
Acta Biochim Biophys Sin 2023, 55(5): 749–757
https://doi.org/10.3724/abbs.2023083

Advance Access Publication Date: 15 May 2023
Original Article

Original Article

Activation of Kir2.1 improves myocardial fibrosis by inhibiting
Ca2+ overload and the TGF-β1/Smad signaling pathway
Yi Rong1,2,3,†, Xin Zhou1,2,3,†, Zhenli Guo1,2,3,†, Yingying Zhang1,2, Wenjuan Qin1,2, Li Li1,2,
Junqiang Si1,2,3, Rui Yang1,2,3,*, Xinzhi Li1,2,4,*, and Ketao Ma1,2,3,*

1The Key Laboratory of Xinjiang Endemic and Ethnic Diseases, Ministry of Education, Shihezi University Medical College, Shihezi 832002,
China, 2NHC Key Laboratory of Prevention and Treatment of Central Asia High Incidence Diseases, Shihezi 832002, China, 3Department of
Physiology, Shihezi University Medical College, Shihezi 832002, China, and 4Department of Pathophysiology, Shihezi University Medical College,
Shihezi 832002, China
†These authors contributed equally to this work.
*Correspondence address. Tel: +86-15001645180; E-mail: maketao@hotmail.com (K.M.) / Tel: +86-13309939180; E-mail: lixinzhi@shzu.edu.cn (X.L.) /
Tel: +86-18299092816; E-mail: 458360505@qq.com (R.Y.)

Received 31 August 2022 Accepted 8 December 2022

Abstract
The inwardly rectifying potassium channel Kir2.1 is closely associated with many cardiovascular diseases. How-
ever, the effect and mechanism of Kir2.1 in diabetic cardiomyopathy remain unclear. In vivo, we use STZ to
establish the model, and ventricular structural changes, myocardial inflammatory infiltration, and myocardial fi-
brosis severity are detected by echocardiography, histological staining, immunohistochemistry, and western blot
analysis, respectively. In vitro, a myocardial fibrosis model is established with high glucose. The Kir2.1 current
amplitude, intracellular calcium concentration, fibrosis-related proteins, and TGF-β1/Smad pathway proteins are
detected by whole-cell patch clamp, calcium probes, western blot analysis, and immunofluorescence, respectively.
The in vivo results show that compared to diabetic cardiomyopathy, zacopride (a Kir2.1 selective agonist) sig-
nificantly reduces the left ventricular systolic diameter and diastolic diameter, increases the left ventricular ejection
fraction and left ventricular short-axis shortening, improves the degree of cell necrosis, and reduces the expression
of myocardial interstitial fibrosis protein and collagen fibre deposition area. The in vitro results show that the
current amplitude and protein expression of Kir2.1 are both decreased in the high glucose-induced myocardial
fibrosis model. Additionally, zacopride significantly upregulates the expression of Kir2.1 and inhibits the expres-
sions of the fibrosis-related proteins α-SMA, collagen I, and collagen III. Activation of Kir2.1 reduces the intracellular
calcium concentration and inhibits the protein expressions of TGF-β1 and p-Smad 2/3. Activation of Kir2.1 can
improve myocardial fibrosis induced by diabetic cardiomyopathy, and the possible mechanism may be related to
inhibiting Ca2+ overload and the TGF-β1/Smad signaling pathway.

Key words diabetic cardiomyopathy, myocardial fibrosis, Kir2.1, Ca2+, TGF-β1/Smad

Introduction
Diabetic cardiomyopathy (DCM) is the most common complication
of diabetes and one of the main factors leading to heart failure,
cardiogenic shock, and even death in diabetic patients [1,2].
Pathophysiological studies have found that myocardial fibrosis is
an essential pathological mechanism of DCM. It is characterized by
an imbalance of the extracellular matrix leading to excessive collagen
deposition, which changes the cardiac structure, impairs the systolic

and diastolic functions of the heart, and eventually leads to heart
failure [3]. Furthermore, a previous study showed that persistent
hyperglycemia can lead to hyperactivation of cardiac fibroblasts
(CFs) and induce differentiation into myofibroblasts, leading to a
cardiac extracellular matrix imbalance and myocardial fibrosis [4].
At present, the number of patients with DCM is still increasing
worldwide, making the prevention and treatment of diabetic
cardiomyopathy are of critical significance for diabetic patients.
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Various ion channels are expressed on human and rat cardiac
fibroblasts [5,6]. The inwardly rectifying potassium channel (IK1)
determines the resting membrane potential of fibroblasts. Kir2.1 is
the major subunit of the cardiac fibroblast IK1 channel. van Vliet et
al. [7] reported that overexpression of Kir2.1 could cause membrane
potential hyperpolarization, resulting in the increased expressions
of cardiac-specific genes and proteins and the formation of
spontaneously beating cardiomyocytes in human cardiac progenitor
cells. Another study found that in a model of myocardial fibrosis
and ventricular remodelling induced by angiotensin II, selective
activation of the IK1 channel may have an anti-ventricular
remodelling effect by reducing the activity of fibroblasts and
inducing their apoptosis [8]. However, whether Kir2.1 is involved
in the regulation of fibrosis in diabetic cardiomyopathy rats has not
been reported.
Zacopride (Zac) is a selective agonist of Kir2.1 that can

significantly improve myocardial interstitial remodelling after
myocardial infarction in rats [9]. Moreover, Zac can inhibit cell
death by reducing calcium overload or oxidative stress in ventricular
myocytes [8]. Intracellular Ca2+ is closely related to the activation of
multiple signaling pathways associated with fibrosis. Yuan et al. [3]
reported that in the DCM model, the expressions of calcium-sensing
receptors (CaSR) in myocardial fibroblast cell membranes were
increased the intracellular Ca2+ concentration and further activated
the TGF-β1/Smad signaling pathway, which promoted the prolifera-
tion and activation of fibroblasts and accelerated the onset and
development of myocardial fibrosis.
In the present study, we aimed to establish a diabetic

cardiomyopathy model to investigate whether pretreatment with
the Kir2.1 agonist Zac could ameliorate ventricular myocyte fibrosis
in diabetic cardiomyopathy rats by regulating the Ca2+ and TGF-β1/
Smad signaling pathways.

Materials and Methods
Experimental animals
Sixty male SD rats (6 weeks) were provided by the Xi’an Animal
Research Center [SCXK 2019 (Lu) 0003; Xi’an, China]. Suckling mice
(1‒3 days) were provided by the Animal Experimental Feeding
Center of Shihezi University (Shihezi, China). All rats were kept
under standard conditions, suitable temperature, moderate humidity
and light, regular feed replacement, bedding, and purified drinking
water. Sixty SD rats were free to eat food and drink water for 2
consecutive weeks. The rats were randomly divided into the control,
DCM, DCM+Zac, and Zac groups. Four groups of rats were fed with
a standard diet; the DCM and DCM+Zac groups were induced by
streptozotocin (STZ, streptozocin, 60 mg/kg, single injection; Sigma,
St Louis, USA) to yield a diabetic cardiomyopathy model. The
control group was injected with the same dose of sodium citrate
buffer. After 3 days, the random blood glucose of the rats in each
group was measured. A random blood glucose measurement
≥16.7 mM indicated that the diabetic model was successfully
established. The DCM+Zac group was given Zac (15 μg/kg·d;
APExBIO, Houston, USA) for 10 weeks after the random blood
glucose was ≥ 16.7 mM for 14 consecutive days. At week 12, the
hearts of all the rats were harvested for subsequent experiments.

Cell culture
Cardiac fibroblasts were isolated from the hearts of 1- to 3-day-old
suckling mice under sterile conditions. The isolated ventricular

fibroblasts were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, USA) containing 10% fetal bovine serum
(FBS; Gibco) and precooled in advance. After 2 h, the supernatant
was discarded and washed three times with phosphate-buffered
saline (PBS). Next, 10% complete medium was added to continue
the culture. After 12 h, the medium was changed, and after 24 h,
ventricular fibroblasts were measured at a density of >90%. The
P1–P3 ventricular fibroblasts were identified by immunofluores-
cence microscopy.

Echocardiogram test
Echocardiogram was recorded using the PHILIPS EPIQ7C cardio-
vascular ultrasound diagnostic apparatus (Amsterdam, Nether-
lands) equipped with an S12-4 matrix probe and a probe
frequency of 4‒12 MHz. The online analysis software QLAB12.0
was used to place the left lateral position of the anaesthetized rats on
the examination table. The limbs and incisors of the rats were fixed
with a rubber band, and the electrocardiogram of small animals was
connected. The probe was placed at the left edge of the sternum, and
the long axis section near the sternum was displayed. The routine
cardiac values of rats in each group were measured: left ventricular
internal diastolic dimension (LVIDd), left ventricular internal
dimension in systole (LVIDs), left ventricular fractional shortening
(LVFS), and left ventricular ejection fraction (LVEF). The two-
dimensional images of the M-mode ultrasound curve clearly showed
the rats’ left ventricular wall and chamber conditions.

Histopathological examination
The heart specimens of the rats in each group were fixed in 10%
phosphoric acid-buffered formalin and subjected to routine
histological treatment. After paraffin embedding, the slices were
dewaxed, and the heart was cut into 5-μm sections using a low-
temperature thermostat. After hematoxylin-eosin staining (HE), the
cross-sectional area of muscle fibres was measured using a
microscope (Olympus, Tokyo, Japan) under a high-power field of
view (HPF; 400×, magnification). The degree of interstitial fibrosis
in each group was detected byMasson’s trichrome and Sirius scarlet
staining. The interstitial collagen content was evaluated by
analyzing the images of each group. The total collagen area was
calculated and expressed as a percent of the total ventricular area.

Immunohistochemistry
The heart tissue of rats was washed with cold PBS and fixed with
10% phosphate-buffered formalin for 24 h. The myocardial fibrosis
markers were detected by staining the rat heart tissue sections with
antibodies against α-SMA (1:100; Boster, Beijing, China), collagen I
(1:100; Boster), collagen III (1:100; Boster), and Kir2.1 (1:100;
Abcam, Cambridge, UK). Six fields of view were randomly selected
for microscopic observation from each specimen under a light
microscope at 400× magnification. The brown sections were
observed. The myocardial fibrosis markers and the percentage of
Kir2.1 (brown sections) in the entire myocardial area were
calculated by Image-Pro plus 6.0 image analysis software (Media
Cybernetics, Silver Spring, USA). In addition, GraphPad Prism 8
software (GraphPad, La Jolla, USA) was used to count the positive
immunohistochemical staining (brown staining).

Western blot analysis
The protein samples (10 μL) were separated by 10% SDS
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polyacrylamide gel electrophoresis, and transferred to a PVDF
membrane (Millipore, Billerica, USA). Next, the membranes were
blocked with 5% skim milk or 5% bovine serum albumin at 25°C
for 2 h and then incubated with primary antibodies in the
refrigerator overnight in a shaker at 4°C. The following antibodies
were used: Kir2.1 (1:1000; Abcam), α-SMA (1:1000; Boster),
collagen I (1:1000; Boster), collagen III (1:1000; Boster), TGF-β1
(1:1000; Abcam), Smad 2 (1:1000; Boster), p-Smad 2 (1:1000;
Boster), Smad 3 (1:1000; Boster), p-Smad 3 (1:1000; Boster), and
GAPDH (1:1000; Zhong Shan-Golden Bridge, Beijing, China). Next,
the membranes were incubated with the corresponding HRP-
conjugated secondary antibody at room temperature for 2 h,
followed by three times wash with TBST for 10 min each. Finally,
the ECL luminescence reagent (Biosharp, Hefei, China) was used to
visualize the protein bands, and band density was analyzed on a
Tanon-5200 gel imaging system (Tanon, Shanghai, China).

Immunofluorescence microscopy
After culturing and incubation for 24 h, the cells were washed with
PBS three times (2 min each) and then fixed with paraformaldehyde
for 10 min. After being washed with PBS three times (2 min each),
the cell membrane was permeabilized with Triton X-100 for 1–3 min
and then washed again with PBS three times (2 min each). After
blocking with 10% BSA for 30 min, the antibodies were incubated
with anti-Kir2.1 (1:100; Abcam), anti-α-SMA (1:100; Boster), anti-
collagen I (1:100; Boster), or anti-collagen III (1:100; Boster)
antibodies at 4°C overnight. After 30 min of rewarming the next
day, the corresponding fluorescein-labelled antibody was added and
incubated for 2 h at 37°C. PBS was used to wash the cells three times
(10 min each). DAPI was used to stain the nuclei for 10 min, and
then cells were observed under a fluorescence microscope (Solarbio,
Beijing, China), and images were captured. ImageJ software (NIH,
Bethesda, USA) was used for fluorescence image analysis.

Patch clamp
Cardiac fibroblasts were placed on an invert Nikon Diphot
microscope (Tokyo, Japan) at room temperature (22°C). Micro-
electrodes with resistance values of 3–8 MΩ were selected to fill the
electrode liquid (130 mM K-gluconate, 10 mM NaCl, 1 mM MgCl2,
2 mM CaCl2, 5 mM EGTA, 10 mM HEPES, and 5.5 mM glucose).
Next, the glass microelectrodes filled with the intracellular fluid
were connected to the micromanipulator. The electrode tip
contacted the cells, and a slight increase in the electrode resistance
was observed from the membrane test window. Mouth suction
produced negative pressure in the microelectrode, and the clamping
potential was gradually adjusted to –60 mV. After the cell is closely
fitted to the electrode tip, and the resistance reaches GΩ, negative
pressure was applied, and the auxiliary electrode was used to break
the membrane. Under voltage-clamp mode, the cell membrane
current was detected by the patch-clamp amplifier, and the
membrane current was filtered at a low frequency of 5 or 10 kHz
(–3 dB). The data were analyzed using pCLAMP software (Axon
Instruments, San Diego, USA) and Photoshop software, and the
isochronous current-voltage (I–V) curve was plotted.

Calcium probe
A 5-μM Fluo-3 AM (calcium ion probe; Abcam) working solution
was prepared and stored at 37°C in the dark. Cells were washed
three times with PBS and continued to culture for 40 min, and then

washed again after adding the same volume of PBS and incubating
for 30 min. The distribution of calcium ions in the ventricular
fibroblasts was observed under a fluorescence microscope and the
changes in intracellular calcium concentration were detected.

Statistical analysis
The statistical software GraphPad Prism 8 was used to analyze the
results, which are expressed as the mean±standard deviation (SD).
One-way analysis of variance (ANOVA) and Student’s t-tests were
used to compare the differences. P<0.05 was considered statisti-
cally significant.

Results
Activation of Kir2.1 ameliorates myocardial
morphological changes induced by DCM
The DCM model was first prepared, and STZ was used for a single
intraperitoneal injection. Figure 1A shows the simulation diagram
of the in vivo experiment. The rats’ blood glucose and body weight
fluctuations were detected at 1, 3, 7, 14, 30, 60, and 90 days after
modelling. After 90 days, myocardial structural changes of the rats
in each group were detected by echocardiography. After successful
modelling, cardiac histology staining and protein imprinting
experiments were performed. As shown in Figure 1B, the body
weight of DCM rats began to decrease after 60 days of modelling,
and the same trend appeared after Zac treatment. By observing the
heart morphology, we found that the hearts of the DCM rats were
increased significantly, and the heart morphology was close to
normal after Zac treatment (Figure 1C). After 7 days of modelling,
the random blood glucose of the DCM rats was higher than
16.7 mM, and there was no significant change after Zac treatment
(Figure 1D). The echocardiographic results showed that compared
with those of the control group, the LVEF and LVFS of the
experimental group were significantly decreased. Meanwhile, Zac
administration alone had no significant effect on LVEF% and
LVFS% in rats compared to the normal group (Figure 1E‒J). In
addition, HE, Masson’s trichrome staining, and Sirius scarlet
staining were used for histological observation. The myocardial
fibres of the DCM rats were broken and partially disorganized, and
there were many necrotic foci (Figure 2A). Furthermore, increased
collagen deposition was observed (Figure 2B,C). After Zac treat-
ment, the myocardial fibres were arranged neatly, the cell
morphology was close to normal, and collagen deposition was
significantly reduced (Figure 2B–E). Zac alone had no significant
effect on cardiac structure.

Zacopride upregulates the expression of cardiac Kir2.1
protein and improves myocardial fibrosis in DCM rats
The expressions of myocardial fibrosis-related proteins were
detected by western blot analysis and immunohistochemistry. The
results showed that the protein expression of Kir2.1 was decreased
in DCM ratscompared with the control group, and the protein
expression of Kir2.1 was upregulated after administration of Zac.
The effects of Zac on myocardial fibrosis in DCM were further
explored by detecting the expression changes in the myocardial
fibrosis markers α-SMA, collagen I, and collagen III. The results
showed that compared with those in the normal group, the
expressions of fibrotic proteins in DCM rats were increased, and
Zac treatment ameliorated the degree of DCM-induced myocardial
fibrosis (Figure 3A). The immunohistochemical results further
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Figure 1. STZ-induced DCM model (A) Schematic diagram of in vivo experiment. (B) Weight fluctuations. (C) General morphology of the whole
heart (n=6). (D) Blood glucose fluctuations. (E) Cardiac ultrasound images (n=4). (F) Ratio of heart weight to body weight. (G‒J) The statistics of
LVIDd, LVIDs, LVEF and LVFS in ultrasonic experiments. **P<0.01 vs control; #P<0.05, ##P<0.01 vs DCM.

Figure 2. Zac improves myocardial tissue damage and fibrotic deposition (A) HE staining of left ventricular transverse sections (400×). (B) Masson
trichrome staining showed the degree of left ventricular collagen deposition in rats (200×), red myocardial cells, and blue collagen fibres. (C) Sirius
scarlet staining showed the deposition degree of collagen fibres in the left ventricle of rats (200×). The myocardial cells and collagen fibres were
yellow and pink, respectively. (D,E) The statistical results of Masson trichrome staining and Sirius scarlet staining are expressed as the percentage
of the total area of each region (n=6). Data are presented as the mean±SD. **P<0.01, ***P<0.001 vs control; #P<0.05 vs DCM.
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proved that the expression of Kir2.1 protein was downregulated,
and the expressions of fibrosis-related proteins in the hearts of DCM
rats were upregulated. Furthermore, Zac treatment inhibited the
expressions of DCM-induced fibrosis-related proteins (Figure 3C).
Meanwhile, both western blot analysis and immunohistochemical
results were statistically significant (Figure 3B,D). The above results
suggest that activation of Kir2.1 could improve myocardial fibrosis
in diabetic cardiomyopathy rats.

High glucose induces fibrosis in cardiac fibroblasts with
downregulation of Kir2.1 protein expression
Primary cardiac fibroblasts were extracted and treated with high
glucose at a concentration of 25 mM for 24 h. Compared with those
in the normal group, the expression levels of α-SMA, collagen I, and
collagen III in the HG group were significantly increased, while the
expression of the Kir2.1 protein was decreased (Figure 4A).
Meanwhile, the results were statistically significant (Figure 4B). In
contrast, the patch-clamp results showed that both the inward and
outward currents of Kir2.1 were inhibited, and the current
amplitude was reduced (Figure 4C) in the high glucose-induced

myocardial fibrosis model. Immunofluorescence staining showed
that this was consistent with western blot analysis results (Figure
4D‒G). The above results indicated that high glucose increased the
expressions of fibrosis-related proteins in cardiac fibroblasts and
decreased the expression and function of the Kir2.1 protein.

Activation of Kir2.1 inhibits high glucose-induced cardiac
fibroblast fibrosis
To further explore the effect of Kir2.1 activation on high glucose-
induced cardiac fibroblast fibrosis, we pretreated neonatal rat
primary cardiac fibroblasts with Zac for 30 min and then treated
them with high glucose for 24 h. The results showed that compared
with those in the HG group, the expression of Kir2.1 protein in the
HG+Zac group was increased, and the expressions of the fibrosis-
related proteins α-SMA, collagen I, and collagen III were decreased
(Figure 5A). The results were statistically significant, while there
was no significant difference between the Zac and normal groups
(Figure 5B). Immunofluorescence assays showed that the expres-
sions of fibrosis-related proteins decreased after Zac treatment
(Figure 5C–F). The above results show that activation of Kir2.1 at

Figure 3. Zac upregulates the expression of myocardial Kir2.1 protein in DCM-induced rats and downregulates the expression of myocardial
fibrosis proteins (A) Expressions of Kir2.1 protein and fibrosis-related proteins detected by western blot analysis (n=3). (B) Quantitative analysis
of the changes in the expression levels of Kir2.1 and fibrosis-related proteins. (C) Immunohistochemical detection of Kir2.1 protein and fibrosis-
related protein expressions (400×) (n=6). (D) Statistical analysis of Kir2.1, α-SMA, collagen I, and collagen III expression changes. All data were
normalized to the control. Data are presented as the mean±SD. *P<0.05, **P<0.01 vs control; #P<0.05, ##P<0.01 vs DCM.
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the cellular level could inhibit high glucose-induced myocardial
fibrosis.

Activation of Kir2.1 inhibits high glucose-induced
calcium overload in cardiac fibroblasts and reduces the
expressions of TGF-β1/Smad signaling pathway proteins
To explore how activation of Kir2.1 inhibits high glucose-induced
cardiac fibroblast fibrosis, we used calcium probes to detect
changes in intracellular calcium concentration and performed
western blot analysis to detect changes in TGF-β1/Smad signaling
pathway protein expression. As shown in Figure 6A,C, compared
with the normal group, the intracellular free calcium concentration
of cardiac fibroblasts induced by high glucose was significantly
increased, and Zac treatment reduced HG-induced calcium over-
load. Western blot analysis results showed that comparedwith those
in the normal group, the protein expression levels of TGF-β1 and p-
Smad 2/3 in the HG group were increased significantly, and the
protein expression levels of TGF-β1 and p-Smad 2/3 were decreased
after Zac treatment. The expression levels of TGF-β1 and p-Smad 2/3
in the Zac group were not significantly different from those in the
normal group (Figure 6B,D–F). The above results suggest that
activation of Kir2.1 may inhibit cardiac fibroblast fibrosis by
reducing calcium overload and the TGF-β1/Smad signaling path-
way.

Discussion
In recent years, the incidence of diabetes in younger people has
been increasing, and DCM is the leading cause of diabetes-related
death [10,11]. Although the clinical treatment of myocardial fibrosis

in DCM has been carried out, the results are still unsatisfactory
[12,13]. Therefore, it is urgent to explore the pathogenesis of
diabetic cardiomyopathy to find new targets and therapeutic
methods.
The cardiac structural changes caused by DCM are as follows:

myocardial hypertrophy leads to increased left ventricular weight,
collagen deposition, and interstitial fibrosis, and ultimately, the
heart hardens and is remodelled. In terms of function, DCM is
characterized by an initial decline in diastolic function. As the
disease progresses to intermediate and late stages, systolic function
is also affected accordingly [14,15]. In this study, the diabetic
cardiomyopathy model was prepared by intraperitoneal injection of
STZ. After 12 weeks of modelling, we found that LVIDd and LVIDs
of the ventricular wall structure were increased, and LVEF and LVFS
of systolic cardiac function were significantly decreased, indicating
abnormal cardiac function and successful modelling. These results
were consistent with the modelling reported previously [16,17]. In
addition, immunohistochemical staining showed that the myocar-
dial fibres of the rats in the model group were damaged and broken,
and many small necrotic foci were visible. Moreover, the cell
collagen levels were increased, the arrangement was disorganized,
and the expression levels of fibrosis-related proteins were
increased, suggesting that DCM rats experienced severe pathologi-
cal fibrosis. It has been reported that high glucose induces
apoptosis, autophagy, proliferation, migration, and fibrosis of
fibroblasts [18,19]. High glucose can also promote the trans-
differentiation of myofibroblasts and activate the transcription and
secretion of extracellular matrix proteins by regulating the produc-
tion of reactive oxygen species and signal transduction in vitro. In

Figure 4. Cell-level verification of high glucose-induced cardiac fibroblast fibrosis-related protein changes and Kir2.1 protein and functional
changes (A) Protein expression levels of Kir2.1, α-SMA, collagen I, and collagen III detected by western blot analysis (n=8). (B) Quantitative
analysis of Kir2.1, α-SMA, collagen I, and collagen III protein expressions. (C) The Kir2.1 membrane current and I‒V curves. (D‒G) Semi-quantitative
analysis of Kir2.1, α-SMA, collagen I, and collagen III fluorescence intensity (200×) (n=3). Data are shown as the mean±SD. *P<0.05, **P<0.01 vs
control.
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this study, cardiac fibroblasts were induced by high glucose. The
results showed that the expressions of α-SMA, collagen I, collagen
III, and other fibrosis-related proteins were increased, suggesting
that the in vitro high glucose-induced fibrosis model was successful.
The inwards potassium ion channel plays an essential physiolo-

gical role in maintaining the stability of the cell resting membrane
potential and excitable cells [20]. It has been reported that the
upregulation of IK1 in atrial muscle may affect atrial electrophysio-
logical activity. Qi et al. [21] found that in a heart failure model
induced by rapid pacing in dogs, the functional expression of the
Kir2.1 channel in atrial fibroblasts was upregulated, which
promoted the proliferation of fibroblasts and thus formed the
structural basis for atrial remodelling and atrial fibrillation. These
results showed that IK1 in atrial fibroblasts and atrial myocyte had
similar electrophysiological changes in heart failure. Interestingly,
Liu et al. [22] found that there are molecular mechanisms for
different effects of IK1 in the rat ventricular and atrial myocardium;
the downregulation of IK1 is an important feature of ventricular
EMG remodelling in heart failure [21]. Zhang et al. [23] also
reported that hyperoside reduced the arrhythmia caused by
myocardial ischemia-reperfusion by upregulating the expression
of Kir2.1 protein and thus playing a protective role in the ventricular
myocardium. In this study, we found that the expression of Kir2.1
protein and its fluorescence were reduced in cardiac fibroblasts
treated with high glucose. Additionally, the current amplitude of
Kir2.1 in the high glucose group was weaker than that in the normal

group. The above results suggested that Kir2.1 protein and function
were downregulated after high glucose intervention. We selected
the Kir2.1 selective agonist Zac to explore its specific mechanism,
which showed an exciting effect on rat ventricular myocytes, IK1,
for pretreatment [9]. Liu et al. [8] found that Zac significantly
improved myocardial infarction and isoproterenol-induced ventri-
cular remodelling, but it had no significant effect on atrial IK1. In
this study, Zac pretreatment was used in the DCM model. The
results showed that Zac treatment significantly improved cardiac
function and reduced collagen fibre deposition in DCM rats. In vitro
and in vivo demonstration of the downregulation of fibrosis-related
protein expression by Zac administration suggests a protective
effect of Kir2.1 activation on high glucose-induced fibrosis, and the
specific mechanisms need to be further explored.
Fauconnier et al. [24] confirmed that the elevated intracellular

Ca2+ concentration of ventricular myocytes in heart failure rats
could inhibit IK1. However, some studies have noted that Zac itself
does not cause significant changes in voltage-gated Ca2+ current but
reduces calcium overload by activating IK1, thereby inhibiting the
signal transduction pathway of Ca2+ activation [25]. This also
suggests that there is a certain relationship between IK1 and Ca2+.
Kir2.1, as a subtype playing an important role in IK1, may also play
an important role. Li et al. [26] found that calcium chelators
ameliorated TGF-β1-induced fibrosis in cardiac fibroblasts. Addi-
tionally, in a high glucose-induced diabetic cardiomyopathy model,
calcium-sensitive receptor expression was upregulated in cardiac

Figure 5. Activation of Kir2.1 inhibits high glucose-induced fibrosis-related protein expressions (A) Protein expression levels of Kir2.1, α-SMA,
collagen I, and collagen III detected by western blot analysis. (B) The protein expression levels of Kir2.1, α-SMA, collagen I, and collagen III were
quantitatively analyzed. (C–F) Semi-quantitative analysis of Kir2.1, α-SMA, collagen I, and collagen III fluorescence intensity (200×) (n=3). Data are
presented as the mean±SD. *P<0.05, **P<0.01 vs control; #P<0.05, ##P<0.01 vs HG.
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fibroblasts, leading to an increase in intracellular Ca2+ [3,27],
which further activated the TGF-β1/Smad pathway and ultimately
led to myocardial fibrosis. This suggests an interrelation between
the calcium and TGF-β signaling pathways. In addition, in
arrhythmia models, the nonspecific activator of PKC, PMA, also
leads to a 41% reduction in the IK1 current, and mutations in the
PKC phosphorylation site inhibit the effect of PMA [28]. Further
mutation of the PKA phosphorylation site S425 to Leucine
completely eliminates the agonistic effect of Zac on Kir2.1, thus
suggesting that Zac selectively activates Kir2.1 channels through the
PKA-mediated signaling pathway [29]. We further explored the
specific protective mechanism of Kir2.1 activation on high glucose-
induced myocardial fibrosis at the cellular level. We found that Zac
reduced the intracellular Ca2+ concentration and inhibited the
protein expressions of TGF-β1, p-Smad2, and p-Smad3 in fibrosis-
related signaling pathways. Therefore, we hypothesize that activa-
tion of Kir2.1 may inhibit cardiac fibroblast fibrosis and ameliorate
the development of DCM by reducing the intracellular Ca2+

concentration and the TGF-β1/Smad signaling pathway.
In summary, this study demonstrates that activation of Kir2.1

protects the heart from DCM-induced myocardial fibrosis, which is
mediated by Ca2+ and the TGF-β1/Smad signaling pathway (Figure
7). Nevertheless, there are limitations in our study. The inter-
relationship between calcium flux and the TGF-β1/Smad signaling
pathway as well as other mechanisms by which Kir2.1 is involved in
regulating STZ-induced myocardial fibrosis will be further refined in

our future studies. We will also continue to explore the pathogen-
esis of diabetic cardiomyopathy, new targets and therapeutic
approaches.
Activation of Kir2.1 may improve diabetic cardiomyopathy-

induced fibrosis by inhibiting Ca2+ and the TGF-β1/Smad signaling
pathways, which may provide a new theoretical basis for the
clinical treatment of the disease.
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