CaMKII promotes left ventric-
ular remodeling following myocardial infarction 
[27, 29]. Recent studies have reported that 
GSK3β is centrally involved in Aldo-induced 
podocyte death [30]. Aldosterone-induced 
GSK3β activation leads to hyperphosphoryla-
tion and the over-activation of GSK3β sub-
strates, and results in subsequent cell injury 
and death [30]. Ischemia/reperfusion [I/R] 
injury results in an increased S9 phosphoryla-
tion of GSK3β and thus inhibits GSK3β activity 
[20]. 

Figure 4. TDZD-8 activates activated autophagy in cardiac tissues. A. 
LC3-I and LC3-II protein levels were analyzed by western blotting after 
Aldo treatment, in the presence or absence of TDZD8. Quantitative and 
statistical analysis was conducted based on at least three repeats. B. 
p62 protein level was analyzed by western blot after Aldo treatment in 
the presence or absence of, or Aldo and TDZD8. Quantitative and statis-
tical analysis was conducted based on at least three repeats. *P < 0.05.

Notably, autophagy inhibition by 
3-MA significantly suppressed the 
function of TDZD-8 in inhibiting 
cardiac inflammation and perivas-
cular fibrosis. Collectively, current 
data confirmed that TDZD-8 pro-
tects against Aldo-salt-induced 
cardiac injury, at least in part by 
activating autophagy. 

Discussion

In the present study, we investi-
gated the potential role of a 
GSK3β inhibitor (TDZD-8) in alle-
viating Aldo-salt-induced cardiac 
inflammation and fibrosis. The 
results suggest that: (I) TDZD-8 
inhibited GSK3β activation in car-
diac tissues treated with Aldo-
salt; (II) TDZD-8 inhibited Aldo-
salt-induced cardiac inflamma-
tion, EndoMT and fibrosis; (III) 
TDZD-8 contributed to the activa-
tion of autophagy in cardiac tis-
sues; and (IV) TDZD-8 inhibited 
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Figure 5. TDZD-8 inhibits inhib-
ited Aldo-induced cardiac inflam-
mation and fibrosis by activating 
autophagy. Cardiac inflamma-
tion (A) and perivascular fibrosis 
(B) was analyzed when cardiac 
cells were treated with Aldo, Aldo 
and TDZD8, or Aldo and TDZD8 
and 3-MA. Quantitative and sta-
tistical analysis was conducted 
based on at least three repeats. 
*P < 0.05 vs control, #P < 0.05 
vs Aldo, &P < 0.05 vs Aldo and 
TDZD8.

Recent studies have demonstrated that the 
therapeutic effect of GSK3β inhibitors are as- 
sociated with the suppression of the inflamma-
tory response. Inhibition of GSK3β results in 

decreased activation of the pro-inflammatory 
transcription factor NF-κB. Additionally, GSK3β 
inhibition contributes to the production of the 
anti-inflammatory cytokine IL-10 [31]. In this 
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study, we investigated the role of TDZD-8, a 
specific GSK3β inhibitor, in the regulation of 
Aldo-induced cardiac inflammation and fibro-
sis. Our results demonstrated that Aldo induc-
es a significant increase in DBP and SBP, but 
additional treatment with TDZD-8 inhibits Al- 
do-salt-induced cardiac dysfunction and hyper-
trophy. Functionally, TDZD-8 suppresses the 
Aldo-induced upregulation of cardiac IL-1β and 
TNF-α levels. We also investigated the role of 
TDZD-8 in regulating Aldo-salt-induced cardiac 
fibrosis. Aldo-salt-increases TGF-β and Col I ex- 
pression in cardiac tissues, whereas TDZD-8 
treatment also markedly suppresses the Aldo-
induced upregulation of TGF-β and Col I. Fur- 
thermore, TDZD-8 suppresses Aldo-induced 
perivascular fibrosis. 

