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A R T I C L E  I N F O A B S T R A C T
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Objective(s): Cirrhosis causes chronotropic dysfunction by weakening the β-adrenergic receptor (β-
AR) signaling pathway in cirrhotic cardiomyopathy (CCM). Downstream signaling of glucocorticoids 
and dopamine receptors influences the β-AR pathway. Thus, the effects of glucocorticoids on 
chronotropic incompetence and the possible involved pathways were investigated in this experiment. 
Materials and Methods: Bile duct ligation (BDL) surgery was performed on Wistar rats to induce 
cirrhosis. Four weeks after BDL or sham surgery, the subjects were given an intramuscular injection 
of either saline (NS) or dexamethasone (dexa)  (2.2 mg/kg/day) for three consecutive days. In vivo, 
chronotropic responsiveness to isoproterenol and QTc interval were evaluated by electrocardiogram 
(ECG). Real-time polymerase chain reaction (RT-PCR) and immunohistochemistry (IHC) were 
performed to determine the effectiveness of dexa on dopamine D1, D2 receptors, and GNAL mRNA 
expression. Moreover, the tumor necrosis factor-alpha (TNF-α) and interleukin‐1beta (IL-1β) levels in 
rats’ hearts were assessed.
Results: Dexa treatment reduced the prolonged QT intervals in cirrhosis. It also dedcreasd spleen 
weight, as well as TNF-α levels, which are increased in cirrhosis. Moreover, dexa increased D1 
protein expression in IHC. 
Conclusion: Dexa effectively improved cirrotic heart by improving QT intervales and increasing 
spleen weight,  reducing a pro-inflammatory cytokine, and up-regulateing  D1 receptor protein 
expression. 
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Cirrhosis may result in cirrhotic cardiomyopathy 
(CCM), a chronic cardiac condition with chronotropic 
dysfunction (1). CCM is recognized by impaired cardiac 
contractility to stress, prolonged QT interval, and systolic 
and diastolic dysfunctions. Moreover, cirrhosis may lead 
to hyperdynamic circulation with peripheral arterial 
vasodilation and increased cardiac output and blood 
volume. In CCM, a reduction in cardiomyocyte contractility 
occurs due to persistent overload on the heart (1, 2). There 
are several mechanisms for CCM, i.e., abnormalities in 
the beta-adrenergic receptor (β-AR) signaling pathway, 
which were due to the reductions of β-ARs density, cyclic 
adenosine monophosphate (cAMP) production, G-protein 
and adenylate cyclase (AC) levels, and alteration in plasma 
membrane fluidity (1). 

Glucocorticoids are naturally secreted by the adrenal 
cortex from cholesterol under the hypothalamic-

pituitary-adrenal (HPA) axis control, as one of the main 
neuroendocrine systems in organisms (3). Glucocorticoids 
are not only endogenous hormones, however, they are 
administered exogenously as an anti-inflammatory and 
immunosuppressant for their long-term favorable and 
lifesaving outcomes. Due to their potent anti-inflammatory 
effect and ability to reduce the cytokines, they are 
administered as lifesaving steroids (4). Glucocorticoids 
are steroids that have demonstrated cardioprotective 
qualities (5, 6). They make catecholamine more available 
at receptor sites by reducing catecholamine metabolism 
and inhibiting catecholamine reuptake at neuromuscular 
junctions. Glucocorticoids also increase the sensitivity of 
the cardiovascular system to catecholamine by raising the 
binding affinity of β-ARs and increasing the receptor-G 
protein coupling and cAMP production. Furthermore, 
glucocorticoids enhance the β-AR mRNA level in some 
other tissues (7). 
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Glucocorticoids can influence dopamine receptors 
(8, 9). Notably, dopamine neurotransmitter in addition 
to affecting the central nervous system (CNS), affects the 
cardiovascular system. Moreover, dopamine receptors 
amplify the β-AR‘s signaling pathway and intracellular 
calcium (Ca2+) concentration, which is essential for cardiac 
contractility (10, 11). G-proteins and their receptors are 
widely expressed in the cardiovascular system and are 
involved in the pathophysiology of cardiovascular diseases 
(12).  Various G-proteins, Gαs, Gαi, Gαq, and Gα12/13, 
activate several downstream diverse signal transduction 
pathways (13, 14). The G protein subunit Gαolf gene 
(GNAL) is a member of the Gαs family and is identified in 
different body parts including the heart (13). The Gaolf plays 
a role in dopamine D1 receptors signaling, adenylyl cyclase 
(AC) activation, and stimulation of cAMP production (15, 
16). Dopamine D1 and D2 receptors are expressed in the 
cardiovascular system. D1 receptors play an important role 
in the induction of AC and stimulate the cAMP generation. 
In addition, the D2 receptors inhibit the enzyme AC (10), 
and the generation of cAMP in renal and mesenteric arteries 
(17). Unlike D1 receptors which have a stimulatory effect 
on the release of catecholamine, D2 receptors suppress the 
release of catecholamine in chromaffin (18).

When the β1-ARs are stimulated by an agonist-like 
isoproterenol, the β1-ARs-ligand complex stimulates AC 
through interaction with G proteins. The stimulated AC 
causes the generation of cAMP, which induces the protein 
kinase A (PKA) activation. Activated PKA phosphorylates 
different proteins like phospholamban to induce cell 
contraction. PKA-phosphorylated phospholamban 
increases the Ca2+ pumping activity, which results in an 
increase of Ca2+ reuptake in the sarcoplasmic reticulum 
(SR), which leads to the stimulation of cell contraction 
(19, 20). Consequently, any defect in the β1-ARs-signaling 
pathway reduces the chronotropic responsiveness to 
adrenergic agonists (21).

In vascular endothelial cells of cirrhotic patients and 
animal models, the increased production of tumor necrosis 
factor-α (TNF-α) causes cardiac depression and contractile 
function suppression (19). We hypothesized that dopamine 
receptors, downstream regulation of GNAL, and pro-
inflammatory cytokines affect chronotropic responsiveness 
through the mentioned pathway. To the best of our 
knowledge, for the first time, we investigated the effect of 
glucocorticoids on CCM and whether this influence may 
be related to dopamine receptors, their downstream GNAL, 
and pro-inflammatory cytokines.

Materials and Methods
Animals and experimental grouping

Male Wistar albino rats (weight 250–280 g) were 
purchased from the Department of Pharmacology, 
Comparative Biology Unit, Tehran University of Medical 
Sciences (TUMS). The rats were kept in a 12-hr light/dark 
cycle at a temperature of 22 °C with free access to regular 
nutrition and drinking water. The principles of medical 
ethics (Guidelines for the Care and Use of Laboratory 
Animals (NIH US publication No. 85-23, revised 1985)) 
were followed strictly during the experimentation. All 
experiments performed on animals were approved 
according to the ethical principles of the institute. 

A total of 24 rats were randomly selected and divided 
into two groups: Sham (sham-operated), bile duct 

ligation (BDL) cirrhotic groups, with 12 rats per group. In 
addition, the sham group was subdivided into the sham/
NS (normal saline-treated control) group and the sham/
dexa (dexa-treated control) group. Similarly, the BDL group 
was subdivided into the BDL/NS (normal saline-treated 
cirrhotic) and BDL/dexa (dexa-treated cirrhotic), with six 
animals per group. In vivo chronotropic study and QTc 
interval analysis, In vitro immunohistochemistry (IHC), 
dopamine receptors, and GNAL expression, and TNF-α and 
interleukin‐1β (IL-1β) levels were studied for each group.

Induction of cirrhosis: Bile duct ligation (BDL)
The rats were anesthetized by administering a mixture 

of ketamine (100 mg/kg) and xylazine (8 mg/kg) (22). For 
BDL, an abdominal midline incision was made to expose 
the common bile duct. Next, the common bile duct was 
doubly ligated with 4-0 silk material and the common 
bile duct between the ligatures cut. After the operation, 
the abdominal layers were closed independently with 3-0 
silk sutures. The laparotomy procedure was the same for 
the Sham-operated rats, except the common bile duct was 
not ligated and cut (23). signs of cirrhosis were developed 
in rats 28 days after the common BDL (22). The respective 
treatments were done on days 26-28 after Sham and BDL 
surgeries.

