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Abstract
Background  A dual glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP1) 
receptor agonist, tirzepatide (TZPD), is a novel cardioprotective agent, particularly in metabolic disturbances-related 
co-morbidities, however, there is no exact study to emphasize its possible unintended action in cardiac cells.

Objective  Considering a relationship between the trafficking of incretin receptors in a manner not anticipated by 
the standard way of cAMP as a primary actor in TZPD action, together with the role of cAMP depression in cardiac 
dysfunction, here, we aimed to elucidate a pattern of unintended receptor interactions of TZPD and molecular 
processes underlying the pleiotropic effects of TZPD through modulation of the β-adrenoceptors (β-ARs) signaling in 
cardiomyocytes.

Methods  To establish the multifaceted cardioprotective function and underlying mechanisms of TZPD against 
hyperglycemia (HG)—or senescence (SC)-induced cardiac dysfunction, H9c2 cells were treated with and without 
TZPD. We also used β3-ARs overexpressed H9c2 cells (β3OE) for comparisons.

Results  The TZPD intervention ameliorated the HG or SC phenotypes in the cardiac cells via alleviation in 
protein levels of GLP-1R and GIP-R as well as production of cAMP or cGMP, even in the presence of these receptor 
antagonisms. TZPD also increased the levels of β1- and β2-ARs while significantly decreasing activated β3-ARs and PKG, 
being parallel to normalizations in the cAMP and cGMP in the presence of the antagonisms of these receptors. The 
therapeutic effects of TZPD on similar parameters of the β3OE group of cells can strongly verify its unintended action 
among multifaceted effects in either HG or SC cells. In addition, molecular dynamics simulations indicated that TZPD 
binds with the highest affinity to GLP-1R and β3-ARs rather than GIP-R and then relatively lower but almost similar 
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Introduction
A chronic metabolic disorder characterized by an over-
weight body, hyperglycemia, and insulin resistance in 
individuals that share an underlying pathophysiology 
of several organ dysfunctions, including cardiovascular 
system diseases. Epidemiological studies show the grow-
ing global burden for individuals, families, and countries 
related to the prevalence of type 2 diabetes (T2DM), 
mostly parallel to metabolic disturbances [1]. Interest-
ingly, early findings suggest a close relationship between 
age-related changes in insulin resistance and cardiac 
aging, although there is yet a prominent correlation 
between T2DM-related disturbances and the trend of 
serious heart dysfunction [2, 3]. Recent studies highlight 
the role of incretin mimetics, among others, as a new 
therapeutic approach in T2DM and obesity, while they 
have the desired cardiac-beneficial effects, either via their 
systemic actions or direct organ-specific targeting effects 
[4]. Even in this field, there are some suggestions for more 
effective and successful treatments by dual and/or triple 
receptor agonists [5–8]. Among anti-diabetic drugs, glu-
cagon-like peptide-1 (GLP-1) agonists are recommended 
for treatment to reduce the risks of major adverse car-
diovascular events [9–11]. Besides the known effect of 
GLP-1 in pancreatic cells, this incretin hormone provides 
action in the skeletal muscle independently from insu-
lin receptor activation, while glucose-dependent insuli-
notropic polypeptide (GIP) exerts strong insulinotropic 

effects in these types of tissues, however, its action on the 
muscle cells, including cardiac cells, remains to be exam-
ined [12, 13]. Above and beyond the glucose-lowering 
and weight-lowering effects of GLP-1 mimetics, recent 
evidence highlighted their cardioprotective actions in 
addition to activation of cytoprotective pathways in pan-
creatic β-cells [14–16]. Correspondingly, the demonstra-
tion of the expression of the GLP-1 receptors (GLP-1R) 
in cardiomyocytes and activation of cytoprotective path-
ways with the administration of a GLP-1R agonist follow-
ing myocardial infarct model in animals strongly implies 
the possibility of additional mechanisms indicating car-
diac benefits at the cardiomyocyte level, regardless of dia-
betes and obesity status in the individuals that contribute 
to the cardiovascular benefits of GLP-1R agonists above 
and beyond their anti-diabetic actions. Although GLP-1R 
agonists have emerged as safe and effective medications 
for obesity and T2DM, and incretin therapies have newly 
found clinical efficacy in cardiovascular diseases, the pre-
cise mechanisms of GLP-1R agonism in cardiovascular 
disorders are not fully clear and need further studies.

Many physiological functions in mammals are regu-
lated by G protein-coupled receptors (GPCRs), such as 
glucose homeostasis, mainly mediated by GLP-1 and 
GIP. They trigger a cascade of signaling events lead-
ing to the formation of an active agonist–receptor–G 
protein complex. It has been reported that the human 
GLP-1R and GIPR are complex with Gs proteins with 

affinities to β1- and β2-ARs. Furthermore, mechanistically, the cardioprotective effect of TZPD includes significant 
regulation of the cellular Ca2+, at most, modulating the proteins in β-ARs signaling pathways. Moreover, TZPD could 
significantly increase not only the depressed protein level but also the translocation of GLUT4 on the sarcolemma, 
promoting glucose uptake in the HG or SC groups independent of its receptor actions.

Conclusions  Our findings indicate that TZPD, with its multifaceted role, has beneficial effects on cardiac cells by 
positively modulating β-ARs signaling and glucose metabolism rather than on-target receptor action. Furthermore, 
we demonstrated how TZPD can engage the different targets with distinct signaling motifs at the sarcolemma.

Highlights
	•  TZPD has direct cardio-therapeutic effects in cardiac cells under hyperglycemia or senescence, at most, 

through affecting altered β-ARs signaling in cardiomyocytes with the highest affinity to β3-ARs compared to 
the others.

	•  The multifaceted roles of TZPD in the HG or SC group of cells include modulation of β-ARs signaling, cellular 
Ca2+ regulation, and glucose metabolism independent from the insulin signaling pathway.

	•  TZPD could induce translocation of GLUT4 to the membrane and increase its protein level in the HG or SC 
group of cells, independent of its receptor actions.

	•  TZDP could also normalize the depressed level of IRS-1in the HG or SC group of cells.
	•  TZPD activates both GLP-1R and GIP-R in cells, particularly with consideration of the in silico finding on the 

higher binding affinity of TZPD to GLP-1R rather than GIP-R, it seems that activation of GLP-1R by an agonist 
stimulates insulin secretion predominantly through the GLP-1R, with an additional contribution of GIP-R 
activation.

	•  Overall, these results demonstrate that the same drug engaging the different targets has distinct signaling 
motifs at the plasma membrane and provides further information on the role of incretins in cardiac cells under 
hyperglycemia or senescence.
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distinct activation mechanisms [17]. Tirzepatide (TZPD) 
is a dual-receptor agonist mimicking GLP-1 and GIP and 
has anti-diabetic effects and important cardioprotective 
effects in patients with or without T2DM [18–20]. This 
drug presents important benefits by delivering superior 
effects through enhanced activation of insulin secretion 
and increases in intracellular cAMP in pancreatic β-cells 
[13, 21–25]. Moreover, at the pharmacodynamic level, 
TZPD has been identified as an imbalanced GLP-1R-
GIPR co-agonist, implying a preference for GIP-R over 
GLP-1R with an action of GIP-R on reduction of GLP-1R 
internalization, and cAMP accumulation [22, 26–29]. An 
interesting study by Chepurny and co-workers suggested 
that GIP-R or GLP-1R agonists may lead to unintended 
effects at other receptors by using molecular model-
ing analysis [30]. In this aspect, others also pointed out 
a pattern of unintended receptor interactions, mostly 
at GPCRs, and demonstrated the structural probing of 
unintended GPCR activities within a series of agents [31, 
32].

β-adrenergic receptors (β-ARs) also belong to a large 
family of cell surface receptors known as GPCRs [33]. 
The activation of either β1-ARs, β2-ARs, or both by their 
agonists leads to a conformational change, resulting in 
coupling to G protein and generating cAMP via activa-
tion of adenylyl cyclase [34]. Correspondingly, previ-
ously published data mentioned that β1– and β2-ARs are 
either downregulated or desensitized, whereas the pro-
tein level of β3-ARs upregulates in the mammalian heart 
under pathological conditions, including insulin resis-
tance [35–37]. Also, the β3-AR expression is upregulated 
in the failing heart, and there are important deleterious 
effects of β3-AR activation in cardiac remodeling under 
hyperglycemia or aging, in part, through a cross‐link 
between β3‐AR activation and NO‐signaling pathways 
and inhibiting the production of cAMP [38–40]. Recent 
condensed data pointed out the beneficial effects of not 
only GLP-1R agonists but also dual receptor agonists on 
the maintenance of heart function under pathological 
conditions [18–20, 30, 31, 41, 42], however, there are very 
limited documents to explain the underlying molecular 
mechanisms of regulation of cellular glucose metabo-
lism in cardiac cells. Therefore, here, we hypothesize 
that dual receptor agonism by TZPD may have a direct 
unintended interaction with other receptors in cardiac 
cells to exert its beneficial effects on heart dysfunctions. 
Therefore, we investigated a possible unintended recep-
tor interaction effect of TZPD in cardiomyocytes besides 
its dual receptor agonist action, through modulation of 
the β-ARs signaling and Ca2+ handling pathways. In addi-
tion, taking into consideration the stimulatory effect of 
GLP-1 on glucose transporters in pancreatic β-cells [43], 
we also examined whether TZPD application includes an 
augmentation in GLUT4 trafficking in hyperglycemia- or 

senescence-mimicked cardiac cells with or without 
receptor-dependent manner.