Autophagy is a lysosome-mediated intracellular 
catabolic process by which cells remove their 
damaged organelles; thus, it plays a significant 
role in the regulation of intracellular homeosta-
sis and cell survival. Emerging studies demon-
strated that inactivation of autophagy promotes 
the progression of cardiovascular and renal dis-
ease [32, 33]. In an addition, GSK3β inhibition 
triggers a profound autophagic response in 
salt-sensitive hypertension and renal fibrosis, 
under serum-free condition and ischemic mou- 
se models [18, 20, 34, 35]. Based on these 
facts, we further investigated the role of au- 
tophagy in TDZD-8-regulated cardiac fibrosis. 
We found that TDZD-8 treatment contributes to 
the activation of autophagy. More important, 
autophagy inhibition by its specific inhibitors 
significantly decreases the effect of TDZD-8 in 
preventing perivascular fibrosis. The detailed 
mechanisms by which TDZD-8 activates au- 
tophagy deserve further study. Taken together, 
these data demonstrated that the TDZD-8/
autophagy pathway possesses a potential ther-

Abbreviations

CVD, Cardiovascular disease; Aldo, Aldosterone; 
TDZD-8, Thiadiazolidinone-8; GSK-3β, Glycogen 
synthase kinase-3β; TGF-β, Transforming grow- 
th factor-β; Col I, collagen type I.

Address correspondence to: Jian Xu, Department of 
Cardiology, The Provincial Hospital Affiliated to An- 
hui Medical University, No. 17 Lujiang Road, Hefei 
230001, China. Tel: +86-13905515819; Fax: +86-
13905515819; E-mail: xujian201811@163.com

References

[1] Alberti KG, Zimmet P and Shaw J; IDF Epidemi-
ology Task Force Consensus Group. The meta-
bolic syndrome--a new worldwide definition. 
Lancet 2005; 366: 1059-1062.

[2] Mittal R, Jhaveri VM, Kay SS, Greer A, Suther-
land KJ, McMurry HS, Lin N, Mittal J, Malhotra 
AK and Patel AP. Recent advances in under-
standing the pathogenesis of cardiovascular 
diseases and development of treatment mo-
dalities. Cardiovasc Hematol Disord Drug Tar-
gets 2019; 19: 19-32. 

[3] Martinez-Martinez E, Ibarrola J, Lachen-Mon-
tes M, Fernandez-Celis A, Jaisser F, Santama-
ria E, Fernandez-Irigoyen J and Lopez-Andres 
N. Differential proteomics reveals S100-A11 
as a key factor in aldosterone-induced colla-
gen expression in human cardiac fibroblasts. J 
Proteomics 2017; 166: 93-100.

[4] Rogerson FM and Fuller PJ. Mineralocorticoid 
action. Steroids 2000; 65: 61-73.

[5] Brilla CG. Aldosterone and myocardial fibrosis 
in heart failure. Herz 2000; 25: 299-306.

[6] Bos R, Mougenot N, Findji L, Mediani O, Van-
houtte PM and Lechat P. Inhibition of catechol-
amine-induced cardiac fibrosis by an aldoste-
rone antagonist. J Cardiovasc Pharmacol 
2005; 45: 8-13.

[7] Irita J, Okura T, Jotoku M, Nagao T, Enomoto D, 
Kurata M, Desilva VR, Miyoshi K, Matsui Y, 

Table 1. Physiological and hematological parameters 
in Aldo-treated rats

Control Aldo Aldo + TDZD8
SBP, mm Hg 138 ± 0.6 153 ± 0.4* 144 ± 0.3#

DBP, mm Hg 92 ± 0.9 122 ± 1.3* 107 ± 0.8#

HR, beats/min 331 ± 6.8 269 ± 9.2* 317 ± 5.8#

HW/BW, mg/g 2.61 ± 0.02 2.90 ± 0.03*  2.72 ± 0.01#

Note: Aldo = aldosterone; SBP = systolic blood pressure; DBP = 
diastolic blood pressure; HW = heart weight; BW = body weight. 
Values are presented as mean ± SEM. *P < 0.05 vs control. #P < 
0.05 vs Aldo group.

apeutic effect for alleviating the salt-sensi-
tive cardiac injury. 

Acknowledgements

The present study was supported by 2017 
special project of the central government  
to guide local science and technology 
development (2017070802D145).

Disclosure of conflict of interest

None.

mailto:xujian201811@163.com


TDZD-8 ameliorates aldo-induced cardiac fibrosis

54 Int J Clin Exp Med 2020;13(1):47-55

Uede T, Denhardt DT, Rittiling SR and Higaki J. 
Osteopontin deficiency protects against aldo-
sterone-induced inflammation, oxidative stre- 
ss, and interstitial fibrosis in the kidney. Am J 
Physiol Renal Physiol 2011; 301: F833-844.