Treatments
The sham/dexamethasone (dexa)  and BDL/dexa groups 

received a daily dose of 2.2 mg/kg dexa intramuscularly 
for the last three days of the 4th week after BDL (short-
term treatment) to prevent complications such as vascular 
disorders and insulin resistance, and give an adequate anti-
inflammatory blood level without the side effects (24). The 
sham/NS and BDL/NS groups received an equal volume 
of normal saline intramuscularly at the same time. The 
consecutive studies were performed either on day 29 after 
surgery or day 4 after treatment.

The use of short-term dexa in our experiment had 
pharmacological justification that patients with heart 
failure symptoms usually present to the hospital in the 
decompensated stage of CCM (25). Previous studies have 
shown up-regulation of beta receptors with short-term 
use of corticosteroids and treatment with corticosteroids, 
similar to beta-agonists, may be considered during 
exacerbation of heart failure and cannot be taken during 
remission stage related to chronic unwanted side effects. In 
addition, chronic use of corticosteroids can cause functional 
tolerance. Notably, metabolic and systemic side effects are 
rare with short-course use (26). 

Chronotropic study
The rats were anesthetized with a mixture of ketamine and 

diazepam (100 mg/kg and 0.4 mg/ kg, IP, respectively). Under 
anesthesia, the electrocardiogram (ECG) was recorded with 
three stainless steel electrodes placed subcutaneously. The 
electrodes were connected on the other end to a bioamplifier 
(ADInstruments, Bella Vista, Australia) of the PowerLab 
system. The ECG was recorded after intraperitoneal 
injection (IP) of different doses of isoproterenol (0 mg/ml 
(4 min before isoproterenol administration), 0.5, 1, and 
2 mg/ml) at four-minute intervals (27). The PowerLab 
analog/digital converter was used to digit the amplified 
signals (sampling rate: 10 kHz) 4 min after administration 
of the last dose of isoproterenol. The heart rate data were 
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displayed on LabChart 5 software (ADInstruments) and 
analyzed. The QT interval, the interval started from the Q 
wave till the end of the T wave, was presented as corrected 
QT (QTc), and calculated through Bazett’s formula, i.e., QTc 
= QT/√R-R (22). 

Immunohistochemistry (IHC) assay
Under deep anesthesia, the rat hearts were excised and 

then the ventricle was separated and preserved in formalin 
(22). The formalin-fixed heart samples were embedded 
in paraffin and were sectioned into 5‐μm thickness by 
microtome (RM2235 Rotary Microtome, Leica Microsystem, 
US). Following deparaffinization in xylene and rehydration 
in different ethanol concentrations, the sections were kept 
in 0.03 % hydrogen peroxide solution (diluted in methanol) 
for 10 min to block the activity of endogenous peroxidase 
enzyme. The sections were immersed in an antigen retrieval 
solution to improve staining quality. The primary antibody 
(diluted as 1 in 100 parts in PBS) was added to the sections 
and incubated overnight at 2 to 8 °C temperature. Next, after 
washing sections with PBS, a 100 µl linker was added, and 
the sections were incubated for 20 min. Then, after adding 
polymer to the sections and incubating them for 30 min, 
diaminobenzidine (DAB) buffer was added and incubated 
for 5 min. In the last step, after washing the sections, they 
were placed in Hematoxylin for one minute to counterstain 
and were observed under a light microscope (22).

Enzyme-linked immunosorbent assay (ELISA) 
After removing the hearts from anesthetized rats, the 

ventricle was separated and transferred to liquid nitrogen. 
TNF-α and IL-1β levels were quantified in the hearts 
through ELISA kits (Rat TNF-α ELISA Kit, MyBioSource, 
USA, Rat IL-1 beta ELISA Kit, MyBioSource, USA) as per 
the manufacturer’s instructions. In short, 100 µl of each 
appropriate sample dilution and standard were added to 
the wells, and then the sealed plates were incubated at room 
temperature for 2 hr for TNF-α, and 37 °C for 90 min for 
IL-1β. After incubation, 100 µl of biotin-antibody (1x) was 
added to each well and incubated at 37 °C temperature for 
60 min. After washing, 100 µl of streptavidin-horseradish 
peroxidase (1x) was added to each well and incubated at 37° 
C for 1 hr for TNF-α and 45 min for IL-1β. After the second 
washing, 100 µl of 3, 3’, 5, 5’-Tetramethylbenzidine (TMB) 
substrate solution was added to each well, and the plates were 
incubated at 37° C in the dark for 30 min. Finally, 50 µl and 
100 µl of stop solution were added to the wells for evaluation 
of TNF-α and IL-1β levels, respectively. The optical density 
(O.D.) absorbance was read at 450 nm through a microplate 
reader and calculated the levels of TNF-α and IL-1β in the 
samples by comparing them to the standard curve (28).

Real-time polymerase chain reaction (RT- PCR)
Quantitative RT-PCR is an assessment of dopamine D1 

receptor, D2 receptor, and GNAL gene expression (29). The 
hearts were excised under anesthesia; then the atria were 
separated and placed in liquid nitrogen. After extracting 
total RNA by tripure isolation reagent, genomic DNA was 
removed by DNase I. PrimeScript reverse transcription 
(RT) reagent kit (TaKaRa, Japan) was used to synthesize 
complementary DNA (cDNA). The dNTP mixture, 
random hexamer (p(dN)6), and oligo (dT) primers were 
combined with DNase I-treated RNA. After heating at 
65 °C temperature for 5 min, the samples were placed on 

ice and RT enzyme, buffer, ribonuclease inhibitors, and 
ribonuclease free water were added. The tubes were set at 25 
°C temperature for 10 min and then at 42 °C temperature for 
60 min in a thermocycler to make the RT enzyme active. To 
inactivate reversed transcriptase’s destruction and prevent 
cDNA, the samples were placed at 85 °C for 5 min and then 
stored at -20 °C. The primer sequences of mRNAs used in 
the current study were designed as follows. 
Rat dopamine D1 receptor (product size: 92 bp), 
Forward: 5′-GCTAAGCCTGGTCAAGAAC-3′; Reverse: 5′- 
CGGCCTCATCCATGGTAGAA -3′.
Rat dopamine D2 receptor (product size: 124 bp), 
Forward: 5′- CTGATCTTCTGGTGGCCACA -3′; Reverse: 
5′- GCTGTGCACATCATGACATC -3′. 
Rat GNAL (product size: 109 bp), Forward: 5′- 
GAGGAAAGTAAGCCGGGGTA -3′; Reverse: 5′- 
AGTGCTTTTCCCGGACTCA -3′. 

Real-time PCR was conducted by adding 1 µl of cDNA, 
10 µl of SYBR Premix Ex Taq II master mix (2x) (TaKaRa, 
Japan), 7 µl of deionized water, and five pmol each of forward 
and reverse oligonucleotide primers. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an 
internal control gene to normalize the RT-PCR data. The 
thermal cycling protocol used was consists of denaturation, 
performed at 95 °C temperature for 10 min; annealing of 40 
cycles, carried out at 95 °C temperature for 20 sec, at 60 °C 
temperature for 25 sec, and 72°C for 15 sec. Then extension/
elongation step was performed at 72 °C for 7 min. The 
Melting temperatures (TM) of the GAPDH, GNAL, D1 and 
D2 receptors genes were 84, 86, 85, and 82 °C, respectively. 
Finally, the competitive critical threshold (ΔΔCT) method 
was used to analyze the data (22, 29).
 
Statistical analysis 

The data were expressed as mean ± SEM. Two-way 
analysis of variance (ANOVA) was used for chronotropic 
study data, and one-way ANOVA was used for analyzing 
other parameters. Post hoc Tukey’s test was applied to 
find the significant differences among the groups. The 
P-value<0.05 was considered statistically significant. The 
data was analyzed through GraphPad Prism 8 (GraphPad 
Software, Inc., San Diego, CA, USA).

Results
The spleen weight

Two-way ANOVA analysis indicated a significant 
difference in terms of spleen weight (F (3, 20) = 55/13; 
P<0.0001) between all the experimental groups. In the NS-
treated groups, BDL was able to increase the spleen weight 
of the cirrhotic rats significantly compared to Sham (BDL/
NS (mean ± SEM= 2.9 ± 0.19) vs Sham-operated/NS (1.2 ± 
0.11); P<0.0001). Moreover, this increase in spleen weight 
of the cirrhotic group could be significantly reduced by 
treatment with dexa (BDL/dexa (1.6 ± 0.09) vs BDL/NS; 
P<0.0001) and there is no significant difference between 
BDL/dexa and sham-operated/NS, as shown in Figure 1.

The QT interval analysis
The QT intervals were measured for all the experimental 

groups. Two-way ANOVA analysis showed a significant 
difference in terms of QT intervals (F (3, 15) = 6/068; 
P=0.0065) between all experimental groups (Figure 2). The 
QT interval of the cirrhotic group was significantly higher 
than the control group (BDL/NS rats (0.29 ± 0.01) compared 
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to Sham-operated/NS rats (0.212 ± 0.007); P<0.01). Dexa 
treatment significantly lessened the QT interval in BDL/
dexagroup (0.234 ± 0.012) compared to BDL/NS group; 
P<0.05 and there is no significant difference between BDL/
dexa and Sham-operated/NS, as shown in Figure 2. 

In vivo chronotropic study
Heart rates were measured after injection of different doses 

of isoproterenol. The highest response, twenty sec before the 
injection of the higher dose, was considered a chronotropic 
response to isoproterenol in all experimental groups. There 
was a significant difference in heart rate (F (3, 64) = 36/13, 
P<0.0001) between all groups. Cirrhosis significantly caused 
a drop in the isoproterenol-stimulated heart rates in BDL/
NS rats (308/2 ± 16/45) compared to Sham-operated/NS 
rats (387/2 ± 16/19); P<0.0001. Treatment of cirrhosis with 
dexa significantly enhanced the chronotropic responsiveness 
(BDL/dexa (344/2 ± 18/31) vs BDL/NS; P=0.0422). 
According to the results, the maximum response of the heart 
to isoproterenol occurred after administration of 0.5 mg/ml 
of isoproterenol, as shown in Figure 3.

Dopamine D1 & D2 receptors expression
The mRNA expression level of the dopamine D1 receptor 

gene (DRD1), dopamine D2 receptor gene (DRD2), and 
GNAL in rat atria were measured. Our results demonstrated 
that there was a significant difference between the 
experimental groups in terms of DRD2 (F (3, 12) = 20.12; 
P<0.0001, GNAL (F (3, 8) = 38.25; P<0.0001) (Figure 4). 
D1 gene expression did not change significantly by either 
cirrhosis or its treatment with dexa as mentioned in Figure 
4A. BDL significantly decreased mRNA expression of DRD2 
in cirrhotic rats compared to control rats, both among the 
dexa-treated groups and among the saline-treated group 
(BDL/NS (0.152 ± 0.043) vs Sham-operated/NS (1/72 ± 

Figure 1. Average spleen weights of Sham (sham-operated) and BDL 
(cirrhotic) rats treated with saline or dexa (2.2 mg/kg/day)
The data are shown after treatment with respective agents for 3 consecutive days 
(short-term treatment). The data were analyzed using two-way ANOVA with post hoc 
Tukey’s test and presented as mean ± SEM, (n = 6). *P<0.05, ****P<0.0001 Sham/dexa 
and BDL/NS compared to Sham/NS; ###P<0.001, ####P<0.0001 BDL/dexa compared 
to BDL/NS.
BDL: Bile duct ligation; NS: Saline

Figure 2. QTc interval of Sham (sham-operated) and BDL (cirrhotic) rats 
were calculated from ECG
The data are shown after treatment with saline or dexa (2.2 mg/kg/day) for 3 
consecutive days (short-term treatment). The data were analyzed by two-way ANOVA 
with post hoc Tukey’s test and presented as mean ± SEM, (n= 6). **P<0.01 BDL/NS 
compared to Sham/NS; #P<0.05 BDL/dexa compared to BDL/NS.
BDL: Bile duct ligation; NS: Saline

Figure 3. Average heart rates of Sham (sham-operated) and BDL (cirrhotic) 
rats were measured using the PowerLab system
The data are shown after treatment with saline or dexa (2.2 mg/kg/day) for 3 
consecutive days (short-term treatment). The data were analyzed by two-way ANOVA 
with post hoc Tukey’s test and presented as mean ± SEM, (n = 6). ***P<0.001 BDL/NS 
compared to Sham/NS.
BDL: Bile duct ligation; NS: Saline; Dexa: Dexamethasone

Figure 4. Expression of dopamine D1, D2, and GNAL receptors expression 
of Sham (sham-operated), and BDL (cirrhotic) rats was quantified through 
RT-PCR
The data are shown after treatment with saline or dexa (2.2 mg/kg/day) for 3 
consecutive days (short-term treatment). The data were analyzed by two-way 
ANOVA with post hoc Tukey’s test and presented as mean ± SEM, (n = 6). 4B: *P<0.05, 
***P<0.001, ****P<0.0001 Sham/dexa and BDL/NS group compared to Sham/NS. 
GNAL: Gαolf gene; BDL: Bile duct ligation; NS: Saline; RT-PCR: Real-time polymerase 
chain reaction; Dexa: Dexamethasone
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0.2008); P=0.0002 and BDL/dexa (0.028 ± 0.012) vs Sham-
operated/dexa (0.783 ± 0.277); P=0.0404) as mentioned in 
Figure 4B. BDL could down-regulate GNAL gene expression; 
considering the significant decrease in BDL/NS (0.018 ± 
0.004) compared to Sham/NS (0.802 ± 0.327); P=0.0244, 
GNAL expression decreased by 1.33% in BDL/dexa (0.018 
± 0.006) compared to BDL/NS, but no significant difference 
was detected between them, as shown in Figure 4C.

IHC staining was performed to detect the protein 
expression level of D1 and D2 receptors. The data illustrated 
a significant difference in D1 (F (3, 8) = 105/2; P<0.0001) 
and D2 (F (3, 8) = 55/45; P<0.0001) receptors between all 
groups (Figure 5). Following BDL, the level of D1 receptors 
was significantly diminished in cirrhotic rats compared to 
Sham rats (BDL/NS (3/1 ± 1/1) vs Sham/NS (25/22 ± 1/049); 
P<0.0001. Furthermore, dexa treatment made a significant 
increase in the level of D1 receptors in both cirrhotic 
rats and sham rats (BDL/dexa vs BDL/NS; P=0.0005 and 
Sham-operated/dexa vs Sham-operated/NS; P=0.0116) as 
shown in Figure 5A. Moreover, the level of D2 receptors 
was markedly lessened in BDL rats compared to Sham rats 
(BDL/NS (13/73 ± 1/97) vs Sham-operated/NS (31/08 ± 
1/25); P<0.0001 and BDL/dexa (19/86 ± 0.84) vs Sham/dexa 
(36/15 ± 1/18); P<0.001) Figure 5B. 

Ventricular TNF-α and IL-1β levels
The ELISA test was performed to determine the levels 

of TNF-α and IL-1β and the effect of dexa on their levels 
in all groups. There was a significant difference in TNF-α 
levels (F (3, 12) = 98/44; P<0.0001) and IL-1β (F (3, 12) 

= 17/83; P=0.0001) between all study groups (Figure 6). 
Cirrhosis significantly revealed a higher level of TNF-α in 
BDL rats compared to the Sham rats (BDL/NS (135/1 ± 
0.417) vs Sham-operated/NS (114/1 ± 2/482); P<0.0001 and 
BDL/dexa (125/8 ± 1/326) vs Sham/dexa (101/1 ± 0.836); 
P<0.0001). Dexa treatment caused a significant decrease 
in the level of TNF-α in both cirrhotic rats and Sham rats 
(BDL/dexa vs BDL/NS; P=0.0039 and Sham-operated/
dexa vs Sham-operated/NS; P=0.0002), Figure 6A. BDL 
also could increase IL-1β levels in BDL/NS rats compared 
to the Sham/NS group (BDL/NS (526/5 ± 1/535) vs Sham-
operated/NS (489/5 ± 5/353); P=0.0013) as mentioned in 
Figure 6B.

Discussion
In this study, effects of a glucocorticoid, dexamethasone, 

on cardiac factors such as chronotropic responsiveness to 
isoproterenol and QTc interval were evaluated. In addition, 
the levels of pro-inflammatory cytokines, and expression of 
dopamine receptors (D1 and D2), and GNAL were measured 
in cirrhotic rats. Our findings, three weeks following the 
surgery, demonstrated apparent signs of biliary cirrhosis, 
including jaundice, ascites, and dark urine made the initial 
diagnosis of cirrhosis, and the observation of liver stiffness 
and a significant increase in the spleen weight further 
confirmed it, which is consistent with the development of 
portal hypertension (30). Aligned with previous studies, 
we found that cirrhosis significantly increased the spleen 
weight, which is associated with portal hypertension (18). 
In line with previous studies (1, 31, 32), our experiment 
showed cirrhosis caused CCM with the blunted chronotropic 
responses to isoproterenol and the prolonged QT interval, 
which is directly related to the degree of portal hypertension 
and inversely related to plasma Ca2+ concentration (33). 
The pathogenesis of the blunted chronotropic function 
is complicated (34), many studies have investigated the 
possible mechanism of pathogenesis involved in cardiac 
chronotropic dysfunction in cirrhotic rats (19). It has been 
shown that cardiomyocyte β-ARs density is notably reduced 
in cirrhotic rats (35). 

On the other hand, based on our study, glucocorticoid 
treatment effectively reduced the spleen weight. It also 
significantly improved the prolonged QT interval in CCM 

Figure 5. D1 and D2 receptors’ expression levels (protein) in the hearts of 
Sham (sham-operated), and BDL (cirrhotic) rats treated with saline or dexa 
(2.2 mg/kg/day)
The respective agents were used for 3 consecutive days (short-term treatment). 
The receptors’ levels were evaluated by IHC. The data were analyzed by two-way 
ANOVA and post hoc Tukey’s test and presented as mean ± SEM, (n = 6). Figure 
5A. **P<0.01, ***P<0.001, ****P<0.0001 Sham/dexa and BDL/NS compared to 
Sham/NS. ####P<0.0001 BDL/dexa compared to BDL/NS. and Figure 5B. **P<0.01, 
****P<0.0001 BDL/NS compared to Sham/NS. The IHC photomicrographs of the 
D1 and D2 receptors’ expression in the hearts of Sham (sham-operated) and BDL 
(cirrhotic) rats treated with saline or dexa (2.2 mg/kg/day) (Figures 5C and 5D). 
BDL: Bile duct ligation; NS: Saline; IHC: Immunohistochemistry; Dexa: Dexamethasone

Figure 6. TNF-α and IL‐1β levels of sham (sham-operated), and BDL 
(cirrhotic) rats were measured through ELISA
The data are shown after treatment with saline or dexa (2.2 mg/kg/day) for 3 consecutive 
days (short-term treatment). The data were analyzed by two-way ANOVA with post hoc 
Tukey’s test and presented as mean ± SEM, (n = 6). 6A: ***P<0.001 and ****P<0.0001 
sham/dexa and BDL/NS group compared to sham/NS; ##P<0.01 BDL/dexa group 
compared to BDL/NS. 6B: **P<0.01 BDL/NS group compared to sham/NS.
TNF-α: Tumor necrosis factor-alpha; IL‐1β: Interleukin-1β; BDL: Bile duct ligation; 
NS: Saline; Dexa: Dexamethasone
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possibly by up-regulating D1 receptor protein expression 
and suppressing TNF-α level in the heart. Glucocorticoids 
increased the β-ARs and induced the cAMP response to 
isoproterenol in human lymphocyte cells in an in vitro study 
(36, 37). Recently, it has shown that exposure of immature rat 
heart to antenatal glucocorticoid led to cardiac proliferation. 
Antenatal dexa induced structural maturity accompanying 
cardiomyocyte proliferation in the premature fetal rat, and 
glycogen synthase kinase-3β (GSK-3β) and β-catenin are 
supposed to contribute to cardiac growth (38).

In line with our study, in an experiment including both 
male and female rats suffering from  myocardial ischemia, 
dexa at a dose of 0.1 mg/kg could regulate the ultrastructure 
of the muscle (39). Likewise, glucocorticoid administration 
in day 17 of gestation of rats caused larger hearts with 
increased cardiomyocyte proliferative index, with 
enhanced increased cardiac cell generation (40). Similarly, 
dexa postnatal treatment from day 1 to 3, demonstrated 
increase in heart weight and heart to body weight ratio, 
in comparison to the control group in the glucocorticoid-
exposed rat hearts (41). 

Regarding dopamine receptors, a clinical study indicated 
that D2 receptors’ blockade gives rise to catecholamine 
release, following exercise (42). Therefore, D1 receptors 
augment the β-ARs signaling pathway, and eventually 
cardiac contraction and chronotropic responsiveness to 
adrenergic stimuli by increasing the AC enzyme and cAMP 
generation, but D2 receptors have the opposite effect on 
the mentioned pathway. BDL decreased Ca2+ current by 
reducing the L-type Ca2+ channel density in rat cells and 
caused a reduction in cardiac contractility (43, 44). D1 
receptors increased Ca2+ currents by PKA activation, which 
causes an increase in Ca2+ currents by phosphorylation of 
L-type Ca2+channels in rat striatal neurons (45), and in 
bovine chromaffin cells (46). Our results showed that D1 
and D2 receptors (protein) levels were remarkably reduced 
by cirrhosis. Notably, cirrhosis significantly decreased 
both the mRNA and protein expressions of D2 receptors. 
Although dexa was able to increase protein expression of 
D1, it could not alter D2 expression.

Tobón et al. demonstrated that a specific part of the D1 
receptors mRNA (1277 bp 3′ untranslated region) plays a 
crucial role in the post-transcriptional regulation of mice’s 
catecholaminergic neuronal cell lines. They showed that 
microRNAs (small non-coding RNAs) suppress the mRNA’s 
translation, and influence the stability of mRNA. Therefore, 
the miRNAs (miR-142-3p) inhibitors increased the protein 
expression of the D1 receptor (47). Although miRNA-15b 
inhibitors considerably enhance the protein expression of 
D1 receptors, remarkably decrease the D1 receptors’ mRNA 
expression (48). Glucocorticoids can suppress microRNAs 
(49). Considering the D1 receptor’s real-time PCR and IHC 
results, it seems that dexa increased the protein expression 
(translation) of D1 receptors by an inhibitory effect on 
microRNAs, but did not affect the mRNA expression. 
Based on our results, dexa improved cardiac complications 
possibly by elevation of D1 receptors level, which amplifies 
the β-adrenergic receptor signaling pathway. Nevertheless, 
dexa did not affect the level of the D2 receptors, which has 
an inhibitory effect on the mentioned pathway. Dexa could 
change pos-translational regulation and protein stability 
like autophagy inhibition or certain phosphorylation. It is 
suggested to investigate the correlation between the effect 
of glucocorticoids on D1 receptors gene expression and the 

function of microRNAs in future studies. 
G proteins play a vital role in the β-ARs signaling pathway 

(50). According to the results, cirrhosis reduced the mRNA 
expression of G-protein (GNAL) in cirrhotic rats as in 
previous studies (19). In our results, dexa could not change 
GNAL in cirrhotic rats. We assumed that dexa treatment can 
increase the G-protein levels (protein expression) through 
the inhibition of microRNAs. Thus, evaluation of G-protein 
level is needed to perform through western blotting.

Cirrhosis increases the TNF-α and IL-1β levels in the 
rat’s plasma and liver (51). Cirrhosis enhances the cardiac 
endocannabinoids, which is important for reducing the 
cardiac contractile responses to adrenergic stimuli in 
biliary cirrhotic rats (52). An increased level of TNF-α can 
contribute to the blunted cardiac contractility by inducing 
endocannabinoid activity and oxidative stress in mice with 
biliary cirrhosis.  Inhibition of TNF-α can be considered 
an effective treatment for CCM (53). Our results are in 
agreement with the mentioned studies and cirrhosis elevated 
TNF-α and IL-1β levels in the heart tissue. However, dexa 
treatment only suppressed TNF-α level. 

Conclusion
Dexa relieved the cardiac complications of cirrhosis 

by improving heart rate and QT intervals in CCM. 
Further, it reduced the increased spleen weight and the 
pro-inflammatory marker, TNF-α, caused by cirrhosis. 
Additionally, dexa could increase D1 receptor expression. 
As a consequence the protective effects of dexa may be 
partly mediated by D1 receptors. It seems that the short-
term treatment with dexa may be considered a therapeutic 
agent to reduce cardiac complications in CCM. Future 
investigations are suggested to evaluate the effects of dexa 
on cardiac inotropic dysfunction, portal hypertension, 
microRNAs, and whether it correlates with D1 gene 
expression, G-proteins and dopamine receptors protein 
expression through western blot in CCM.

Acknowledgment
The results described in this paper were part of 

student thesis. This work was done in the Department of 
Pharmacology and Pathology, School of Medicine, Tehran 
University of Medical Sciences, Tehran, Iran. The authors 
would like to thank the Tehran University of Medical 
Sciences for the financial support of the present study. The 
supporting source had no other involvement.

Ethics Statement
The procedures and protocols used in the current study 

were reviewed and approved by the animal ethical committee 
of Tehran University of Medical Sciences, Tehran, Iran 
[Ethical Number: IR.TUMS.MEDICINE.REC.1395.1000].

Funding Information
The present research project was financially supported by 

Tehran University of Medical Sciences, Tehran, Iran, with 
award no. 32364-30-02-95.

Authors’ Contributions
Mo SZ and M SZ performed the experiment; M SZ 

performed the data analysis; Q N taught the methods and 
performed the experiment; SS SS designed part of the 
proposal; AR D interpreted the results; F J provided the 

Corr
ect

ed
 Proo

f



7Iran J Basic Med Sci, 2026, Vol. 29, No.

Glucocorticoid on  chronotropic responsiveness Shokrian Zeini et al.

study design and concept, collected data, conducted the 
investigation and data analysis, drafted the article, and 
supervised the study.

Conflicts of Interest
The authors have no conflicts to disclose.

Declaration
The authors confirm that this manuscript is original, 

it has not been published previously, and it is not under 
consideration for publication elsewhere. All authors have 
reviewed and approved the final version of the manuscript. 
We also acknowledge the use of ChatGPT (OpenAI, 2025) 
for grammar checking and improving the fluency of the 
manuscript.

References
 1. Ma Z. Lee SS. Cirrhotic cardiomyopathy: Getting to the heart of 

the matter. Hepatology 1996; 24: 451-459.
2. Møller S, Henriksen JH. Cirrhotic cardiomyopathy. J Hepatol 
2010; 53: 179-190.
3. Harrell C, Gillespie C, Neigh G. Energetic stress: The reciprocal 
relationship between energy availability and the stress response. 
Physiol Behav 2016; 166: 43-55.
4. Kelley C, Molen JV, Choi J, Bhai S,  Martin K , Cochran C, et al. 
Impact of glucocorticoids on cardiovascular system—the yin yang 
effect. J Pers Med 2022; 12: 1829.
5. Trucco SM, Jaeggi E,  Cuneo B,  Moon-Grady AJ,  Silverman 
E, Silverman N, et al. Use of intravenous gamma globulin and 
corticosteroids in the treatment of maternal autoantibody-
mediated cardiomyopathy. J Am Coll Cardiol 2011; 57: 715-723.
6. Halonen J, Halonen P, Järvinen O, Taskinen P,  Auvinen T,  Tarkka 
M,   et al. Corticosteroids for the prevention of atrial fibrillation 
after cardiac surgery: A randomized controlled trial. Randomized 
Controlled Trial JAMA 2007; 297: 1562-1567.
7. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids 
influence stress responses? Integrating permissive, suppressive, 
stimulatory, and preparative actions. Endocr Rev 2000; 21: 55-89.
8. Czyrak A, Maćkowiak M,  Chocyk A, Fijał K,  Wedzony K, et 
al. Role of glucocorticoids in the regulation of dopaminergic 
neurotransmission. Pol J Pharmacol 2003; 55: 667-674.
9. Sigala S,  Missale C,  Tognazzi N,  Spano P. Differential gene 
expression of dopamine D-2 receptor subtypes in rat chromaffin 
cells and sympathetic neurons in culture. Neuroreport 2000; 11: 
2467-2471.
10. Missale C,  Nash SR,  Robinson Sw,  Jaber M,  Caron MG. 
Dopamine receptors: From structure to function. Physiol Rev 
1998; 78:189-225.
11. Morgan JP. Abnormal intracellular modulation of calcium as 
a major cause of cardiac contractile dysfunction. New Engl J Med 
1991; 325: 625-632.
12. Nguyen AM,  Semeano A  ,  Quach V,  Inoue A,  Nichols 
DE,  Yano H. Characterization of Gαs and Gαolf activation by 
catechol and non-catechol dopamine D1 receptor agonists. 
iScience 2025;28:112345. 
13. Kaur G, Kumar Verma Sh, Singh D, Singh NK, et al. Role 
of G-proteins and GPCRs in cardiovascular pathologies. 
Bioengineering 2023; 10: 76.
14. Alcacer C, Santini E , Valjent E, Gaven F, Girault JA, Hervé D, et 
al. Gαolf mutation allows parsing the role of cAMP-dependent and 
extracellular signal-regulated kinase-dependent signaling in L-3, 
4-dihydroxyphenylalanine-induced dyskinesia. J Neurosci 2012; 
32: 5900-5910.
15. Zhuang X, Belluscio L, Hen R. Golfα mediates dopamine D1 
receptor signaling. J Neurosci 2000; 20:  RC91-RC91.
16. Corvol J, Studler JM,  Schonn JS,  Girault JA,  Hervé D, et al. 
Gαolf is necessary for coupling D1 and A2a receptors to adenylyl 

cyclase in the striatum. J Neurochem 2001; 76: 1585-1588.
17. Missale C, Pizzi M, Memo M, Picotti GB, Carruba MO, Spano 
PF, et al. Postsynaptic D1 and D2 dopamine receptors are present 
in rabbit renal and mesenteric arteries. Neurosci Lett 1985; 61: 
207-211.
18.	 Khalil B, Rosani A, Warrington SJ. Physiology, Catecholamines. 
In: StatPearls (Internet). 2024; StatPearls Publishing.
19.	 Yang YY, Lin HC. The heart: Pathophysiology and clinical 
implications of cirrhotic cardiomyopathy. J Chin Med Assoc 2012; 
75: 619-623.
20.	 Sucharov CC. β-adrenergic pathways in human heart failure. 
Expert Rev Cardiovasc Ther 2007; 5: 119-124.
21.	 Liu SH, Lin FJ,  Kao YH, Chen PH,  Lin YK  , Lu YY et 
al. Chronic partial sleep deprivation increased the incidence 
of atrial fibrillation by promoting pulmonary vein and atrial 
arrhythmogenesis in a rodent model. Int J Mol Sci 2024; 25: 7619.
22. Jazaeri F, Tavangar SM,  Ghazi-Khansari M,  Khorramizadeh 
MR,  Mani AR,  Dehpour AR, et al. Cirrhosis is associated with 
development of tolerance to cardiac chronotropic effect of 
endotoxin in rats. Liver Int 2013; 33: 368-374.
23. Zepeda-Morales ASM,  Toro-Arreola SD,  García-Benavides 
L, Bastidas-Ramírez BE, Fafutis-Morris M, Pereira-Suárez AL,  et 
al. Liver fibrosis in bile duct-ligated rats correlates with increased 
hepatic IL-17 and TGF-β2 expression. Ann Hepatol 2016; 15: 418-
426.
24.	 Earp JC, Pyszczynski NA,  Molano DS, Jusko WJ. 
Pharmacokinetics of dexamethasone in a rat model of rheumatoid 
arthritis. Biopharm Drug Dispos 2008; 29: 366-372.
25. Nguyen TT, Almon RR,  Dubois DC, Jusko WJ,  Androulakis 
IP. Comparative analysis of acute and chronic corticosteroid 
pharmacogenomic effects in rat liver: Transcriptional dynamics 
and regulatory structures. BMC Bioinformatics  2010; 11: 515.
26. Williams DM. Clinical pharmacology of corticosteroids. Respir 
Care 2018; 63: 655-670.
27. Esmaeili Z, Niaz Q,  Mirzaee Saffari P,  Dehpour AR,  Rezayat 
SM, et al. Evaluation of the effect of heat shock protein 70 targeted 
drugs on cirrhotic cardiomyopathy in biliary cirrhotic rats. Life Sci 
2021;273: 119261.
28. Uhlig M, Hein M,  Habigt MA, Tolba RH  ,  Braunschweig 
T, Helmedag MJ et al. Cirrhotic Cardiomyopathy Following Bile 
Duct Ligation in Rats—A Matter of Time? Int J Mol Sci 2023; 24: 
8147.
29. Valeeva EV, Semina II,  Galeeva AG,  Mukhametshina 
AD,  Mukhametshina RD et al., Effect of chronic stress on the 
relative level of dopamine receptor gene expression. Kazan Med J 
2022; 103: 418-426.
30. Bolognesi M, Merkel C,  Sacerdoti D,  Nava V,  Gatta A. Role 
of spleen enlargement in cirrhosis with portal hypertension. Dig 
Liver Dis 2002; 34: 144-150.
31. Milani A,  Zaccaria R, Bombardieri G, Gasbarrini A, Pola P. 
Cirrhotic cardiomyopathy. Dig Liver Dis  2007; 39: 507-515.
32. Bernardi M, Calandra S, Colantoni A, Trevisani F, Raimondo 
ML, Sica G, Schepis F, et al. Q‐T interval prolongation in cirrhosis: 
Prevalence, relationship with severity, and etiology of the disease 
and possible pathogenetic factors. Hepatology 1998; 27: 28-34.
33. Genovesi S, Prata Pizzala DM,  Pozzi M, Ratti L, Milanese 
M, Pieruzzi F, et al. QT interval prolongation and decreased heart 
rate variability in cirrhotic patients: Relevance of hepatic venous 
pressure gradient and serum calcium. Clin Sci (Lond) 2009; 116: 
851-859.
34. Hennis K, Piantoni Ch,  Biel M,  Fenske S,  Wahl-Schott Ch. 
Pacemaker channels and the chronotropic response in health and 
disease. Circ Res 2024; 134: 1348-1378.
35. Ryu DG, Yu F, Yoon KT, Liu H,   Lee   SS. The cardiomyocyte 
in cirrhosis: Pathogenic mechanisms underlying cirrhotic 
cardiomyopathy. Rev Cardiovasc Med 2024; 25: 457.
36. Cotecchia S, De Blasi A. Glucocorticoids increase β-adrenoceptors 
on human intact lymphocytes in vitro. Life Sci 1984; 35: 2359-2364.
37. Lee T, Reed CE. Effects of steroids on the regulation of the 
levels of cyclic AMP in human lymphocytes. Biochem Biophys Res 

Corr
ect

ed
 Proo

f

https://pubmed.ncbi.nlm.nih.gov/?term=%22Vander%20Molen%20J%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Choi%20J%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Bhai%20S%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Martin%20K%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Cochran%20C%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=Jaeggi+E&cauthor_id=21292131
https://pubmed.ncbi.nlm.nih.gov/?term=Cuneo+B&cauthor_id=21292131
https://pubmed.ncbi.nlm.nih.gov/?term=Moon-Grady+AJ&cauthor_id=21292131
https://pubmed.ncbi.nlm.nih.gov/?term=Silverman+E&cauthor_id=21292131
https://pubmed.ncbi.nlm.nih.gov/?term=Silverman+N&cauthor_id=21292131
https://pubmed.ncbi.nlm.nih.gov/?term=Halonen+P&cauthor_id=17426275
https://pubmed.ncbi.nlm.nih.gov/?term=J%C3%A4rvinen+O&cauthor_id=17426275
https://pubmed.ncbi.nlm.nih.gov/?term=Taskinen+P&cauthor_id=17426275
https://pubmed.ncbi.nlm.nih.gov/?term=Auvinen+T&cauthor_id=17426275
https://pubmed.ncbi.nlm.nih.gov/?term=Tarkka+M&cauthor_id=17426275
https://pubmed.ncbi.nlm.nih.gov/?term=Ma%C4%87kowiak+M&cauthor_id=14704461
https://pubmed.ncbi.nlm.nih.gov/?term=Chocyk+A&cauthor_id=14704461
https://pubmed.ncbi.nlm.nih.gov/?term=Fija%C5%82+K&cauthor_id=14704461
https://pubmed.ncbi.nlm.nih.gov/?term=Wedzony+K&cauthor_id=14704461
https://pubmed.ncbi.nlm.nih.gov/?term=Sigala+S&cauthor_id=10943705
https://pubmed.ncbi.nlm.nih.gov/?term=Missale+C&cauthor_id=10943705
https://pubmed.ncbi.nlm.nih.gov/?term=Tognazzi+N&cauthor_id=10943705
https://pubmed.ncbi.nlm.nih.gov/?term=Spano+P&cauthor_id=10943705
https://pubmed.ncbi.nlm.nih.gov/?term=Missale+C&cauthor_id=9457173
https://pubmed.ncbi.nlm.nih.gov/?term=Nash+SR&cauthor_id=9457173
https://pubmed.ncbi.nlm.nih.gov/?term=Robinson+SW&cauthor_id=9457173
https://pubmed.ncbi.nlm.nih.gov/?term=Jaber+M&cauthor_id=9457173
https://pubmed.ncbi.nlm.nih.gov/?term=Caron+MG&cauthor_id=9457173
https://pubmed.ncbi.nlm.nih.gov/?term=Semeano+A&cauthor_id=40384932
https://pubmed.ncbi.nlm.nih.gov/?term=Quach+V&cauthor_id=40384932
https://pubmed.ncbi.nlm.nih.gov/?term=Inoue+A&cauthor_id=40384932
https://pubmed.ncbi.nlm.nih.gov/?term=Nichols+DE&cauthor_id=40384932
https://pubmed.ncbi.nlm.nih.gov/?term=Yano+H&cauthor_id=40384932
https://pubmed.ncbi.nlm.nih.gov/?term=Verma+SK&cauthor_id=36671648
https://pubmed.ncbi.nlm.nih.gov/?term=Singh+D&cauthor_id=36671648
https://pubmed.ncbi.nlm.nih.gov/?term=Singh+NK&cauthor_id=36671648
https://pubmed.ncbi.nlm.nih.gov/?term=%22Santini%20E%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Valjent%20E%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Gaven%20F%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Girault%20JA%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Herv%C3%A9%20D%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=Studler+JM&cauthor_id=11238742
https://pubmed.ncbi.nlm.nih.gov/?term=Schonn+JS&cauthor_id=11238742
https://pubmed.ncbi.nlm.nih.gov/?term=Girault+JA&cauthor_id=11238742
https://pubmed.ncbi.nlm.nih.gov/?term=Herv%C3%A9+D&cauthor_id=11238742
https://pubmed.ncbi.nlm.nih.gov/?term=Pizzi+M&cauthor_id=2867503
https://pubmed.ncbi.nlm.nih.gov/?term=Memo+M&cauthor_id=2867503
https://pubmed.ncbi.nlm.nih.gov/?term=Picotti+GB&cauthor_id=2867503
https://pubmed.ncbi.nlm.nih.gov/?term=Carruba+MO&cauthor_id=2867503
https://pubmed.ncbi.nlm.nih.gov/?term=Spano+PF&cauthor_id=2867503
https://pubmed.ncbi.nlm.nih.gov/?term=Lin+FJ&cauthor_id=39062858
https://pubmed.ncbi.nlm.nih.gov/?term=Kao+YH&cauthor_id=39062858
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+PH&cauthor_id=39062858
https://pubmed.ncbi.nlm.nih.gov/?term=Lin+YK&cauthor_id=39062858
https://pubmed.ncbi.nlm.nih.gov/?term=Lu+YY&cauthor_id=39062858
https://pubmed.ncbi.nlm.nih.gov/?term=Tavangar+SM&cauthor_id=23311391
https://pubmed.ncbi.nlm.nih.gov/?term=Ghazi-Khansari+M&cauthor_id=23311391
https://pubmed.ncbi.nlm.nih.gov/?term=Khorramizadeh+MR&cauthor_id=23311391
https://pubmed.ncbi.nlm.nih.gov/?term=Mani+AR&cauthor_id=23311391
https://pubmed.ncbi.nlm.nih.gov/?term=Dehpour+AR&cauthor_id=23311391
https://pubmed.ncbi.nlm.nih.gov/?term=Del+Toro-Arreola+S&cauthor_id=27049496
https://pubmed.ncbi.nlm.nih.gov/?term=Garc%C3%ADa-Benavides+L&cauthor_id=27049496
https://pubmed.ncbi.nlm.nih.gov/?term=Bastidas-Ram%C3%ADrez+BE&cauthor_id=27049496
https://pubmed.ncbi.nlm.nih.gov/?term=Fafutis-Morris+M&cauthor_id=27049496
https://pubmed.ncbi.nlm.nih.gov/?term=Pereira-Su%C3%A1rez+AL&cauthor_id=27049496
https://pubmed.ncbi.nlm.nih.gov/?term=Pyszczynski+NA&cauthor_id=18613033
https://pubmed.ncbi.nlm.nih.gov/?term=Molano+DS&cauthor_id=18613033
https://pubmed.ncbi.nlm.nih.gov/?term=Jusko+WJ&cauthor_id=18613033
https://pubmed.ncbi.nlm.nih.gov/?term=Almon+RR&cauthor_id=20946642
https://pubmed.ncbi.nlm.nih.gov/?term=Dubois+DC&cauthor_id=20946642
https://pubmed.ncbi.nlm.nih.gov/?term=Jusko+WJ&cauthor_id=20946642
https://pubmed.ncbi.nlm.nih.gov/?term=Androulakis+IP&cauthor_id=20946642
https://pubmed.ncbi.nlm.nih.gov/?term=Niaz+Q&cauthor_id=33652036
https://pubmed.ncbi.nlm.nih.gov/?term=Saffari+PM&cauthor_id=33652036
https://pubmed.ncbi.nlm.nih.gov/?term=Dehpour+AR&cauthor_id=33652036
https://pubmed.ncbi.nlm.nih.gov/?term=Rezayat+SM&cauthor_id=33652036
https://pubmed.ncbi.nlm.nih.gov/?term=Hein+M&cauthor_id=37175858
https://pubmed.ncbi.nlm.nih.gov/?term=Habigt+MA&cauthor_id=37175858
https://pubmed.ncbi.nlm.nih.gov/?term=Tolba+RH&cauthor_id=37175858
https://pubmed.ncbi.nlm.nih.gov/?term=Braunschweig+T&cauthor_id=37175858
https://pubmed.ncbi.nlm.nih.gov/?term=Helmedag+MJ&cauthor_id=37175858
https://kazanmedjournal.ru/kazanmedj/search/authors/view?firstName=Irina&middleName=I.&lastName=Semina
https://kazanmedjournal.ru/kazanmedj/search/authors/view?firstName=Antonina&middleName=G.&lastName=Galeeva
https://kazanmedjournal.ru/kazanmedj/search/authors/view?firstName=Albina&middleName=D.&lastName=Mukhametshina
https://kazanmedjournal.ru/kazanmedj/search/authors/view?firstName=Albina&middleName=D.&lastName=Mukhametshina
https://kazanmedjournal.ru/kazanmedj/search/authors/view?firstName=Regina&middleName=D.&lastName=Mukhametshina
https://pubmed.ncbi.nlm.nih.gov/?term=Merkel+C&cauthor_id=11926560
https://pubmed.ncbi.nlm.nih.gov/?term=Sacerdoti+D&cauthor_id=11926560
https://pubmed.ncbi.nlm.nih.gov/?term=Nava+V&cauthor_id=11926560
https://pubmed.ncbi.nlm.nih.gov/?term=Gatta+A&cauthor_id=11926560
https://pubmed.ncbi.nlm.nih.gov/?term=Zaccaria+R&cauthor_id=17383244
https://pubmed.ncbi.nlm.nih.gov/?term=Bombardieri+G&cauthor_id=17383244
https://pubmed.ncbi.nlm.nih.gov/?term=Gasbarrini+A&cauthor_id=17383244
https://pubmed.ncbi.nlm.nih.gov/?term=Pola+P&cauthor_id=17383244
https://pubmed.ncbi.nlm.nih.gov/?term=Calandra+S&cauthor_id=9425913
https://pubmed.ncbi.nlm.nih.gov/?term=Colantoni+A&cauthor_id=9425913
https://pubmed.ncbi.nlm.nih.gov/?term=Trevisani+F&cauthor_id=9425913
https://pubmed.ncbi.nlm.nih.gov/?term=Raimondo+ML&cauthor_id=9425913
https://pubmed.ncbi.nlm.nih.gov/?term=Sica+G&cauthor_id=9425913
https://pubmed.ncbi.nlm.nih.gov/?term=Schepis+F&cauthor_id=9425913
https://pubmed.ncbi.nlm.nih.gov/?term=Prata+Pizzala+DM&cauthor_id=19076059
https://pubmed.ncbi.nlm.nih.gov/?term=Pozzi+M&cauthor_id=19076059
https://pubmed.ncbi.nlm.nih.gov/?term=Ratti+L&cauthor_id=19076059
https://pubmed.ncbi.nlm.nih.gov/?term=Milanese+M&cauthor_id=19076059
https://pubmed.ncbi.nlm.nih.gov/?term=Pieruzzi+F&cauthor_id=19076059
https://pubmed.ncbi.nlm.nih.gov/?term=Piantoni+C&cauthor_id=38723033
https://pubmed.ncbi.nlm.nih.gov/?term=Biel+M&cauthor_id=38723033
https://pubmed.ncbi.nlm.nih.gov/?term=Fenske+S&cauthor_id=38723033
https://pubmed.ncbi.nlm.nih.gov/?term=Wahl-Schott+C&cauthor_id=38723033
https://pubmed.ncbi.nlm.nih.gov/?term=%22Yu%20F%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Yoon%20KT%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Liu%20H%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Lee%20SS%22%5bAuthor%5d


Iran J Basic Med Sci, 2026, Vol. 29, No.