Methods and materials
Cell line and treatment of cells
The H9c2 cell line was derived from the left ventricle 
of the embryonic rat heart (CRL1446). It was grown in 
modified Dulbecco’s modified Eagle’s medium (DMEM) 
(DMEM-LPA, Capricorn) including 5.5 mM glucose (low 
glucose) including 10% FBS (Gibco), 50 U/mL penicillin 
(Lonza, Swiss), 2 mM L-Glutamine (Lonza, Swiss), and 
50 µg/mL streptomycin (Lonza, Swiss). To obtain hyper-
glycemic cells (HG-group), H9c2 cells were incubated 
with DMEM including 33 mM glucose for 48  h (Biow-
est, France), including 20 mM of mannitol as osmotic 
controls in our in-cells [44]. To obtain senescence (aging) 
model cells (SC-group), H9c2 cells were incubated with 
DMEM including 50  mg/mL D-galactose for 48  h, as 
described previously [45–47]. A β3-adrenergic receptor 
overexpression (β3OE group) in the H9c2 cell line using 
stable lentiviral infection (see supplementary documents 
for details of the method) and validation was performed 
as described previously [36]. Untreated cells were kept 
as normal cells (NC group). The HG and SC groups of 
cultured H9c2 cells were treated with TZPD (GlpBio, 
GC3840) at concentrations ranging from 20 nM to 300 
nM for 24 h to assess cell viability To optimize the antag-
onist doses, the cultured HG and SC cells were incubated 
with GLP-1R Antagonist 1 (MedChem, HY-101116) 
at concentrations from 150 nM to 1.3 µM, and GIP-R 
Antagonist (MedChem, HY-P10138) at concentrations 
ranging from 25 nM to 240 nM for 24 h. Cell viability was 
evaluated using the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] (Bioworld, 42000092) 
assay (see supplementary documents for details of the 
method). Note that antagonists and TZPD were adminis-
tered in the same medium containing either high glucose 
or D-galactose. For the qRTPCR and western blotting 
experiments, HG and SC cells were incubated with 
TZPD for 24 h; in other experiments, TZPD incubation 
was performed for 30 min.

The mRNA level determination by qRT-PCR
To analyze mRNA levels, the total RNA of H9c2 cardio-
myocytes was isolated by using RiboEx Reagent (GeneAll, 
302-001), and the purified total RNA was reverse tran-
scribed with Entlink cDNA Synthesis-kit (Elk Biotech, 
E300), as described previously [48]. A GoTaq® qPCR 
Master Mix (Promega, A6001) was used to quantify and 
amplify PCR products for each primer, and the primers’ 
specificity was controlled with known databases. The fold 
changes of genes were analyzed using the comparative 
(2−ΔΔCt) method. Cyclophilin was used as a housekeeping 
control for mRNA expression analysis as a housekeeping 
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control. RT primers designed for each mRNA are given 
in Table 1.

Western blotting
The cells were gently washed two times with iced PBS 
and harvested at 4 °C in lysis buffer containing 250 mM 
NaCl, 1% NP-40, and 50 mM Tris-HCl; pH 8.0 and 
1XPIC. Total protein lysates were evaluated by BCA 
assay (Thermo Fisher, USA), and 30 µg protein from each 
group was loaded to 12,5% SDS-PAGE gel. Following the 
transfer and blocking steps with 1% BSA in TBS-0.3% 
Tween, the membrane was incubated with the primer 
antibodies of either β1-AR (Thermo,), β2-AR (Orig-
ine, NM-012492), β3-AR (Saint Jones, STJ91728-200), 
GLP-1R (MedChem, HY-P81160) GIP-R (MedChem, 
HY-P10138), PKG (Thermo, PA3-031 A), GLUT4 (Med-
chem, HY-P80689), pPKA (Cell signaling, 4781), PKA 
(Cell signaling, 4782), pGSK (Santa Cruz, sc-373800), 
GSK (Santa Cruz, sc-377213), eNOS (Thermo, PA3-
031 A), alpha-tubulin (Santa Cruz, sc-5286), and GAPDH 
(Santa Cruz, sc-137179) primer antibody to use as house-
keeping control. Anti-rabbit (Abcam, ab150077) and 
anti-goat (Santa Cruz, sc-2020) antibodies were used as 
secondary antibodies, respectively. Band intensities were 
calculated using Image J (NIH, USA). Band intensities 
were normalized according to GAPDH levels.

Measurement of cAMP and cGMP levels
The cAMP level was measured by enzyme-linked immu-
noassay (ELISA) according to the manufacturer’s instruc-
tions (Cell Signaling, 4339  S). Briefly, 50,000 cells/well 
were seeded in a 96-well plate. One group of the HG or 
SC cells was treated with antagonists for 30  min, and 
TZPD for 30  min, while the second group was kept 
untreated.

In addition, one group of NC cells was treated with 
10–6 M nadonol as a β1-AR and β2-AR blocker for 1 h 
in the presence of TZPD for 30 min (+Nadonol+TZPD), 
while the second group was treated only with TZPD for 
30 min (+TZPD). Only the treated NC group was used as 
a negative control.

Cells were then treated with 500 µM IBMX for 20 min 
and then exposed to a 10 µM forskolin application in the 
presence of IBMX for 10  min. Cells were then washed 
with 1xPBS and lysed for the BCA assay. A protein 
sample with an amount of 200  µg was used from each 
group. A 50 µL sample was placed into the HRP-linked 
target solution and then transferred to the antibody-
coated assay plate, letting it incubate for 3  h. Following 
the washing steps, the absorbance of the samples was 
determined at 450 nm. In a similar procedure to cAMP 
determination, cGMP was also measured by Chemical’s 
Cyclic GMP ELISA Kit (Cayman, 581021). Control and 
treatment groups were lysed for the BCA assay. Follow-
ing the BCA assay, the enzymatic reaction procedure was 
performed according to the manufacturer’s instructions.

Also to examine the effect of the β3-AR pathway on the 
cGMP level; one group of the NC cells was treated with 
10-9 M BRL as β3-AR agonist for 1 h in the presence of 
TZPD for 30 min (+ ZPD + BRL), while the second group 
was treated only TZPD for 30  min (+ ZPD) and third 
group of cells was treated only BRL (+BRL). Only 10 µM 
forskolin-treated NC group was used as negative control 
[49]. Absorbance was measured at 450 nm.

Determination of β-ARs and GLUT4 localizations in the cell 
membrane and cytosolic fractions
The localizations of subgroups of β-ARs, β1-AR, β2-AR, 
β3-AR, and GLUT4 were assessed in the isolated mem-
brane and cytosolic fractions of cells by using the mem-
brane protein extraction kit (Thermo, 89842). Briefly, 
the HG group, SC group, and NC group of cells were 
fractionated into membrane (Mem) and cytosol (Cyto) 
proteins. Following the isolation, localizations were 
examined by western blotting. Membrane protein isola-
tion was confirmed by sortilin (BD, 612101) antibody, and 
cytosolic protein isolation was confirmed by GAPDH.

Determination of either GIP-R, GLP-1R, or GLUT4 
localizations by immunefluoresence
Localizations of GIP-R, GLP-1R, and GLUT4 in H9c2 
cells were determined using anti-GIP-R (ELK Biotechnol-
ogy, ES2425), anti-GLP-1R (MedChem, HY-P81160) or 
anti-GLUT4 (MedChem, HY-P80689) antibodies using 
confocal microscopy (Zeiss LSM 980). The plasma mem-
brane was labeled using an E-cadherin monoclonal anti-
body (Biolegend, 866702). Here, we used the HG group 
of cells compared to the NC group. The loaded cells were 
treated with TZPD in the presence or absence of the 
GLP-1R and GIP-R antagonists for 30 min. To verify the 
localization of GLUT4, the NC group of cells was incu-
bated with 100 nM insulin for 3 h. After fixation and per-
meabilization of H9c2 cells with 4% paraformaldehyde 
and then 0.3% Triton-X100, the cells were incubated with 
the primary antibody to monitor their localization on the 

Table 1  Primers designed for qRT-PCR
Genes Forward Reverse
β1-AR GCTCACCAACCTCTTCATCA CCGTCACACATAGCACGTCT
β2-AR GGAATGACAGCGACTTCTTG GGAATGACAGCGACTTCTTG
β3-AR GGAATGACAGCGACTTCTTG CAGGCTCCTTGCTAGATCTC
PKG CAGGCTCCTTGCTAGATCTC AAATCGGAATGAGCCCCCTG
GLP-1R GTGCGAAGAGTCCAAGCAA ATGGCTGAAGCGATGACCAA
GIP-R CTACACGGGAAACCAGACCC TCTGAGCGTCTCACAACCAC
IRS1 CTACACCCGAGACGAACACT TAACCTGCCAGACCTCCTTG
SGLT2 TCATTGCCGCGTATTTCCTC AACACACAAAGAGCGCATT
GLUT4 GCTGTGAGTGAGTGCTTTCC ACTGTTGTGTTCCTTTGCCC
Cyclophillin GGGAAGGTGAAAGAAGGCAT GAGAGCAGAGATTACAGGGT
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membrane and cytoplasm. After overnight incubation 
of the cells, they were further incubated with appropri-
ate secondary antibodies in the presence 0.25% Triton 
X-100/PBS for 5 min/each and incubated with Texas red 
goat anti-rabbit IgG (H&L) (1:500) (Rockland, 611–1902) 
and/or fluorescein goat anti-mouse IgG (H&L) (1:500) 
(Rockland, 610–1202) for 1  h at room temperature. 

A mounting Medium with DAPI (Novus Biologicals, 
H-1200-NB) was used for mounting.

Intracellular free Ca2+ determination in H9c2 cells
To detect the resting level of intracellular free Ca2+ in 
H9c2 cells, we loaded cells with a Ca2+-sensitive fluo-
rescence indicator Fluo3-AM (MedChem, HY-126821). 

Fig. 1 (See legend on next page.)
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Then we used flow cytometry to detect the ratio of fluo-
rescence changes (Acea, Novocyte). The trypsinized cells 
were incubated with 0.5 mM Fluo3-AM for 1 h in HBSS 
buffer. Here, we used the HG group of cells compared to 
the NC group. The loaded cells were treated with TZPD 
in the presence or absence of the GLP-1R and GIP-R 
antagonists for 30 min. Data were acquired with excita-
tion at 488 nm.

Glucose uptake assay
The glucose uptake content in the cells was determined 
in all groups of cells (i.e., HG group, SC group, NC group, 
β3OE) and calculated by the Glucose Uptake Fluoromet-
ric Assay Kit (Elabscience, E-BC-F041). The generated 
NADPH during the conversion of up-taken 2-DGbto 
2-DG-6P by glucose dehydrogenase was detected and 
calculated by the fluorescence probe. The HG or the 
SC group of cells was treated with GIP-R and GLP-1R 
antagonists. Following 30 min of this group treatment, 40 
nM of TZPD was added into the medium and then incu-
bated for 1 h. After the incubation period, the cells were 
washed with Krebs–Ringer phosphate HEPES (KRPH) 
buffer, and then 10 mmol/L 2-DG was added to the cell 
culture plates. Later, the cells were incubated at 37 °C for 
30 min. Following the treatment procedure, the superna-
tants were collected and placed in microplates, and a 50 
µL sample was incubated with 250 µL enzyme at 37 °C for 
30 min.

Fluorescence intensity was measured at the excitation 
wavelength of 530  nm and the emission wavelength of 
590  nm (Bertold). The proportion of glucose remaining 
in the supernatant was inversely correlated to the glucose 
taken to level up by the cells. The cells left in the cell cul-
ture as attached were also collected for BCA assay. BCA 
assay results were used for normalization.

Statistics
Statistical analyses were performed using Prism 5.0 
(GraphPad Software Inc.). For most experiments, three 
biologically independent replicates were performed and 
otherwise stated differently in the corresponding fig-
ure legend. The statistical difference between the two 

groups was analyzed using an unpaired Student’s t-test. 
Differences with two-tailed p-values < 0.05 were consid-
ered statistically significant. All results are expressed as 
mean ± standard error of the mean (SEM).

Results
Confirmation of expressions and localizations of GLP-1R 
and GIP-R in cardiac cells and their responses to TZPD 
application
We first investigated the localizations of either GLP-1R of 
GIP-R on the membrane of cardiac cells by using confo-
cal laser scanning microscopy. The localization of these 
two receptors exists in the normal control group (NC) 
cells with higher localizations on the membrane of the 
cells by using confocal microscopy (Fig.  1A and B, and 
Suppl. Figure 1A and B). As can be seen in Fig. 1A and B, 
the membrane localizations of these two receptors were 
markedly decreased in both the SC group and HG group 
cells compared to those of the NC group of cells, TZDP 
treatment of these groups of cells provided marked 
recoveries in their membrane localizations.

To examine the direct action of TZPD on the localiza-
tions of its receptors, we first performed the cell viability 
testing as responses of these cells to TZPD application 
(20–300 nM) by using the MTT test (Suppl. Figure 2A). 
Second part of this group examinations, we prepared 
cells to mimic hyperglycemia (HG group) or senescence 
(SC group). The effect of TZPD application (40 nM) on 
senescence- and aging-associated alterations was histo-
logically confirmed through the β-Galactosidase (Suppl. 
Figure  2B), and phosphorylated H2AX histone (termed 
γH2A.X) staining in HG- and SC-groups of cells (Suppl. 
Figure  2C). Our results demonstrated that TZPD treat-
ment ameliorates SC- and HG- HG-associated altera-
tions and DNA double-strand breaks.

In the second part of these groups of examinations, 
we also determined the expression levels of GLP-1R and 
GIP-R by measuring mRNA levels under TZPD applica-
tions by using two different concentrations (24 h incuba-
tion). As can be seen in Fig. 1 (C and D, respectively), an 
application of 40 nM TZPD could induce about a 2.2-fold 
increase in the mRNA level of GIP-R, while this increase 

(See figure on previous page.)
Fig. 1  Demonstration of GLP-1R and GIP-R existence in H9c2 cells and their responses to Tirzepatide (TZPD) in a concentration-dependent manner. Veri-
fication of GLP-1R (green) (A) of GIP-R (green), (B) in immunostained H9c2 cells in NC, SC, and HG groups by immunofluorescence microscopy. E-cadherin 
(red) was used to stain plasma membrane. The mRNA expression levels of GLP-1R (C) or GIP-R (D) concerning cyclophilin upon treatment with either 40 
nM or 100 nM TZPD. TZPD application (40 nM for 24 h) provides significant augmentations in the depressed protein levels of GLP-1R (E) and GIP-R (F), 
and the altered levels of cAMP (G-left) and cGMP (H-left) in either the senescence group of cells (SC group) or hyperglycemic group of cells (HG group) 
compared to the control group of cells (NC group). In the NC group of cells, either nadonol (+ Nadonol + TZPD) or BRL (+ TZPD + BRL) application changes 
the level of cAMP (G-right) and cGMP (H-right) compared to only the TPZD incubated group of cells (+ TZPD). Only IBMX and only forskolin-treated groups 
were used as a negative control for cAMP and cGMP, respectively. All shortenings are the same in all figures after all. The protein levels were quantified 
by Western blotting, and GAPDH levels were used for normalization. The representative protein bands are given in the upper parts of the bar graphs. The 
experimental groups are kept as two groups: SC + TZPD and SC + TZPD + ANT (in the presence of receptor antagonist) or HG + TZPD and HG + TZPD + ANT 
(in the presence of receptor antagonist). Figures include magnification = 20X. Data are presented as means ± SEM, and the comparisons between two 
groups are performed by t-test. *p < 0.05 vs. NC group, φp < 0.05 vs. +40 nM TZPD treated group, γp < 0.05 vs. SC group, δp < 0.05 vs. HG group, Κp < 0.05 vs. 
+TZPD group, Ωp < 0.05 vs. +BRL group. (n = 4 for qRT-PCR experiments and n = 3 for western blotting, cAMP, and cGMP experiments)
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was 6-fold in the GLP-1R. When we increased the level 
of TZPD (100 nM), the response of GIP-R was decreased 
(about 25%), while the response of GLP-1R continued to 
increase (contrary to GIP-R) as about 8-fold compared to 
the TZPD untreated group of cells. These data showed 
the different responses to TZPD application in these 
two receptors. Therefore, following the above observa-
tion, the rest of the experimental investigations were per-
formed by a 40 nM TZPD application by considering a 
similar level of response in these receptors with a TZPD 
application.

Impact of TZPD on protein levels of GLP-1R and GIP-R 
as well as cAMP and cGMP production levels in HG- or 
SC-mimic cardiac cells
To examine the direct beneficial effect of TZPD on car-
diac cells under HG or SC, we determined the protein 
levels of either GLP-1R (Fig.  1E) or GIP-R (Fig.  1F) by 
Western blotting in these mimicked cells compared to 
those of the normal cells (NC group). The protein levels 
of both GLP-1R and GIP-R were found to be significantly 
decreased under HG of SC conditions, and the addition 
of 40 nM of TZPD (24  h incubation) significantly pre-
vented these decreases in their protein levels. Interest-
ingly, the increase in the protein level of GLP-1R but not 
GIP-R following 40 nM TZPD application was even over 
its normal value determined in the NC cells.

Taking into consideration the cAMP pathway in 
cardiomyocytes, particularly its relationship with 
β-adrenoceptors (β-ARs) signaling, to examine possible 
unintended interactive effects of TZPD besides on-target 
effects in this signaling, with and without the existence 
of the receptor activities, we first examined the responses 
of GLP-1R and GIP-R to their antagonist applications 
by determination of cell viability (Suppl. Figure  3A, left 
and right, respectively). Taking into consideration a sub-
maximal antagonist concentration for these receptors, 
we used antagonist concentrations of 650 nM for GLP-
1R and 120 nM for GIP-R in our further examinations. 
Either a 650 nM antagonist (GLP-1R) application or a 
120 nM antagonist (GIP-R) application could not sig-
nificantly affect the level of cAMP in normal cells (NC 
group). Although there is no clear consensus on the 
status of either cAMP or cGMP levels in human failing 
vs. non-failing hearts [50], however, animal and/or cell-
level studies mentioned important alterations in either 
plasma or cardiomyocyte levels of both cAMP and cGMP 
under hyperglycemia or senescence [36, 37]. So, to verify 
whether TZPD can provide benefits on the parameters, 
we determined cAMP or cGMP levels in either the HG 
group or SC group of cells compared to the NC group of 
cells under 40 nM of TZPD application (24 h incubation). 
This application significantly prevented the decrease in 
cAMP levels in either the HG group or SC group, while 

increases in cGMP levels, even over their normal levels. 
Furthermore, these effects of TZPD are still at almost 
similar levels under antagonist presence in these groups 
(slightly but significantly less compared to those without 
antagonists) (Fig. 1G and H, left, respectively).

In addition to GLP-1R and GIP-R antagonists, we also 
aimed to verify the unintended effect of TZPD on β-
ARs under normal conditions in cells. Therefore, we first 
tested whether TZPD affects cAMP levels in NC cells. As 
can be seen in Fig. 1G (right), the TZPD application did 
not significantly affect the cAMP level in the NC group. 
Second, we incubated the cells with nadolol, which is 
a β1-AR and β2-AR blocker, and then determined the 
cAMP level. As can be seen in the same figure, the TZPD 
effect on cAMP production significantly decreased under 
the blockade of β1-AR and β2-AR.

In the last part of this group analysis, we incubated 
cells with BRL, which is a β-AR agonist, and then deter-
mined the cGMP level in the same group of control cells. 
As can be seen in Fig. 1H (right), the cGMP level in the 
NC cells was depressed by TZPD application. In addi-
tion, the cGMP level was significantly enhanced by BRL 
treatment, while the TZPD application decreased this 
level even below the level without BRL (Fig. 1H, right).

Our last data also properly confirmed the TZPD action 
in the well-controlled cellular cAMP and cGMP levels 
through its effects on β-ARs in cardiomyocytes.

Verification of the unintended interactive effect of TZPD 
in HG- or SC-associated alterations in cardiac cells through 
modulation of alterations in the β-ARs signaling
Previously, we and others have demonstrated significant 
changes in the protein levels of β-AR subgroups paral-
lel to the changes in cAMP levels in the heart prepara-
tions under hyperglycemia, hyperinsulinemia, or aging 
[36, 37, 51, 52]. Considering these relationships in cardiac 
cells between β-AR subgroups parallel to the changes in 
cAMP levels and/or cGMP levels, we first determined the 
responses to 40 nM TZPD application (24 h incubation).

the protein levels of β1-, β2-, β3-AR in HG- or SC-
groups of cells, and then the responses to the TZPD 
application. The TZPD application (40 nM for 24  h 
incubation) could prevent the decreased protein level 
of β1-AR significantly with 100% prevention in the HG 
group of cells with about 75% recovery in the SC group 
of cells (Fig.  2A). The decreased protein level of β2-AR 
in the HG group was fully normalized in TZPD-applied 
cells (Fig.  2B), while the response to TZPD application 
induced a 2-fold increase in the protein level of SC group 
of cells compared to those of the NC group.

We also determined the protein levels of β3-AR in the 
HG group and SC group of cells under the TZPD appli-
cation. As can be seen in Fig. 2C, the protein level of β3-
AR was about 9-fold higher in the SC group compared to 
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the NC group while it was about 3.5-fold high in the HG 
group. The TZPD application to the cells (40 nM for 24 h 
incubation) could significantly prevent these increases in 
the protein level of β3-AR. When comparing the recover-
ies in the protein level of β-ARs by TZPD applications, 
there are significant differences depending on the sub-
group of β-ARs as well as on the type of pathological con-
dition (i.e. SC vs. HG) in the cardiac cells.

Membrane localization of β-ARs (β1-ARs, β2-ARs, and 
β3-ARs) in the presence and absence of TZPD application 
was demonstrated in NC, HG, and SC groups, presented 
in Suppl. Figure 4A–C. Particularly, our western blotting 
analysis has demonstrated that β3-ARs markedly localize 
on the membrane compared to β1-ARs and β2-ARs.

In Silico analysis on the affinity of TZPD to either GLP-1R or 
GIP-R as well as β-ARs family
To confirm our experimental data on the effects of TZPD 
on either its receptors and/or other receptors/factors, 
we performed a series in silico analyses to determine its 
affinity level to its receptors and possibly other receptors 
(Suppl. Figure 5). To answer the first general question on 
what the interaction level of this agonist with the recep-
tors, the energy level corresponding to the interaction 
level was calculated between Human GLP-1R protein and 
TZPD. Then it is tested to obtain the interaction, whether 
or not with the same site as the 7FIM PDB ID structure, 
which is analyzed in the experimental structure analysis 
(the pink one). The interaction value in terms of bind-
ing energy in question is found to be -518.87  kcal/mol 
between TZPD and GLP-1R. The fact that this value is 
relatively low indicates that TZPD binds to this protein 
with high affinity. To a better level, exploring this topic 
is obtained by comparing the visual representations of 
the interactions. Furthermore, the interaction region 
(the pink one) (A) obtained after in silico analysis and the 
experimentally detected interaction region (B) are iden-
tical. Furthermore, the similar in silico analysis between 
Human GIP-R and TZPD presented an interaction value 
of -286.72 kcal/mol, which is markedly lower than that of 
the previous interaction.

We further repeated the similar in silico interaction 
analysis between TZPD and β1-AR, β2-AR, and β3-AR, 
respectively. The binding energy levels for these interac-
tions were found to be -274.81  kcal/mol, -263.55  kcal/
mol, and − 303.26  kcal/mol, respectively. In the frame-
work of this proposition, since the interaction value of 
TZPD with β3-AR is closest to that of Human GLP-1R, 
the experimental results of our study design suggest that 
TZPD, at most, interacts with β3-AR protein with a very 
high affinity besides interaction with GLP-1R.

The unintended effect of TZPD in HG- or SC-groups of 
cells includes the recovery in the level of PKG, a marker of 
activated β3-AR signaling
Since previous studies pointed out a relationship between 
a significant increase in the protein level of PKG, particu-
larly in ventricular cardiomyocytes including substantial 
increases in the expression/protein level of β3-AR from 
either hyperglycemic heart or elderly heart of male rats 
[37, 40, 53], we first determined the responses of mRNA 
level of PKG to TZPD applications in NC group of cells. 
As presented in Fig.  2D, the mRNA level of PKG was 
found to be significantly decreased by either 40 nM or 
100 nM of TZPD application. Then, we determined the 
responses of PKG to 40 nM of TZPD application in the 
HG or SC group of cells. As can be seen in Fig. 2E, the 
mRNA levels of PKG, in both the HG group and SC 
group of cells were significantly higher than those of 
the normal cells, while there were significant decreases 
in the mRNA levels of PKG following 40 nM of TZPD 
application.