[8] Rafiq K, Hitomi H, Nakano D and Nishiyama A. 
Pathophysiological roles of aldosterone and 
mineralocorticoid receptor in the kidney. J 
Pharmacol Sci 2011; 115: 1-7.

[9] Zhang YD, Dai HY, Xie HL, Zhou QL and Liu ZH. 
The role of renal damage on cardiac remodel-
ing in patients with diabetic nephropathy. Clin 
Nephrol 2013; 80: 249-255.

[10] Savoia C and Schiffrin EL. Inflammation in hy-
pertension. Curr Opin Nephrol Hypertens 
2006; 15: 152-158.

[11] Li JJ and Chen JL. Inflammation may be a 
bridge connecting hypertension and athero-
sclerosis. Med Hypotheses 2005; 64: 925-
929.

[12] Luo J. Glycogen synthase kinase 3beta (GSK-
3beta) in tumorigenesis and cancer chemo-
therapy. Cancer Lett 2009; 273: 194-200.

[13] Webb IG, Nishino Y, Clark JE, Murdoch C, Walk-
er SJ, Makowski MR, Botnar RM, Redwood SR, 
Shah AM and Marber MS. Constitutive glyco-
gen synthase kinase-3alpha/beta activity pro-
tects against chronic beta-adrenergic remodel-
ling of the heart. Cardiovasc Res 2010; 87: 
494-503.

[14] Wang H, Garcia CA, Rehani K, Cekic C, Alard P, 
Kinane DF, Mitchell T and Martin M. IFN-beta 
production by TLR4-stimulated innate immune 
cells is negatively regulated by GSK3-beta. J 
Immunol 2008; 181: 6797-6802.

[15] Beurel E and Jope RS. The paradoxical pro- 
and anti-apoptotic actions of GSK3 in the in-
trinsic and extrinsic apoptosis signaling path-
ways. Prog Neurobiol 2006; 79: 173-189.

[16] Jope RS, Yuskaitis CJ and Beurel E. Glycogen 
synthase kinase-3 (GSK3): inflammation, dis-
eases, and therapeutics. Neurochem Res 
2007; 32: 577-595.

[17] Martin M, Rehani K, Jope RS and Michalek 
SM. Toll-like receptor-mediated cytokine pro-
duction is differentially regulated by glycogen 
synthase kinase 3. Nat Immunol 2005; 6: 777-
784.

[18] Zhang YD, Ding XJ, Dai HY, Peng WS, Guo NF, 
Zhang Y, Zhou QL and Chen XL. SB-216763, a 
GSK-3beta inhibitor, protects against aldoste-
rone-induced cardiac, and renal injury by acti-
vating autophagy. J Cell Biochem 2018; 119: 
5934-5943.

[19] Kalamegham R, Sturgill D, Siegfried E and Oli-
ver B. Drosophila mojoless, a retroposed GSK-
3, has functionally diverged to acquire an es-
sential role in male fertility. Mol Biol Evol 2007; 
24: 732-742.

[20] Zhai P, Sciarretta S, Galeotti J, Volpe M and Sa-
doshima J. Differential roles of GSK-3beta dur-
ing myocardial ischemia and ischemia/reper-
fusion. Circ Res 2011; 109: 502-511.

[21] Sun A, Li C, Chen R, Huang Y, Chen Q, Cui X, Liu 
H, Thrasher JB and Li B. GSK-3beta controls 
autophagy by modulating LKB1-AMPK path-
way in prostate cancer cells. Prostate 2016; 
76: 172-183.

[22] Xie CL, Lin JY, Wang MH, Zhang Y, Zhang SF, 
Wang XJ and Liu ZG. Inhibition of Glycogen 
Synthase Kinase-3beta (GSK-3beta) as potent 
therapeutic strategy to ameliorates L-dopa-in-
duced dyskinesia in 6-OHDA parkinsonian 
rats. Sci Rep 2016; 6: 23527.