Shokrian Zeini et al. Glucocorticoid on  chronotropic responsiveness

8

Commun 1977; 78: 998-1004.
38. Sakurai K, Osada Y, Takeba Y, Mizuno M , Tsuzuki Y, Ohta  Y, 
et al. Exposure of immature rat heart to antenatal glucocorticoid 
results in cardiac proliferation. Pediatr Int 2019; 61: 31-42.
39. Kuropka P, Dobrzyński M,  Gamian A,  Gostomska-Pampuch 
K, Kuryszko J, et al. Effect of glucocorticoids on ultrastructure of 
myocardial muscle in the course of experimentally induced acute 
myocardial ischemia. Biomed Res Int 2017; 2017: 2108497.
40. Motta K, Gomes  PRL,  Sulis PM,  Bordin S,  Rafacho  A. 
Dexamethasone administration during late gestation has no major 
impact on lipid metabolism, but reduces newborn survival rate in 
Wistar rats. Front Physiol 2018; 9: 783.
41. Gay MS, Li Y,  Xiong F,  Lin T,  Zhang L. Dexamethasone 
treatment of newborn rats decreases cardiomyocyte endowment 
in the developing heart through epigenetic modifications. PLoS 
One 2015; 10:  e0125033.
42. Mannelli M, Pupilli C,  Fabbri G,  Musante R,  De Feo 
ML,  Franchi F, et al. Endogenous dopamine (DA) and DA2 
receptors: A mechanism limiting excessive sympathetic-adrenal 
discharge in humans. J Clin Endocrinol Metab  1988; 66: 626-631.
43. Ward CA, Liu H, Lee SS. Altered cellular calcium 
regulatory systems in a rat model of cirrhotic cardiomyopathy. 
Gastroenterology 2001; 121: 1209-1218.
44. Wang L, Cui Y, Liu Q , Song Y, Hu Q, Tang M, et al., Puerarin 
enhances Ca2+ reuptake and Ca2+ content of sarcoplasmic 
reticulum in murine embryonic stem cell-derived Cardiomyocytes 
via Upregulation of SERCA2a. Cell Physiol Biochem 2017; 44: 
1199-1212.
45.	 Surmeier DJ, Bargas J, Hemmings Jr HC, Nairn AC, Greengard 
P. Modulation of calcium currents by a D1 dopaminergic protein 

kinase/phosphatase cascade in rat neostriatal neurons. Neuron 
1995; 14: 385-397.
46.	 Artalejo CR,   Ariano MA,  Perlman RL,  Fox AP. Activation 
of facilitation calcium channels in chromaffin cells by D 1 
dopamine receptors through a cAMP/protein kinase A-dependent 
mechanism. Nature 1990; 348: 239-242.
47. Tobón KE, Chang D, Kuzhikandathil EV. MicroRNA 142-3p 
mediates post-transcriptional regulation of D1 dopamine receptor 
expression. PLoS One 2012; 7: e49288.
48. Wu X, Xu FL,  Xia X,  Wang BJ,  Yao J. MicroRNA-15a, 
microRNA-15b and microRNA-16 inhibit the human dopamine 
D1 receptor expression in four cell lines by targeting 3′ UTR–12 
bp to+ 154 bp. Artif Cells Nanomed Biotechnol 2020; 48: 276-287.
49. Clayton SA, Jones SW, Kurowska-Stolarska M, Clark AR et al. 
The role of microRNAs in glucocorticoid action. J Biol Chem 2018; 
293: 1865-1874.
50. Nibley PC, Shenoy SK. β-adrenergic receptor signaling 
mediated by β-arrestins and its potential role in heart failure. Curr 
Opin Physiol 2023; 37:100723.
51. Datsko V, Fedoniuk LY,  Ivankiv YI, Kurylo KhI, Volska AS, 
Malanchuk SL, et al. Experimental cirrhosis: Liver morphology 
and function. Wiad Lek 2020; 73: 947-952.
52. Al Kury LT, Voitychuk OI, Ali RM, Galadari S, Yang KHS, 
Howarth FC, et al. Effects of endogenous cannabinoid anandamide 
on excitation–contraction coupling in rat ventricular myocytes. 
Cell Calcium 2014; 55: 104-118.
53. Yang YY, Liu H, Nam SW, Kunos G, Lee SS. Mechanisms of 
TNFα-induced cardiac dysfunction in cholestatic bile duct-ligated 
mice: Interaction between TNFα and endocannabinoids. J Hepatol 
2010; 53:298-306.

Corr
ect

ed
 Proo

f

https://pubmed.ncbi.nlm.nih.gov/?term=Osada+Y&cauthor_id=30387893
https://pubmed.ncbi.nlm.nih.gov/?term=Takeba+Y&cauthor_id=30387893
https://pubmed.ncbi.nlm.nih.gov/?term=Mizuno+M&cauthor_id=30387893
https://pubmed.ncbi.nlm.nih.gov/?term=Tsuzuki+Y&cauthor_id=30387893
https://pubmed.ncbi.nlm.nih.gov/?term=Ohta+Y&cauthor_id=30387893
https://pubmed.ncbi.nlm.nih.gov/?term=Dobrzy%C5%84ski+M&cauthor_id=28791300
https://pubmed.ncbi.nlm.nih.gov/?term=Gamian+A&cauthor_id=28791300
https://pubmed.ncbi.nlm.nih.gov/?term=Gostomska-Pampuch+K&cauthor_id=28791300
https://pubmed.ncbi.nlm.nih.gov/?term=Kuryszko+J&cauthor_id=28791300
https://pubmed.ncbi.nlm.nih.gov/?term=%22Gomes%20PRL%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Sulis%20PM%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Bordin%20S%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=%22Rafacho%20A%22%5bAuthor%5d
https://pubmed.ncbi.nlm.nih.gov/?term=Li+Y&cauthor_id=25923220
https://pubmed.ncbi.nlm.nih.gov/?term=Xiong+F&cauthor_id=25923220
https://pubmed.ncbi.nlm.nih.gov/?term=Lin+T&cauthor_id=25923220
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+L&cauthor_id=25923220
https://pubmed.ncbi.nlm.nih.gov/?term=Pupilli+C&cauthor_id=3280589
https://pubmed.ncbi.nlm.nih.gov/?term=Fabbri+G&cauthor_id=3280589
https://pubmed.ncbi.nlm.nih.gov/?term=Musante+R&cauthor_id=3280589
https://pubmed.ncbi.nlm.nih.gov/?term=De+Feo+ML&cauthor_id=3280589
https://pubmed.ncbi.nlm.nih.gov/?term=Franchi+F&cauthor_id=3280589
https://pubmed.ncbi.nlm.nih.gov/?term=Cui+Y&cauthor_id=29179218
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+Q&cauthor_id=29179218
https://pubmed.ncbi.nlm.nih.gov/?term=Song+Y&cauthor_id=29179218
https://pubmed.ncbi.nlm.nih.gov/?term=Hu+Q&cauthor_id=29179218
https://pubmed.ncbi.nlm.nih.gov/?term=Tang+M&cauthor_id=29179218
https://pubmed.ncbi.nlm.nih.gov/?term=Bargas+J&cauthor_id=7531987
https://pubmed.ncbi.nlm.nih.gov/?term=Hemmings+HC+Jr&cauthor_id=7531987
https://pubmed.ncbi.nlm.nih.gov/?term=Nairn+AC&cauthor_id=7531987
https://pubmed.ncbi.nlm.nih.gov/?term=Greengard+P&cauthor_id=7531987
https://pubmed.ncbi.nlm.nih.gov/?term=Ariano+MA&cauthor_id=2172839
https://pubmed.ncbi.nlm.nih.gov/?term=Perlman+RL&cauthor_id=2172839
https://pubmed.ncbi.nlm.nih.gov/?term=Fox+AP&cauthor_id=2172839
https://pubmed.ncbi.nlm.nih.gov/?term=Xu+FL&cauthor_id=31858826
https://pubmed.ncbi.nlm.nih.gov/?term=Xia+X&cauthor_id=31858826
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+BJ&cauthor_id=31858826
https://pubmed.ncbi.nlm.nih.gov/?term=Yao+J&cauthor_id=31858826
https://pubmed.ncbi.nlm.nih.gov/?term=Jones+SW&cauthor_id=29301941
https://pubmed.ncbi.nlm.nih.gov/?term=Kurowska-Stolarska+M&cauthor_id=29301941
https://pubmed.ncbi.nlm.nih.gov/?term=Clark+AR&cauthor_id=29301941

	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	OLE_LINK1
	OLE_LINK3
	OLE_LINK2
	_GoBack