We further determined the protein levels of PKG in 
either the HG group or SC group of cells and then the 
responses to 40 nM of TZPD application. The PKG pro-
tein level was found to be significantly high in either the 
HG group or the SC group, while there were significant 
recoveries in these cells following 24  h TZPD incuba-
tion (Fig.  2F). Interestingly, the decreased PKG protein 
level in the HG group was significantly less than that of 
the NC group. Of note, this observation implies a novel 
action (unintended action, independent from its recep-
tors) of TZPD on activated β3-AR signaling in cardiomy-
ocytes under pathological stimuli. 

Responses of the β-ARs family as well as cAMP and 
cGMP to TZPD in β3-AR overexpressed cardiac cells in the 
presence of GIP-R and GLP-1R antagonists in comparison 
in the absence of antagonists
Taking into consideration the relationship between the 
activation of β3-AR, PKG, and the increase in cGMP in 
either the HG group or SC group, we determined the 
mRNA levels of either β1-AR, β2-AR, or β3-AR, and their 
responses to 40 nM of TZPD application in β3-AR over-
expressed cells (β3OE). When compared to the without 
TZPD group, the mRNA levels of β1-AR and β2-AR in the 
β3OE group of cells were increased by about 1.5-fold and 
4-fold by the TZPD application (40 nM, with 24 h incu-
bation), respectively (Fig. 3A and B), whereas the mRNA 
level of β3-AR was found to decrease by about 10-fold 
(Fig. 3C).

When comparing the cAMP and cGMP levels in 
normal cells to those of the β3OE group of cells, the 
cAMP was about 25% less in the β3OE group, while the 
cGMP was about 75% higher in the same group of cells 
(Fig. 3D and E, respectively). In further examinations, we 
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Fig. 2 (See legend on next page.)
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determined the responses of either cAMP or cGMP to 
the 40 nM of TZPD application in the β3OE group. The 
cAMP level of the β3OE group by the TZPD application, 
with the presence of antagonists of both receptors (GLP-
1R and GIP-R) was found less compared to the without 
the presence of antagonists (Fig. 3F). Similarly, the cGMP 
level TZPD application under the same experimental 
protocols was found to be less compared to the without 
the presence of antagonists (Fig. 3G).

Verification of the unintended effect of TZPD as the 
responses of mRNA of protein levels of GLP-1R, GIP-R, PKG, 
and eNOS in the β3OE group of cells
The responses to 40 nM of TZPD application (24 h incu-
bation) of either GLP-1R or GIP-R as mRNA levels were 
also found to be significantly high in the β3OE group 
compared to the NC group (Fig. 4A and B, respectively). 
Interestingly, the response to the TZPD in the GLP-1R 
of this group of overexpressed cells was 10-fold higher, 
whereas this increase was 2.5-fold in the GLP-1R mRNA 
level. Further analysis showed that the mRNA level of 
PKG in the β3OE group of cells was found to be about 
10-fold higher than that of the normal cells, while this 
high value was decreased to its half value following the 
TZPD application (Fig. 4C).

Our Western blotting analysis of these receptors 
also confirmed that protein levels of either GLP-1R or 
GIP-R were significantly increased in the β3OE group 
of cells following 40 nM of TZPD application (Fig.  4D 
and E, respectively). Furthermore, when we examined 
the parameters associated with β3-AR overexpression 
which plays a critical role in regulating and maintain-
ing a healthy cardiovascular system in our β3OE group 
of cells, the protein levels of PKG and total endothelial 
nitric oxide synthase (eNOS) were found to be decreased 
significantly in the same group of cells (Fig.  4F and G, 
respectively).

TZPD recoveries cellular Ca2+ and marker proteins 
associated with Ca2+ handling in hyperglycemia-induced 
remodeling of cardiac cells
We first examined the basal level of Ca2+ in the HG-
group of cells loaded with Fluo-3 dye compared to those 
of normal cells (NC-group) by flow cytometry. As shown 
in Fig. 5A, the level of Ca2+ is about 3.5-fold higher in the 

HG group than in the NC group. Notably, the 40 nM of 
TZPD application with or without the receptor antago-
nists induced significant reversals.

In addition, to support our electrophysiological data 
related to the cellular level of Ca2+, we examined the 
protein levels of some markers of cellular Ca2+ handling 
under the TZPD application to HG- or SC-cardiomyo-
cytes. The 40 nM of the TZPD application significantly 
reserved the decreased protein levels of phosphorylated 
PKA (pPKA) without any significant effect on the PKA 
protein level in both SC (Fig. 5B). As can be seen in this 
figure, the decreased pPKA to PKA ratio is significantly 
increased to a level over its normal level. In addition, this 
increase was also similar to the increase under the pres-
ence of antagonists of GLP-1 and GIP receptors. On the 
left of the bar graphs, the representative protein bands 
are presented.

Another marker of cellular Ca2+ handling under TZPD 
application, we determined the protein level of phos-
phorylated GSK (pGSK) and GSK in either SC or HG 
groups of cells in comparison to those of NC cells. As 
can be seen in Fig. 5C, the pGSK/GSK was significantly 
depressed in both SC or HG groups of cells while TZPD 
application significantly recovered even over their normal 
values. The left parts in this figure show the representa-
tive protein levels. As an interesting observation similar 
to that of the previous one in (B), this increase was also 
similar to the increase under the presence of antago-
nists of GLP-1 and GIP receptors. On the left of the bar 
graphs, the representative protein bands are presented. 

TZPD increases protein levels and translocation of GLUT4 
and promotes glucose uptake in the HG group or SC group 
cells
To investigate the role of TZPD on cellular glucose 
metabolism through GLUT4, we first imagined the 
GLUT4 distribution in cells as well as isolated mem-
brane/cytosol fractions of cells by demonstrating GLUT4 
localization (red) and E-Cadherin staining (green) 
(Fig. 6A and B). The translocation of GLUT4 to the mem-
brane in response to TZPD was also confirmed in the 
membrane and cytosolic protein fractions of NC and HG 
group of cells (Fig. 6B).

We also quantified the distribution of GLUT4 
as mRNA levels in the HG or SC groups of cells in 

(See figure on previous page.)
Fig. 2  TZPD provides augmentations in the protein levels of β-ARs systems as well as PKG of either the SC group or HG group H9c2 cells. The protein 
levels of β1-AR (A), β2-AR (B), and β3-AR (C) in either the SC group or HG group H9c2 cells treated with TZPD (40 nM for 24 h) compared to the NC group 
of cells. The TZPP with either 40 nM or 100 nM has significant inhibition of the mRNA level of PKG compared to the cyclophillin in the NC group of cells 
(D). The TZPD application induced significant decreases in the activated mRNA levels of PKG in HG- or SC groups of cells compared to the NC group of 
cells (E). The 40 nM of TZPD application (24 h) provided a significant inhibition on the activated protein level of PKG in the SC group of cells while it had 
much more inhibition on the protein level of PKG in the HG group of cells under its NC level (F). The protein levels were quantified by Western blotting 
and GAPDH levels were used for normalization. The representative protein bands are given in the upper parts of the bar graphs. Data are presented as 
means ± SEM, and the comparisons between two groups are performed by t-test. *p < 0.05 vs. NC group, φp < 0.05 vs. TZPD treated group, γp < 0.05 vs. SC 
group, δp < 0.05 vs. HG group (n = 3 for western blotting experiments)
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Fig. 3  The TZPD application augmented the mRNA levels of β-ARs and the levels of cAMP and cGMP in β3-AR overexpressed (β3OE) H9c2 cells. The 
mRNA expression levels of β1-AR (A), β2-AR (B), and β3-AR (C) compared to cyclophilin in β3OE H9c2 cells upon treatment with 40 nM or 100 nM TZPD for 
24 h. Cellular cAMP (D) and cGMP (E) levels in β3OE cells compared to those of the NC group of cells. Responses to the TZPD application in the produc-
tion of cAMP (F) and cGMP (G) in β3OE cells with and without GLP-1R and GIP-R antagonisms. Data are presented as means ± SEM, and the comparisons 
between two groups are performed by t-test. *p < 0.05 vs. NC group, φp < 0.05 vs. +40 nM TZPD treated group, εp < 0.05 vs. β3OE group, χp < 0.05 vs. 
+ANT + TZPD group (n = 5 for qRT-PCR experiments and n = 3 for western blotting, cAMP, cGMP experiments)
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comparison to the NC group (Fig.  6C). Second, we 
determined the protein level of GLUT4 in the HG or SC 
groups of cells in comparison to the NC group under the 
40 nM of TZPD application with or without the GLP-1R 

and GIP-R antagonists. As can be seen in Fig. 6C and D, 
GLUT4 protein levels in either the HG or the SC cells 
were found to be significantly decreased in comparison 
to the NC cells, while a 40 nM TZPD application (24 h 

Fig. 4  Effects of TZPD on mRNA and protein levels of GLP-1R, GIP-R, and PKG in β3OE cells. The responses to 40 nM or 100 nM of TZPD application as 
mRNA levels of GLP-1R (A), GIP-R (B), and PKG (C) compared to cyclophill in β3OE cells. The protein levels of GLP-1R, GIP-R, and PKG under 40 nM of TZPD 
application in the β3OE cells, compared to GAPDH or tubulin analyzed by Western blot (D to F, respectively). The representative protein bands are given 
in the upper parts of the bar graphs. Data are presented as means ± SEM. The comparisons between the two groups are performed by t-test. *p < 0.05 vs. 
NC group, εp < 0.05 vs. β3OE group (n = 4 for qRT-PCR experiments and n = 3 for western blotting experiments)
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Fig. 5  Effect of the TZPD application on the cellular resting level of Ca2+ and protein levels of parameters played roles in cellular Ca2+ regulation via β-
AR signaling. The cellular resting level of Ca2+ was imagined in all groups of H9c2 cells loaded with a Ca2+-sensitive fluorescence dye Fluo-3 AM (A). The 
representative flow cytometry data demonstrate the effect of TZPD (40 nM) on intracellular Ca2+ distribution in resting cells with and without receptor 
antagonism for the SC group of cells and HG group of cells (left). The average cellular Ca2+ level in Fluo-3 AM loaded H9c2 cells was measured in all 
groups by the flow cytometer technique (right). The protein levels of phosphorylated PKA (pPKA) and PKA and their ratios (B), and phosphorylated GSK 
(pGSK) and GSK and their ratios (C), compared to a reference protein GAPDH in the SC, SC + TZPD, SC + TZPD + ANT or HG, HG + TZPD, HG + TZPD + ANT 
comparison to the NC group. All shortenings are the same as given in previous figures. Representative protein bands are given in the left parts of the bar 
graphs. Data are presented as means ± SEM. The comparisons between the two groups are performed by t-test. *p < 0.05 vs. NC group, γp < 0.05 vs. SC 
group, δp < 0.05 vs. HG group, Ψp < 0.05 vs. SC + ANT + TZPD group, τp < 0.05 vs. HG + ANT + TZPD group (n = 4 for flow cytometry experiments and n = 3 for 
western blotting experiments)

 



Page 14 of 21Aydos et al. Cardiovascular Diabetology          (2025) 24:338 

Fig. 6 (See legend on next page.)
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incubation) provided a significant recovery in the pro-
tein levels. An interesting observation is to get a similar 
response to the TZPD under the presence of antagonists 
of GLP-1 and GIP receptors. The representative protein 
bands are presented on the upper parts of the bar graphs.

In the last part of this group investigation related to 
glucose metabolism, we established a glucose uptake pro-
cess in the HG group of cells by TZPD application with 
and without receptor antagonists. We first used insulin 
to determine glucose uptake in the cells as the positive 
control (Suppl. Figure 6). The cellular glucose consump-
tion in insulin presence is maximum in the NC cells as 
expected. Also, the glucose uptake level of either the HG 
or the SC groups of cells was significantly less than that 
of the NC group cells, while 40 nM of TZPD application 
could recover significantly with and without the antago-
nists of both GLP-1R and GIP-R in a similar manner 
(Fig. 6E).

For further validation of the TZPD effect on cellular 
glucose mechanism, we determined the glucose uptake in 
the β3OE group of cells, as well. In comparison to that of 
the NC group, the uptake capacity of the β3OE group of 
cells was significantly lower, while it was recovered sig-
nificantly by a 40 nM of TZPD application (Fig. 6F).

Amelioration in IRS-1 and SGLT2 levels by TZPD can also 
confirm its unintended interactive effects in the HG group 
or the SC group
Since a decrease in insulin receptor substrate 1 (IRS-1) 
level is associated with remodeling in either hypergly-
cemic or elderly heart, we intended to examine whether 
TZPD affects another factor associated with cellular 
glucose metabolism in cardiac cells, particularly under 
hyperglycemic or senescence conditions, we first deter-
mined the mRNA and protein levels of IRS1 following 
the TZPD application. As can be seen in Fig. 6G, TZPD 
application to the NS group of cells could induce a slight 
but significant increase in the mRNA levels of IRS1. The 
mRNA level of IRN1 in both the HG and SC groups of 
cells were significantly depressed while the TZPD appli-
cation significantly augmented these depressed mRNA 
levels. Since a GLP-1R agonist application could present 

a significant recovery in the activated sodium-glucose co-
transporter-2 (SGLT2), parallel to IRS-1 under in vitro 
condition in H9c2 cells [53], here, we also examined the 
mRNA levels of SGLT2 in both groups of experimental 
cells compared to those of NC cells. As can be seen in 
Fig. 6H, the TZPD application could provide significant 
recoveries in activated SGLT2 of both SC and HG cells 
while no effect on that of NC group.

Discussion
Our overall aim in the present study was to examine pos-
sible unintended receptor interaction of TZPD besides 
its dual receptor action in cardiac cells under hyperglyce-
mia or senescence-mimicking conditions, thereby dem-
onstrating that TZPD protects against diabetes-related 
heart damage in aging-related heart dysfunction in mam-
mals. Here, our in vitro data can support the evidence 
of pleiotropic effects of TZPD, which are mediated by 
modulation of β-AR signaling and cellular regulation of 
glucose metabolism, together with Ca2+ homeostasis, 
at most, re-distribution of GLUT4 localization in the 
cardiac cells. So far, considering the clinical data on the 
beneficial effects of cardiac dysfunction under various 
pathological stimuli, our overall data provides impor-
tant evidence of the TZPD effects in the main molecu-
lar pathways involved in cardiac cells, particularly under 
hyperglycemia or senescence in mammal heart. Further-
more, our in vitro data strongly supports how/why TZPD 
application protects the heart against not only diabetes-
related but also aging-associated damaging progresses in 
cardiomyocytes, at most, through modulation of β-ARs 
signaling and glucose metabolism, providing its direct 
multifaceted roles in cardiac cells.

The use of high-tech solutions in research and devel-
opment offers numerous benefits, such as new drug 
development and their application fields, which unlock 
immense potential to optimize each stage of the pro-
cess. Particularly, assuming new interactions for newly 
developed drugs is crucial for fully understanding their 
effects. Various approaches have been developed to 
infer potential interactions using bioactivity data, dose-
response information, and large databases of known 

(See figure on previous page.)
Fig. 6  Effects of TZPD on cellular glucose uptake and translocation of GLUT4 on the cell membrane. The distribution of GLUT4 (red) in the cells when 40 
nM of TZPD was applied (30 min) to the SC group or HG group of cells in comparison to the NC cells given as representative confocal immunofluores-
cence staining and E-cadherin (green) staining was used to detect plasma membrane (A). The GLUT4 protein levels in isolated membrane (Mem) and 
cytosolic (Cyto) fractions in NC and HG cells by western blotting (B). The mRNA levels (relative to cyclophillin) in these groups of cells were measured 
when they were incubated with 40 nM TZPD for 24 h (C). The effects of the TZPD application on protein levels of GLUT4 in these experimental groups in 
comparison to the NC group, with and without receptor antagonists (D). The representative protein bands are given in the upper parts of the bar graphs. 
The levels of cellular glucose uptake in the SC and the HG groups of cells when 40 nM of TZPD applied (24 h), compared to those not applied with and 
without receptor antagonism (E). The TZPD effect on glucose uptake in β3OE cells compared to that of the NC group of cells (F). The mRNA and protein 
levels of IRS1 and SGLT2 relative to cyclophilin and GAPDH, respectively, in experimental groups of cells with and without the TZPD application compared 
to the NC cells (G and H, respectively). GLUT4 imaging; 20X. Data are presented as means ± SEM. The comparisons between the two groups are performed 
by t-test. *p < 0.05 vs. NC group, γp < 0.05 vs. SC group, δp < 0.05 vs. HG group, Ψp < 0.05 vs. SC + ANT + TZPD group, τp < 0.05 vs. HG + ANT + TZPD group 
(n = 4 for qRT-PCR experiments and n = 3 for western blotting and glucose uptake experiments)
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drug-target interactions [31, 54]. Since a drug often can 
have unintended effects, however, under certain condi-
tions, an unintended interactive liability of a drug can 
contribute to therapeutic benefits by affecting different 
signaling pathways, primarily through binding, inhibi-
tion, degradation, or activation of receptors, rather than 
through its intended pharmacological target [55–57]. In 
these regards, it is generally accepted that a dual incretin 
receptor agonist, TZPD, has glucose-lowering in T2DM 
and anti-obesity effects through multiple molecular 
pathways, as well as protection against diabetes‑related 
cardiac damages. The molecular mechanism of these 
beneficial effects of TZPD has been investigated in 
β-cells and interpreted through its biasing action at the 
GLP-1R and GIP-R to favor cAMP generation and then 
insulin secretion. In addition, some interesting pharma-
cological studies provided strong evidence that the same 
incretin group drugs (i.e. GLP-1 mimic GLP-1R agonists) 
can engage the different targets through distinct signal-
ing motifs at the plasma membrane and provide further 
information related to the role of incretins in cardiac 
cells under pathological conditions [58]. The studies on 
the comparison to drug binding kinetics, whether to its 
receptor or other membrane motifs, demonstrated their 
actions in biased signaling of their trafficking profiles to 
improve agonist efficacy in various cell types except for 
cardiomyocytes [59–61].

TZPD application reverses the depressed protein levels 
of GLP-1 and GIP-R in the HG or SC group of cells without 
affecting their membrane localization
Incretin hormones, including GIP and GLP-1, are impor-
tant cellular metabolism regulators, at most dependent 
on insulin signaling, while their receptors are closely 
related members of the G-protein-coupled receptors 
[62–65]. Various experimental data performed in ani-
mals and cell lines, mostly including pancreatic β-cells, 
demonstrated the existence of these receptors. Some of 
these studies demonstrated the mRNA levels of these 
receptors with less expression of GLP-1R than the GIP-
R, particularly in cardiac cells, including human AC16, 
mouse HL-1, and rat H9c2 [57, 66, 67]. Here, we first 
confirmed the existence of GIP-R and GLP-1R together 
with their responses to TZPD in H9c2 cardiac cells and 
found significantly less expression of GLP-1 than GIP-R 
in these cells, like the previously published results in 
human AC16 cardiac cells [57]. We have also confirmed 
the cellular and genetic response of H9c2 cells against 
TZPD in the HG and SC-mimicked groups. An increase 
in β-Galactosidase and DNA double-strand breaks is 
considered one of the hallmark phenotypes of aged and 
hyperglycemic cells [68, 69]. We demonstrated that 
TZPD treatment recovers the SC and HG-induced β-Gal 
and double-strand break formation.

Furthermore, we also examined the membrane local-
ization of these two receptors by confocal microscopy in 
the first NC group and then the HG group, while another 
group of investigation was performed in the SC group. 
Here, our reasoning for repeating the experiments with 
SC cells is the observation of the existence of insulin 
resistance in a significant number of aged animals and 
their positive responses to insulin, similar to those of 
adult MetS animals [37, 53, 70]. Besides, the freshly iso-
lated cardiomyocytes isolated from both elderly rats and 
MetS rats have low cardiomyocyte cAMP levels, as well 
as higher cGMP levels in elderly cardiomyocytes than in 
adult ones. These results are in line with our previously 
published data [37, 71] (Suppl. Figure 7). Therefore, here, 
being among our interesting findings, we, for the first 
time, have shown the role of TZPD in the SC group of 
cells through examinations of first the expressions and 
second localizations of GIP-R and GLP-1R.

As the first data in cardiac cells, our analysis demon-
strated the membrane localizations of these two recep-
tors are found to be similar in the HG or SC cells to those 
of the NC cells, while the TZPD application also could 
not affect the localizations of these two receptors in these 
cells. On the other hand, the protein levels of these two 
receptors are found to be depressed in both the HG and 
SC groups of cells compared to the NC cells. Correspond-
ingly authors, taking into consideration the stimulation 
of insulin secretion by the incretin hormones diminished 
their levels in T2DM, particularly by hyperglycemia, 
examined the expression levels of GIP-R and GLP-1R 
and found to be significantly decreased levels while they 
were responding positively by insulin application [72]. A 
further study in this content was performed in primary 
mouse islets and the β-cell line, and the findings dem-
onstrated downregulation of GLP-1 receptor signaling 
by reducing its mRNA level and cell surface localization 
[65]. Taken together these above results with our pres-
ent data in cardiac cells, GLP-1R and GIP-R expression 
is decreased with chronic hyperglycemia, which further 
can confirm the relationship between depressed lev-
els of these receptors and the impaired incretin effects 
found in T2DM. Under the light of already published 
data depending on either experimental findings and/or 
clinical outcomes, one can pronounce an interpretation 
of the relationship between reduced incretin hormone 
expressions together with loss of GLP-1R from the cell 
surface under hyperglycemia, which may correspond to 
the reduced clinical efficacy of GLP-1R based therapies in 
T2DM patients. This interpretation is further supported 
by the study of Willard et al., who demonstrated that 
TZPD induces differential internalization of the GIP-R 
and GLP-1R [26]. Experiments in primary islets revealed 
a conclusion on the biased agonism of TZPD including 
enhancement of insulin secretion. Consequently, it seems 
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there are important combinations of distinct signaling 
properties to the biased agonism of TZPD, which further 
may account for the promising efficacy of TZPD in dam-
aged cells including cardiomyocytes.

The responses of GLP-1R to TZPD in the HG and SC 
groups of cells were found to be much higher even over 
control values than those of the GIP-R under similar 
experimental conditions. Although TZPD is a dual recep-
tor incretin agonist and mediates insulin responses in 
β-cells, the GLP-1R is a drug target for the treatment of 
T2DM whereas the therapeutic potential of alone GIP-R 
is not very well defined. However, since TZPD activates 
both GLP-1R and GIP-R in cell lines and animal models, 
particularly with consideration of the in silico finding on 
the higher binding affinity of TZPD to GLP-1R rather 
than GIP-R, it seems an activation of GLP-1R by an ago-
nist stimulates insulin secretion predominantly through 
the GLP-1R, with an additional contribution of GIP-R 
activation [73, 74].

A positive effect of TZPD on the production of cAMP and 
cGMP levels in the HG or SC group of cardiac cells seems 
to depend on not only its receptor mediation but also a 
combination effect associated with mediation of β-ARs 
signaling
Various clinical data but less experimental findings 
announced that a dual incretin receptor agonist, TZPD, 
has potential cardiovascular benefits under many types 
of pathological conditions besides its glucose-lowering 
and anti-obesity effects. However, some experimental 
findings pointed out its integrated potency and signaling 
properties to provide a broad metabolic control mimick-
ing the actions of native GIP and GLP-1 in the mamma-
lian body. As already mentioned in previous findings, the 
positive effect of TZPD has been demonstrated through 
its biasing action at the GLP-1R compared to GIP-R to 
favor AC-mediated cAMP elevation and subsequent 
activation of cAMP-dependent protein kinase(s), which 
stimulates the insulin release in β-cells. Furthermore, as 
can be seen in Fig. 1C and D, and E and F, the responses 
to TZPD are always higher in GLP-1R than those of 
GIP-R as well as the mRNA level of GLP-1R in β3OE cells 
is significantly higher than that of the GIP-R (see Fig. 4A 
and B). Moreover, our in silico analysis also confirmed a 
higher interaction between TZPD and GLP-1 than that 
of the interaction between TZPD and GIP-R. Support-
ingly, it is reported that GIPR agonism improves insulin 
sensitivity by a mechanism independent of glucose level 
or weight loss [62]. Moreover, experimental evidence has 
revealed that GLP-1 and its analogs possess cardiopro-
tective effects by various mechanisms related to cardiac 
contractility, myocardial glucose uptake, cardiac oxida-
tive stress and ischemia/reperfusion injury, and mito-
chondrial homeostasis [59]. Considering the general 

knowledge about compensatory and adaptive changes 
that occur in the heart to preserve cardiac output, sup-
porting studies demonstrated that GLP-1R signaling 
activation by agonism can activate also different close 
targets inducing either adverse drug reactions or ben-
eficial actions through different receptor-mediated sig-
naling pathways [61]. Using recent biosensors, authors 
explored the ability of GLP-1R activation by agonists in 
turn activating various distinct plasma membrane sig-
naling profiles, directly or indirectly, thereby, providing 
improvements to the therapeutic potential of GLP-1R 
agonists.

In this context, the β-ARs belong to the superfamily of 
membrane proteins known as G-protein-coupled recep-
tors (GPCRs). Under physiological conditions, cAMP 
signaling plays a key role in the regulation of cardiac 
function. The activation of this intracellular signaling 
pathway mirrors cardiomyocyte adaptation to various 
extracellular stimuli. Extracellular ligand binding to seven 
transmembrane receptors (also known as GPCRs) with 
G proteins and ACs modulate the intracellular cAMP 
content. Subsequently, this second messenger triggers 
the activation of specific intracellular downstream effec-
tors that ensure a proper cellular response. Therefore, the 
cell needs to keep the cAMP signaling highly regulated in 
space and time.

In Silico analysis confirms the unintended action of TZPD 
through modification in the β-ARs family
A dual GIP/GLP-1 receptor agonist, TZPD, having the 
form of a synthetic linear peptide, contains 39 amino 
acids conjugated with the C20 fatty acid molecule, which 
has a linker to a lysine residue at a position of 20 and the 
sequence of TZPD peptide also contains two non-coding 
amino acid residues. Studies demonstrated that TZPD 
binds to GIP-R and GLP-1R with a 5-fold weaker affinity 
than native GLP-1 for GLP-1R [75]. In addition, pharma-
cological studies on cellular signaling processes demon-
strated the TZPD as an imbalanced agonist of the GIP-R 
and GLP-1R [26]. By using pancreatic β-cells, it has been 
shown that these two receptors can show biased signaling 
at the GLP-1R to favor cAMP generation, providing evi-
dence of a weaker ability to drive GLP-1 receptor inter-
nalization compared with natural GLP-1. Furthermore, 
investigations on whether GLP-1R agonists with distinct 
signaling profiles demonstrated that there are possible 15 
different pathways at the plasma membrane by system-
atically examining their plasma membrane to cytosolic 
localization [61]. Consequently, these types of analysis 
can provide important information on the interactions 
of GLP-1R agonists with other membrane receptors/
kinases, including G protein-coupled receptor kinases 
(GRKs). Furthermore, it has been mentioned that when 
comparing the human and rat versions of GLP-1 and 
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GIP, there are both structural similarities with some dif-
ferences, however, whether or not these differences can 
influence receptor binding and activity is not clear yet 
[75, 76]. However, authors studied this drug in preclini-
cal in vitro and in vivo models, and clinical assessment, 
and demonstrated that its pharmacology can translate 
from preclinical to clinical studies with the potential to 
deliver clinically meaningful improvement in glycemic 
control. Indeed, crystal structures of GLP-1 and GIP in 
complex with their receptors show that the N-terminal 
alpha-helix binds deep into the transmembrane domain 
of the receptor.

Considering the general facts associated with car-
diac function and mainly controlled by β-ARs signal-
ing, which is also controlled by GRKs, our hypothesis 
on the unintended interaction of TZPD in cardiac cells 
may include β-ARs and their signaling pathways seems 
to be perfectly confirmed by our current data, including 
in silico analysis. The comparison of the calculated bind-
ing energy levels for TZPD interaction of either its recep-
tors or β-AR family members demonstrated that TZPD 
interaction has a higher affinity to GLP-1R than GIP-R, 
which increases their protein levels but not membrane 
localizations. However, this drug has its beneficial effect 
by affecting the internalization of these receptors and 
consequently the release of insulin in pancreatic β-cells 
[19, 25]. Considering the cardiac cells do not have any 
insulin vesicles and no insulin release, one can propose 
that TZPD has different beneficial effects in cardiac cells, 
at most, through inducing beneficial modulations in β-
AR family members and their signaling pathways, being 
independent of direct insulin signaling.

TZPD application contributes directly to glucose 
metabolism in hyperglycemic cardiac cells through the 
translocation of GLUT4 into the plasma membrane
Recent studies, both in vitro and in vivo, showed that 
cardiac β-AR signaling has an important impact on 
myocardial glucose metabolism, independent of insu-
lin signaling, but through regulation of GLUT4 into the 
membrane and thereby glucose uptake by myocytes [77]. 
In this pathway, findings strongly supported the role of 
activation and protein levels of β-ARs, particularly β2-
AR-associated increases in translocation of GLUT4 via 
GPCR kinase sites [78]. According to our general knowl-
edge, heart muscles have high glucose consumption, and 
glucose transport into cardiomyocytes falls behind the 
need if there is either an absence of insulin or less plasma 
membrane GLUT4 localization.

In this context, our findings showed that TZPD appli-
cation in cardiac cells significantly increased the glucose 
uptake in both HG and SC groups of cells. Indeed, our 
present data being parallel to previously published, dem-
onstrated a marked decrease in glucose uptake [79, 80]. 

By considering the role of GLUT4 membrane localization 
in the glucose uptake, our observation on this re-localiza-
tion of GLUT4 under TZPD application can be explained 
by the recoveries in β-ARs, including of β1-ARs and β2-
ARs, at most via PKA. In addition, the significant interac-
tion between TZPD and these β-ARs by in silico analysis 
can imply the possible role of these activation/interac-
tions in β-ARs to GLUT4 localization into the plasma 
membrane. Interestingly, our findings also demonstrated 
that the inhibited expression of IRS-1 in either the HG 
or SC groups of cells could be recovered by TZPD appli-
cation. This recovery also can be another source for the 
translocation of GLUT4 into the plasma membrane. Sup-
portingly, Liu TY, et al. have shown that IRS-1-associated 
protein regulates GLUT4 translocation in 3T3-L1 adipo-
cytes [81]. Studies demonstrated that TZPD-associated 
increased protein level of IRS-1 may lead to their binding 
to several intermediate signaling molecules containing 
PI3-kinase cascade which also leads to activation of Akt. 
Activated Akt kinase phosphorylates some substrates 
that regulate the GLUT4 translocation from intracel-
lular vesicles to the PM and subsequent glucose uptake 
[82, 83]. Thus, here, since TZPD induced a significant 
increase in the expression level of IRS-1 in both HG and 
SC groups of cells, this can be one of the possible path-
ways related to the TZPD-associated GLUT4 transloca-
tion into membrane and increases in glucose uptake. 
Consequently, dual receptor agonist TZPD, being inde-
pendent of insulin secretive action in β-cells, here, can 
present an important action on the regulation of cardiac 
cell glucose metabolism.

The beneficial effect of TZPD in the pathologic heart, 
including particularly its unintended interaction with β3-
ARs, can strongly support the statement of β3-ARs as new 
therapeutic targets for cardiovascular pathologies
The electrical activity of the heart is regulated by the 
sympathetic nervous system, which is also mediated by 
β-ARs. The three major cardiac β-AR subtypes, β1- and 
β2-ARs, mediate intracellular signaling pathways regu-
lating contractility via a positive inotropic effect of cat-
echolamines through activation of AC-associated cAMP 
production under physiological conditions, whereas 
the activation of β3-ARs in the remodeling of the heart 
under metabolic disturbances (i.e. diabetic cardiomy-
opathy, metabolic heart, elderly heart, etc.) exerts a 
negatively inotropic effect through activation of NO sig-
naling pathway including activation of eNOS and PKG 
[36, 40, 52, 84–88]. Our cells mimicking either hyper-
glycemia or elderly mammalian heart cardiomyocytes 
have responded to TZPD application in terms of β-AR 
responsiveness. Not only the depressed protein levels 
of both β1- and β2-ARs but also their contribution to 
cAMP production significantly accelerated. In addition, 
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the highly expressed β3-ARs and its associated signaling 
factors such as PKG and cGMP in these groups of cells 
were significantly recovered by TZPD application. More 
importantly, the similar beneficial effects of TZPD were 
also determined in the β3OE group of cells. More impor-
tantly, the energy level calculation for the interaction of 
TZPD with β3-ARs strongly supports our interpreta-
tion. Overall, one can sum up that TZPD, has an impor-
tant unintended action in the β-AR system in cardiac 
cells under metabolic disturbances in the heart, at most, 
through mediating the regulation of β3-ARs signaling and 
therefore, provides an important indication about the 
TZPD application as a new therapeutic agent against new 
therapeutic targets for cardiovascular pathologies.

Conclusions
In the present study, consistent with our previous results, 
TZPD has important beneficial effects on the metabolic 
heart, through regulation of cardiac function and glucose 
metabolism. The TZPD-associated recovery in high rest-
ing levels of free Ca2+ in the HG or SC groups of cells, 
together with recoveries in the phosphorylation/protein 
levels of signaling proteins, play critical roles in the Ca2+ 
regulation. Overall, our data, for the first time performed 
in cardiac cells, demonstrated that TZPD has an unin-
tended effect in metabolic heart or elderly heart through 
modulation of altered β-AR system signaling and cellu-
lar free Ca2+ regulation besides receptor-related effects. 
In addition, it can regulate the glucose metabolism in 
cardiac cells in a manner independent of its receptor 
action. Overall, these results demonstrate that the same 
drug engaging the different targets has distinct signal-
ing motifs at the plasma membrane and provide further 
information on the role of incretins in cardiac cells under 
hyperglycemia or senescence.
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