[23] Skrbic B, Engebretsen KV, Strand ME, Lunde 
IG, Herum KM, Marstein HS, Sjaastad I, Lunde 
PK, Carlson CR, Christensen G, Bjornstad JL 
and Tonnessen T. Lack of collagen VIII reduces 
fibrosis and promotes early mortality and car-
diac dilatation in pressure overload in mice. 
Cardiovasc Res 2015; 106: 32-42.

[24] Abdillahi M, Ananthakrishnan R, Vedantham S, 
Shang L, Zhu Z, Rosario R, Zirpoli H, Bohren 
KM, Gabbay KH and Ramasamy R. Aldose re-
ductase modulates cardiac glycogen synthase 
kinase-3beta phosphorylation during isch-
emia-reperfusion. Am J Physiol Heart Circ 
Physiol 2012; 303: H297-308.

[25] Berliocchi L, Russo R, Maiaru M, Levato A, Bag-
etta G and Corasaniti MT. Autophagy impair-
ment in a mouse model of neuropathic pain. 
Mol Pain 2011; 7: 83.

[26] Zhou Y, Cai T, Xu J, Jiang L, Wu J, Sun Q, Zen K 
and Yang J. UCP2 attenuates apoptosis of tu-
bular epithelial cells in renal ischemia/reper-
fusion injury. Am J Physiol Renal Physiol 2017; 
313: F926-F937.

[27] Brown NJ. Contribution of aldosterone to car-
diovascular and renal inflammation and fibro-
sis. Nat Rev Nephrol 2013; 9: 459-469.

[28] Fiebeler A, Schmidt F, Muller DN, Park JK, 
Dechend R, Bieringer M, Shagdarsuren E, Breu 
V, Haller H and Luft FC. Mineralocorticoid re-
ceptor affects AP-1 and nuclear factor-kappab 
activation in angiotensin II-induced cardiac in-
jury. Hypertension 2001; 37: 787-793.

[29] He BJ, Joiner ML, Singh MV, Luczak ED, Swam-
inathan PD, Koval OM, Kutschke W, Allamargot 
C, Yang J, Guan X, Zimmerman K, Grumbach 
IM, Weiss RM, Spitz DR, Sigmund CD, Blankes-
teijn WM, Heymans S, Mohler PJ and Anderson 
ME. Oxidation of CaMKII determines the car-
diotoxic effects of aldosterone. Nat Med 2011; 
17: 1610-1618.

[30] Brem AS and Gong R. Therapeutic targeting of 
aldosterone: a novel approach to the treat-
ment of glomerular disease. Clin Sci (Lond) 
2015; 128: 527-535.



TDZD-8 ameliorates aldo-induced cardiac fibrosis

55 Int J Clin Exp Med 2020;13(1):47-55

[31] Klamer G, Song E, Ko KH, O’Brien TA and 
Dolnikov A. Using small molecule GSK3β in-
hibitors to treat inflammation. Curr Med Chem 
2010; 17: 2873-2881.

[32] Leventhal JS, Wyatt CM and Ross MJ. Recycling 
to discover something new: the role of autoph-
agy in kidney disease. Kidney Int 2017; 91: 
4-6.

[33] Lenoir O, Tharaux PL and Huber TB. Autophagy 
in kidney disease and aging: lessons from ro-
dent models. Kidney Int 2016; 90: 950-964.

[34] Yang J, Takahashi Y, Cheng E, Liu J, Terranova 
PF, Zhao B, Thrasher JB, Wang HG and Li B. 
GSK-3beta promotes cell survival by modulat-
ing Bif-1-dependent autophagy and cell death. 
J Cell Sci 2010; 123: 861-870.

[35] Zhou X, Zhou J, Li X, Guo C, Fang T and Chen Z. 
GSK-3beta inhibitors suppressed neuroinflam-
mation in rat cortex by activating autophagy in 
ischemic brain injury. Biochem Biophys Res 
Commun 2011; 411: 271-275.



TDZD-8 ameliorates aldo-induced cardiac fibrosis

1 

Table S1. The primer used in the study
Gene name Primer forward Primer reverse
IL-1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
TNF-α CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG
TGF-β GGCCAGATCCTGTCCAAGC GTGGGTTTCCACCATTAGCAC
Col I GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
LC3b AACATGAGCGAGTTGGTCAAG GCTCGTAGATGTCCGCGAT
p62 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG


