
287

© The Authors 2022. This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial 4.0 International License 
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

S100 calcium-binding protein A12 knockdown ameliorates hypoxia-
reoxygenation-induced inflammation and apoptosis in human 
cardiomyocytes by regulating caspase-4-mediated non-classical 
pyroptosis

Qiming Li1, Gang Deng2 and Yuzhang Gao3

1	Department of Cardiology, The Fourth Affiliated Hospital of Zhejiang University School of Medicine, Yiwu, Zhejiang, China
2	The Ningbo Central Blood Station, Ningbo, Zhejiang, China 
3	Department of Internal Medicine, Liangzhu Hospital of Yuhang District of Hangzhou City, Hangzhou, Zhejiang, China

Abstract. Ischemic heart disease, especially myocardial infarction, poses a serious risk to human 
health. S100 calcium-binding protein A12 (S100A12) expression was previously reported to be up-
regulated in ST-segment elevation myocardial infarction. Therefore, the present study investigated 
the role of S100A12 in hypoxia/reoxygenation (H/R)-induced cardiomyocytes injury and the associ-
ated mechanism. An in vitro H/R-induced cardiomyocyte injury model was first established using 
AC16 cells. The expression level was found to be hugely upregulated in H/R-induced AC16 cells. 
Subsequently, cell transfection was conducted to knock down the expression level of S100A12, and 
the following cellular biological assays revealed that S100A12 knockdown could not only inhibit 
H/R-induced AC16 cell injury by improving cell viability and decreasing the release of lactate dehydro-
genase, as well as reducing apoptotic cells, but also reduce the production of inflammatory cytokines 
(TNF-α, IL-1β and IL-6), restore the balance of oxidation-antioxidant factors (malondialdehyde, 
superoxide dismutase and glutathione), and inhibit the activated pyroptosis upon H/R induction. 
Then, co-immunoprecipitation was used to verify the interaction between S100A12 and caspase-4 
(CASP4). CASP4 overexpression reversed the inhibitory effects of S100A12 downregulation on 
H/R-induced cardiomyocyte injury. In conclusion, these results suggest that S100A12 knockdown can 
ameliorate H/R-induced cardiomyocyte injury by regulating CASP4 expression. Therefore, S100A12 
serves as a potential therapeutic target for the treatment of myocardial ischemia/reperfusion injury.
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Introduction

Ischemic heart disease is a cardiac condition that occurs due 
to the narrowing of the coronary arteries. Physiologically, 
it is caused by an imbalance in oxygen supply and demand 

within the myocardium (Choi et al. 2009). Although reper-
fusion after ischemia is effective in unblocking the blocked 
vessels to restore blood perfusion to the myocardial tissues, 
this process inevitably causes deleterious effects on cardiac 
function (Fransen et al. 1998). This is because during the 
delivery of oxygen and blood to the myocardium, reperfu-
sion stimulates the excessive production of reactive oxygen 
species (ROS), nitrogen and the proinflammatory cytokines 
(Kalogeris et al. 2016). Additionally, excess ROS can cause 
damage to the mitochondria in cardiomyocytes, which 
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disrupts normal cardiac contractile function, stimulates the 
release of pro-apoptotic proteins and eventually leads to car-
diomyocyte apoptosis (Li et al. 2019). Accordingly, oxidative 
stress, inflammation and apoptosis are key characteristics of 
cardiomyocyte injury. Traditional therapies, such as drug 
application, bypass surgery and stent implantation, have all 
made significant improvements to the prognosis of ischemic 
heart disease. However, ischemia/reperfusion (I/R)-induced 
cardiomyocyte injury frequently leads to heart failure to limit 
therapeutic efficacy (Yu et al. 2017). Therefore, reparation 
and regeneration of damaged cardiomyocytes is considered 
to be a key objective for improving ischemic heart disease. 

S100 calcium-binding protein A12 (S100A12) belongs to 
a member of the S100 family of calcium-binding proteins, 
which in turn forms a part of the damage-associated mo-
lecular pattern protein (DAMPs) family (Marenholz et al. 
2006). Previous studies have revealed that S100A12 expres-
sion is upregulated during ischemic heart disease. S100A12 
expression was found to be highly expressed in patients 
with ST-segment elevation myocardial infarction (STEMI) 
(Gobbi et al. 2019). In another previous study, the levels of 
S100A12 in plasma were documented to be significantly 
higher in patients with chronic heart failure compared with 
those in the healthy control group (Allemani et al. 2015). 
Furthermore, high levels of S100A12 expression were as-
sociated with increased risks of cardiovascular disease 
(Basta et al. 2006). Supporting this, S100A12 knockdown 
was previously observed to significantly suppress apoptosis 
and inflammation in primary aortic smooth muscle cells 
(SMCs) harvested from patients with thoracic aortic aneu-
rysms (Oesterle and Bowman 2015). Lower levels of serum 
S100A12 were also associated with the anti-inflammatory 
effects of methotrexate on patients with inflammatory ar-
thritis (Foell et al. 2003). 

Pyroptosis is a  type of programmed cell death that is 
dependent on inflammation. It has been identified to be 
an important signaling pathway leading to the death of 
cardiomyocytes (Li et al. 2020; Jiang et al. 2021). Pyroptosis 
is mainly mediated by two main signaling pathways: Cas-
pase (CASP)-1, which represents the classical pathway; and 
CASP-4/5/11, which is the non-classical pathway (Jia et al. 
2019). CASP4 is a protein that has been reported to regulate 
immunity and inflammation. In addition, it is a key regula-
tor of the non-classical pyroptotic pathway (McIlwain et al. 
2013; Shi et al. 2015). CASP4 can cleave gasdermin D (GS-
DMD) to induce the programmed pyroptosis (Kayagaki et 
al. 2015; Shi et al. 2015). Based on the HumanBase website 
(www.flatironinstitute.org), S100A12 can target CASP4 and 
regulate CASP4 expression in cardiac tissues. Therefore, it 
is hypothesized that S100A12 can interact with CASP4 to 
regulate the pyroptosis upstream of cardiomyocyte injury.

Therefore, the present study aims to explore the specific 
role of S100A2 in I/R-induced cardiomyocyte injury and to 

explore its regulatory mechanism. It is speculated that S100A2 
can regulate inflammation, oxidative stress and apoptosis in 
I/R-induced cardiomyocytes, which may be associated with 
CASP4-mediated pyroptosis. It is hoped that results from the 
present study will provide novel insights into identifying effec-
tive therapeutic strategies for ischemic heart disease.

Materials and Methods

Cell culture 

The human cardiomyocyte cell line AC16 was provided 
by the China Center for Type Culture Collection. AC16 
cells were maintained in DMEM supplemented with 10% 
FBS and 100 U/ml penicillin and 100 mg/ml streptomycin 
whilst being incubated in a humidified atmosphere at 37°C 
under 5% CO2. 

Cell transfection 

Short-hairpin RNA targeting S100A12 (sh-S100A12-1/2) 
and its negative control (sh-NC), the overexpression plasmid 
encoding CASP4 (oe-CASP4) and its corresponding empty 
vector (oe-NC) were constructed by Shanghai GenePharma 
Co., Ltd. These vectors were transfected into AC16 cells using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer’s protocols. In total, 
48 h after transfection, the interference or overexpression 
efficiency were assessed using Western blotting and reverse 
transcription-quantitative PCR (RT-qPCR).

Cell treatment

Hypoxia/reoxygenation (H/R) injury in the cardiomyocytes 
was performed to mimic I/R injury in vivo (Ge et al. 2019). 
Briefly, AC16 cells were first cultured in glucose-free/serum-
free DMEM at 37°C for 5 h under hypoxic conditions (95% 
N2 and 5% CO2). The cells were then transferred into normal 
medium after hypoxia and cultured for 1 h at 37°C under 
reoxygenation conditions (5% CO2 and 95% O2). AC16 cells 
in Control group were kept incubation with the normal con-
dition without transfection, and the untransfected AC16 cells 
undergoing H/R injury were regarded as H/R group. Mean-
while, AC16 cells transfected with sh-NC, sh-S100A12-1, 
sh-S100A12-2 and subsequently undergoing H/R in-
jury were regarded as H/R+sh-NC, H/R+sh-S100A12-1, 
H/R+sh-S100A12-2 group, respectively. 

Western blotting 

Total proteins were extracted from AC16 cells using the RIPA 
lysis buffer (Elabscience Biotechnology Inc.) on ice for 30 
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min. Protein concentration was then determined using the 
bicinchoninic acid protein assay kit (Beijing Solarbio Science 
& Technology Co., Ltd.). A total of 30 µg protein sample per 
lane was separated by electrophoresis using 10% SDS-PAGE 
and transferred onto PVDF membranes (MilliporeSigma). 
The membranes were subsequently blocked in 5% skimmed 
milk for 1 h, followed by an incubation with primary anti-
bodies against S100A12, cyclooxygenase (COX)-2, inducible 
nitric oxide synthase (iNOS), NADPH oxidase (NOX)2, 
NOX4, CASP4, GSDMD-N and GAPDH overnight at 4°C 
overnight. After washing with PBS, the membranes were in-
cubated with HRP-labelled secondary antibodies for another 
2 h at room temperature. An enhanced chemiluminescence 
detection kit (Elabscience Biotechnology Inc.) was used to 
visualize the protein bands. Finally, densities of the bands 
were quantified using the ImageJ software (National Insti-
tutes of Health).

Quantitative real-time polymerase chain reaction (RT-qPCR) 

For the detection of S100A12 mRNA expression, extrac-
tion of total RNA from AC16 cells was performed using 
the TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) in accordance with the manufacturer’s protocol. cDNA 
synthesis was conducted using the Titan™ One Tube RT-PCR 
kit (Sigma-Aldrich; Merck KGaA). The subsequent qPCR 
reaction was performed using SYBR Green I  (10,000X; 
Beijing Solarbio Science & Technology Co., Ltd.) in the ABI 
PRISM 7000 Sequence Detection System (Thermo Fisher 
Scientific, Inc.). GAPDH served as the internal reference. 
The relative mRNA expression of S100A12 was evaluated 
using the 2−ΔΔCq method.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay

The viability of AC16 cells after H/R conditioning was meas-
ured using MTT assay. AC16 cells were seeded into 96-well 
plates and cultured for 48 h. The media was carefully aspi-
rated before 50 µl serum-free media and 50 µl MTT reagent 
(Abcam) was added into each well for 3 h incubation at 37°C. 
Subsequently, 150 µl DMSO (Abcam) was added into each 
well. The plates were wrapped with foil and then shaken on 
an orbital shaker for 15 min. Finally, absorbance at 590 nm 
was read in each well using a microplate reader.

Terminal deoxynucleotidyl transferase-mediated dUTP nick 
end-labeling (TUNEL)

Assessment of AC16 cell apoptosis was performed using 
TUNEL assay (He et al. 2017). AC16 cells were washed 
with PBS and fixed with 4% paraformaldehyde for 30 min. 
After washing, cells were incubated with PBS containing 

0.3% Triton X-100 at room temperature for 5 min. Ap-
propriate TUNEL detection solution (Beyotime Institute of 
Biotechnology) was prepared by following the protocols of 
the manufacturer. After being washed twice with PBS, 50 μl 
TUNEL assay solution was added into the sample and incu-
bated for 1 h at 37°C in the dark. After three times of washing, 
observation of apoptotic cells with green fluorescence was 
performed by fluorescent microscopy.

Lactate dehydrogenase (LDH) kit assay 

The level of LDH was detected to measure the degree of 
AC16 cell impairment. AC16 cells were first grown in 
96-well plates. After various treatments, 120 μl supernatant 
from each well was transferred into another 96-well plate, 
which were added with 60 μl reagent from the LDH assay 
kit (Beyotime Institute of Biotechnology) and incubated at 
room temperature in the dark for 30 min. Absorbance at 
490 nm was measured in each well using a microplate reader.

Enzyme-linked immunosorbent assay (ELISA)

The levels of TNF-α, IL-1β and IL-6 were measured in 
AC16 cells in each group using corresponding ELISA kits 
(Beyotime Institute of Biotechnology) according to the 
manufacturer’s protocols. A  FlexStation 3 multi-mode 
microplate reader (Molecular Devices, LLC) was used to 
measure the absorbance at 450 nm. These experiments were 
run in triplicate.

Malondialdehyde (MDA), superoxide dismutase (SOD) and 
glutathione (GSH) assays 

The levels of MDA, SOD and GSH in AC16 cells were as-
sessed using their corresponding MDA, SOD and GSH 
commercial kits (Nanjing Jiancheng Bioengineering In-
stitute). Manufacturer’s operating protocols were strictly 
followed. The absorbance at 532 nm (MDA), 560 nm (SOD) 
and 412  nm (GSH) were measured using a  microplate 
reader. 

Co-immunoprecipitation assay (Co-IP) 

The potential interaction between S100A12 and CASP4 was 
measured in AC16 cells using Co-IP assay. Briefly, cells were 
harvested and washed carefully with cold PBS twice before 
being lysed with 1 ml cold RIPA lysis buffer. The lysates were 
then centrifuged at 14,000 × g at 4°C for 15 min before the 
supernatant was collected. A part of the untreated sample 
was regarded as the input control, and the rest were added 
with anti-CASP4 antibody or anti-rabbit IgG antibody for 
incubation at 4°C overnight. Then, the protein A/G aga-
rose beads (Santa Cruz Biotechnology, USA) was added 
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to samples, followed by shaking for 30 min at 4°C, so as to 
precipitate the bound protein. Subsequently, the immuno-
precipitated protein complex was boiled and denatured. 
Following centrifugation, the supernatant was taken for 
SDS-PAGE electrophoresis and Western blot analysis. 

Statistically analysis 

The experimental data were presented as the mean ± stand-
ard deviation and analyzed using the SPSS 20.0 software 
(IBM Corp.). Significant differences among multiple groups 
were analyzed using one-way analysis of variance followed 
by Tukey’s post hoc test. p < 0.05 was considered to indicate 
a statistically significant difference. Experiments were per-
formed independently more as three times. 

Results

S100A12 knockdown inhibits H/R-induced injury in AC16 cells 

First, to mimic myocardial I/R injury, cardiomyocytes AC16 
cells were received H/R induction, which has been widely 
applied in multiple researches (Ge et al. 2019). Following 
H/R treatment, we not only found a significantly upregulated 
expression of S100A12, but also observed that H/R induction 
greatly decreased cell viability, increased the release of LDH 
and the apoptotic cells, inflecting a successful in vitro model 
of myocardial I/R injury, in which S100A12 was aberrantly 
high-expressed (Fig. 1).

Subsequently, to examine the impact of S100A12 on the 
human cardiomyocytes injuries, cell transfection was carried 

Figure 1. S100A12 knockdown inhibits H/R-induced injury in AC16 cells. S100A12 expression in AC16 cells was measured by reverse 
transcription-quantitative PCR (A) and Western blotting (B). C. Cell viability in AC16 cells was determined using the MTT assay. D. 
The levels of lactate dehydrogenase (LDH) in AC16 cells were measured using the LDH kit. E. Apoptosis of AC16 cells were assayed by 
TUNEL. *** p < 0.001 vs. Control; ## p < 0.01, ### p < 0.001 vs. H/R+sh-NC. H/R, hypoxia-reoxygenation group; sh, short-hairpin; NC, 
negative control; S100A2, S100 calcium-binding protein A2. 
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Figure 2. S100A12 knockdown suppresses H/R-induced inflammation and oxidative stress in AC16 cells. The levels of inflammatory cytokines 
TNF-α (A), IL-1β (B) and IL-6 (C) in AC16 cells were examined using ELISA. The content of MDA (D), SOD (E) and GSH (F) in AC16 cells 
was assessed using the corresponding commercial kits. G. The protein expression levels of COX-2, iNOS, NOX2 and NOX4 in AC16 cells were 
measured by Western blotting. *** p < 0.001 vs. Control; ### p < 0.001 vs. H/R+sh-NC. MDA, malondialdehyde; SOD, superoxide dismutase; 
GSH, glutathione; COX, cyclooxygenase; NOX, NAPDH oxidase; iNOS, inducible nitric oxide synthase. For more abbreviations, see Figure 1.
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out in H/R-induced AC-16 cells. As shown in Figure 1A and 
B, transfection with either sh-S100A12-1 or sh-S100A12-2 in 
H/R-induced AC16 cells reduced the expression of S100A12 
compared with that in cells in the sh-NC group. In addi-
tion, sh-S100A12-1 transfection reduced the expression of 
S100A12 to the greater magnitude compared with that in the 
sh-S100A12-2 group. Accordingly, sh-S100A12-1 was selected 
for subsequent experiments. Then, MTT assay showed that 
sh-S100A12-1 transfection increased cell viability compared 
with that in the sh-NC group. This effect on cell viability was 
determined further by measuring LDH. Elevated levels of 
LDH were observed in the H/R group compared with those 
in the control group, whilst decreased levels of LDH were 
found in the H/R+sh-S100A12-1 group compared with those 
in the sh-NC group (Fig. 1D). In addition, the percentage of 

apoptotic cells in the H/R group was markedly higher com-
pared with that in the control group, which was reversed by 
sh-S100A12-1 transfection (Fig. 1E). These results suggest 
that H/R can induce AC16 cell injury, whereas S100A12 
knockdown protects AC16 cells against H/R-induced damage.

S100A12 knockdown suppresses H/R-induced inflammation 
and oxidative stress in AC16 cells 

To examine the influence of S100A12 on inflammation and 
oxidative stress in H/R-induced AC16 cells, the levels of 
inflammatory cytokines TNF-α, IL-1β, and IL-6 were first 
measured by ELISA. H/R was found to induce a marked rise 
in the levels of TNF-α, IL-1β and IL-6 compared with those 
in the control group, which were in turn reversed by sh-
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S100A12-1 transfection (Fig. 2A–C). Further measurements 
of oxidative stress indicators (Fig. 2D) revealed that the levels 
of MDA were rapidly increased after H/R induction in AC16 
cells compared with those in the control group but were 
reversed sharply after transfection with sh-S100A12-1 com-
pared with those in the sh-NC group. By contrast, the levels 
of SOD and GSH were markedly lower in the H/R group 
compared with those the control group but were higher in 
the H/R+sh-S100A12-1 group compared with those in the 
H/R+sh-NC group (Fig. 2E and F). Furthermore, H/R was 
observed to increase the protein expression levels of COX-2 
and iNOS, markers associated with inflammation, in AC16 
cells compared with those in the control group (Fig. 2G). By 
contrast, these effects on COX-2 an iNOS expression were 
reversed by sh-S100A12 transfection compared with those in 
the sh-NC group (Fig. 2G). The expression of oxidative stress 
markers NOX2 and NOX4 were also significantly elevated in 
H/R-induced AC16 cells compared with that in the control 
group, but was subsequently decreased after AC16 cells were 
transfected with sh-S100A12-1 compared with that in the H/
R+sh-NC group. Taken together, these findings suggest that 
S100A12 knockdown can inhibit H/R-induced inflammation 
and oxidative stress in AC16 cells.

S100A12 interacts with CASP4 and regulates CASP4-mediated 
pyroptosis

To explore the potential mechanism underlying the regula-
tory role of S100A12 in H/R-induced AC16 cells, we used 

HumanBase to find a potential connection between S100A12 
and CASP4 in cardiac tissues as aforementioned. Subse-
quently, the results obtained from Co-IP assay verified that 
S100A12 and CASP4 interacted with each other in AC16 
cells (Fig. 3A). In addition, CASP4 was found to be elevated 
in H/R-induced AC16 cells, which was partly revered by 
S100A12 knockdown. Meanwhile, GSDMD-N, the executor 
of pyroptosis, was also found to be remarkably increased 
in the H/R group compared with the control group, but 
dropped by about half in the H/R+sh-S100A12 group by 
contrast to the H/R+sh-NC group (Fig. 3B). Considering 
the importance of CASP4 during pyroptosis, these results 
uncover that S100A12 knockdown effectively suppresses 
H/R-induced AC16 cell pyroptosis through interacting and 
regulating CASP4 expression. 

CASP4 overexpression abolishes the inhibitory effects of 
S100A12 knockdown on H/R-induced AC16 cell injury 

To test if CASP4 is responsible for the regulatory role of 
S100A12 in H/R-induced AC16 cells, AC16 cells were trans-
fected with oe-CASP4 to overexpress CASP4, which was 
successful (Fig. 4A). Subsequently, after the AC16 cells were 
co-transfected with sh-S100A12 and oe-CASP4, the viability 
of H/R-induced cells was reduced compared with that in 
H/R+sh-S100A12-1+oe-NC group (Fig. 4B). In addition, oe-
CASP4 transfection increased the levels of LDH compared 
with those in the H/R+sh-S100A12-1+oe-NC group (Fig. 
4C). Increased percentages of apoptotic AC16 cells were also 

Figure 3. S100A12 interacts with CASP4 and to regulate CASP4-mediated pyroptosis. A. The interaction between S100A12 and CASP4 
was verified in AC16 cells by Co-immunoprecipitation assay. B. The protein expression levels of CASP4 and GSDMD-N in AC16 cells 
were measured in the Control, H/R, H/R+sh-NC and H/R+sh-S100A12-1 groups by Western blotting. *** p < 0.001 vs. Control; ## p < 
0.01 and ### p < 0.001 vs. H/R+sh-NC. CASP4, caspase 4; GSDMD-N, gasdermin-N. For more abbreviations, see Figure 1.
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found after CASP4 overexpression compared with those in 
the H/R+sh-S100A12-1+oe-NC group (Fig. 4D). 

CASP4 overexpression abolishes the inhibitory effects of 
S100A12 knockdown on H/R-induced inflammation, 
oxidative stress and pyroptosis in AC16 cells 

Next, the expression of inflammatory cytokines TNF-α, 
IL-1β and IL-6 were measured to investigate the changes 

after the H/R-induced AC16 cells were co-transfected with 
sh-S100A12-1 and oe-CASP4. oe-CASP4 was found to 
restore the levels of TNF-α, IL-1β and IL-6 compared with 
those in the H/R+sh-S100A12-1+oe-NC group (Fig. 5A–C). 
Elevated levels of MDA but reduced levels of SOD and GSH 
were observed in the H/R+sh-S100A12-1+oe-CASP4 group 
compared with those in the H/R+sh-S100A12-1+oe-NC 
group. Co-transfection with sh-S100A12 and oe-CASP4 
also increased the expression of COX-2, iNOS, NOX2 and 

Figure 4. CASP4 overexpression abolishes the protective effects of S100A12 knockdown against H/R-induced AC16 cell injury. A. CASP4 
expression was examined by Western blotting. *** p < 0.001 vs. oe-NC. B. Cell viability in AC16 cells was measured using MTT assay. 
C. The levels of LDH in AC16 cells were measured using the LDH kit. D. Apoptosis of AC16 cells were measured using TUNEL assay. 
*** p < 0.001 vs. Control; ### p < 0.001 vs. H/R; Δ p < 0.05 and ΔΔ p < 0.01 vs. H/R+sh-S100A12-1+oe-NC. CASP4, caspase 4; LDH, lactate 
dehydrogenase. For more abbreviations, see Figure 1.
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Figure 5. CASP4 overexpression abolishes the protective effects of S100A12 knockdown against H/R-induced inflammation, oxidative 
stress and pyroptosis in AC16 cells. The levels of inflammatory cytokines TNF-α (A), IL-1β (B), IL-6 (C) in AC16 cells were examined 
by ELISA. The content of MDA (D), SOD (E) and GSH (F) in AC16 cells was assessed using corresponding commercial kits. G. The 
protein expression levels of COX-2, iNOS, NOX2 and NOX4 in AC16 cells were measured using Western blotting. H. The protein 
expression levels of GSDMD-N in AC16 cells were measured using Western blotting. *** p < 0.001 vs. Control; ### p < 0.001 vs. H/R; 
Δ p < 0.05, ΔΔ p < 0.01 and ΔΔΔ p < 0.001 vs. H/R+sh-S100A12-1+oe-NC. Oe, overexpression; MDA, malondialdehyde; SOD, super-
oxide dismutase; GSH, glutathione; COX, cyclooxygenase; NOX, NAPDH oxidase; iNOS, inducible nitric oxide synthase; GSDMD-N, 
gasdermin-N. For more abbreviations, see Figure 1.
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NOX4 compared with that in the H/R+sh-S100A12-1+oe-
NC group (Fig. 5G). Similarly, the inhibitory effects of 
S100A12 knockdown on GSDMD-N expression were par-
tially abolished by CASP4 overexpression in H/R-induced 
AC16 cells (Fig. 5H).

Discussion

I/R-induced cardiomyocyte injury in patients following 
myocardial infarction induces cardiac inflammation, which 
results in infarct expansion and ultimately heart failure 
(Reitz et al. 2019). Previously, it has been shown that oxi-
dative stress, inflammation and pyroptosis are key factors 
in mediating cardiomyocyte injury (Liu et al. 2019; Li et 
al. 2020). It has also been shown that S100A12 is a viable 
specific diagnostic marker of inflammation, since its expres-
sion is frequently increased in settings of cardiac diseases 
(Pietzsch and Hoppmann 2009). According to these previ-
ous observations, the present study investigated the specific 
role of S100A12 in cardiomyocyte injury and its associated 
mechanism. It was found that S100A12 knockdown inhibited 
the H/R-induced reductions in AC16 cell viability whilst also 
suppressing inflammation, oxidative stress and pyroptosis in-
duced by H/R. After CASP4 overexpression, these protective 
effects of S100A12 knockdown against the loss of viability, 
inflammation, oxidative stress and pyroptosis were reversed 
in H/R-induced AC16 cells.

S100A12 has been previously reported to promote inflam-
mation, apoptosis and oxidative stress. S100A12 can promote 
inflammation and apoptosis in sepsis-induced acute respira-
tory distress syndrome (Zhang et al. 2020b). In addition, 
S100A12 has been found to promote I/R-induced inflamma-
tion, oxidative stress and apoptosis in PC12 cells through the 
activation of ERK signaling (Zhang et al. 2020a). By contrast, 
S100A12 knockdown was observed to significantly reverse 
the inhibitory effects of H2O2 on the proliferation, apoptosis 
and the release of IL-6 and TNF-α from human vascular 
smooth muscle cells (Jiang et al. 2017). However, the role of 
S100A12 in cardiomyocytes remains unexplored. Abundant 
quantities mitochondria are required in cardiomyocytes to 
produce sufficient ATP to maintain normal cardiac contrac-
tile function. However, myocardial ischemia results in the 
loss of mitochondrial cristae by enhancing the opening of the 
mitochondrial permeability transition pore, which mediates 
mitochondrial damage to promote apoptosis (Shi et al. 2019). 
In the present study, the increased cell viability, decreased 
levels of apoptosis and LDH release from H/R-induced AC16 
cells transfected with sh-S100A12 suggest that S100A12 
knockdown can protect AC16 cells from H/R-induced cell 
viability loss and apoptosis. In addition, I/R can activate the 
toll-like receptor-dependent induction of proinflammatory 
cytokines, including TNF-α, IL-1β, and IL-6 (Eltzschig and 

Eckle 2011). By contrast, since lipid peroxidation leads to the 
production of MDA following attack by ROS, MDA content 
can be applied to indirectly reflect the degree of myocardial 
peroxidative damage (Laumbach et al. 2014). SOD is the 
key enzyme for destroying ROS in cells, whereby increased 
SOD activity would indicate restoration and enhancement 
of the antioxidant defense system (Liu et al. 2019). In the 
present study, the reduced levels of inflammatory cytokines 
TNF-α, IL-1β and IL-6, coupled with the elevated levels of 
oxidative stress markers SOD and GSH but reduced levels of 
MDA, in addition to the reduced protein expression levels of 
COX-2, iNOS, NOX2 and NOX4, all indicated that S100A12 
knockdown can exert inhibitory effect on inflammation and 
oxidative stress in H/R-induced AC16 cells. 

To further study the mechanism of S100A12 in AC16 cells, 
the Humanbase website predicted that S100A12 can interact 
with CASP4 to regulate CASP4 expression in cardiac tissues, 
which was subsequently verified using Co-IP assays. Follow-
ing activation, CASP4 specifically cleaves the linker between 
the amino-terminal gasdermin-N and the carboxy-terminal 
gasdermin-C structural domains in GSDMD upstream of 
activating pyroptosis (Shi et al. 2015). This is considered to 
be a key stage of the non-classical pathway of pyroptosis (Hu 
et al. 2020). GSDMD has been reported to serve an important 
role in cardiomyocyte pyroptosis. The NF-κB/GSDMD axis 
functions as a mechanistic link between oxidative stress and 
nucleotide-binding oligomerization domain, leucine rich re-
peat and pyrin domain-containing inflammasome-mediated 
cardiomyocyte pyroptosis (Lei et al. 2018). Suppression of 
GSDMD was previously found to reduce cardiomyocyte 
pyroptosis and I/R-induced myocardial injury (Shi et al. 
2021). Accordingly, CASP4 may regulate GSDMD in the 
pyroptotic pathway in cardiomyocytes. Based on the results 
from the present study, the protective effects of S100A12 
knockdown against cell viability loss, apoptosis, inflamma-
tion, oxidative stress and pyroptosis in H/R-induced AC-16 
cells were partially abolished by CASP4 overexpression. This 
suggests that S100A12 knockdown may protect AC16 cells 
against H/R-induced injuries at least partially by regulating 
CASP4-mediated pyroptosis.

However, limitations still exist in this study. As we know, 
S100A12 is a  calcium-binding protein and it is known 
that calcium level changes during excitation-contraction 
coupling. The calcium ions can interact with S100A12 by 
binding on two EF-hand structures, which can induce some 
changes in the protein structure. Thus, even though we used 
H/R-induced AC16 cells to mimic myocardial I/R injury, the 
in vivo conditions were complicated. An in vivo validation 
may improve our findings. In addition, we only used co-IP 
to preliminarily confirm the interaction between S100A12 
and CASP4, but how did they bind to each other and the 
more precise molecular mechanisms required an in-depth 
research. 
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To the best of our knowledge, the present study is the first 
to investigate the protective effects of S100A12 on H/R myo-
cardial injury in vitro. These findings suggest that S100A12 
knockdown can alleviate H/R-induced cardiomyocyte injury 
by regulating the non-classical CASP4-dependent pyroptotic 
pathway. Therefore, S100A12 may serve an important role in 
ischemic heart disease and is a promising target for clinical 
treatment.

Funding. This study was supported by Jinhua Municipal Science 
and Technology Research Program (Grant/Award number: 2021-4-
182) and Zhejiang Medical Scientific Research Foundation (Grant/
Award number: 2022KY875).

Conflict of interest. The authors declare no conflicts of interest.

References

Allemani C, Weir HK, Carreira H, Harewood R, Spika D, Wang XS, 
Bannon F, Ahn JV, Johnson CJ, Bonaventure A et al. (2015): 
Global surveillance of cancer survival 1995-2009: analysis of in-
dividual data for 25,676,887 patients from 279 population-based 
registries in 67 countries (CONCORD-2). Lancet 385, 977-1010

	 https://doi.org/10.1016/S0140-6736(14)62038-9
Basta G, Sironi AM, Lazzerini G, Del Turco S, Buzzigoli E, Casolaro 

A, Natali A, Ferrannini E, Gastaldelli A (2006): Circulating 
soluble receptor for advanced glycation end products is in-
versely associated with glycemic control and S100A12 protein. 
J. Clin. Endocrinol. Metab. 91, 4628-4634

	 https://doi.org/10.1210/jc.2005-2559
Choi D, Hwang KC, Lee KY, Kim YH (2009): Ischemic heart 

diseases: current treatments and future. J. Control. Release 
140, 194-202

	 https://doi.org/10.1016/j.jconrel.2009.06.016
Eltzschig HK, Eckle T (2011): Ischemia and reperfusion--from 

mechanism to translation. Nat. Med. 17, 1391-1401
	 https://doi.org/10.1038/nm.2507
Foell D, Kane D, Bresnihan B, Vogl T, Nacken W, Sorg C, Fitzgerald 

O, Roth J (2003): Expression of the pro-inflammatory protein 
S100A12 (EN-RAGE) in rheumatoid and psoriatic arthritis. 
Rheumatology (Oxford) 42, 1383-1389

	 https://doi.org/10.1093/rheumatology/keg385
Fransen EJ, Maessen JG, Hermens WT, Glatz JF (1998): Demonstra-

tion of ischemia-reperfusion injury separate from postopera-
tive infarction in coronary artery bypass graft patients. Ann. 
Thorac. Surg. 65, 48-53

	 https://doi.org/10.1016/S0003-4975(97)01036-9
Ge L, Cai Y, Ying F, Liu H, Zhang D, He Y, Pang L, Yan D, Xu 

A, Ma H et al. (2019): miR-181c-5p exacerbates hypoxia/
reoxygenation-induced cardiomyocyte apoptosis via targeting 
PTPN4. Oxid. Med. Cell Longev. 2019, 1957920

	 https://doi.org/10.1155/2019/1957920
Gobbi G, Carubbi C, Tagliazucchi GM, Masselli E, Mirandola P, 

Pigazzani F, Crocamo A, Notarangelo MF, Suma S, Paraboschi 
E et al. (2019): Sighting acute myocardial infarction through 
platelet gene expression. Sci. Rep. 9, 19574

	 https://doi.org/10.1038/s41598-019-56047-0
He F, Wu Q, Xu B, Wang X, Wu J, Huang L, Cheng J (2017): Sup-

pression of Stim1 reduced intracellular calcium concentration 
and attenuated hypoxia/reoxygenation induced apoptosis in 
H9C2 cells. Biosci. Rep. 37

	 https://doi.org/10.1042/BSR20171249
Hu JJ, Liu X, Xia S, Zhang Z, Zhang Y, Zhao J, Ruan J, Luo X, 

Lou X, Bai Y et al. (2020): FDA-approved disulfiram inhibits 
pyroptosis by blocking gasdermin D pore formation. Nat. Im-
munol. 21, 736-745

	 https://doi.org/10.1038/s41590-020-0669-6
Jia C, Chen H, Zhang J, Zhou K, Zhuge Y, Niu C, Qiu J, Rong X, 

Shi Z, Xiao J et al. (2019): Role of pyroptosis in cardiovascular 
diseases. Int. Immunopharmacol. 67, 311-318

	 https://doi.org/10.1016/j.intimp.2018.12.028
Jiang Q, Dong X, Hu D, Chen L, Luo Y (2021): Aquaporin 4 

inhibition alleviates myocardial ischemia-reperfusion injury 
by restraining cardiomyocyte pyroptosis. Bioengineered 12 
9021-9030

	 https://doi.org/10.1080/21655979.2021.1992332
Jiang WL, Wang ZW, Hu ZP, Wu HB, Hu R, Hu XP, Ren ZL, Huang 

JZ (2017): Effects of S100A12 reduction on H2O2-induced 
injury of human vascular smooth muscle cells (HVSMCs). Int. 
J. Clin. Exp. Pathol. 10, 11617-11623

Kalogeris T, Baines CP, Krenz M, Korthuis RJ (2016): Ischemia/
reperfusion. Compr. Physiol. 7, 113-170

	 https://doi.org/10.1002/cphy.c160006
Kayagaki N, Stowe IB, Lee BL, O‘Rourke K, Anderson K, Warming 

S, Cuellar T, Haley B, Roose-Girma M, Phung QT et al. (2015): 
Caspase-11 cleaves gasdermin D for non-canonical inflamma-
some signalling. Nature 526, 666-671

	 https://doi.org/10.1038/nature15541
Laumbach RJ, Kipen HM, Ko S, Kelly-McNeil K, Cepeda C, Pettit 

A, Ohman-Strickland P, Zhang L, Zhang J, Gong J et al. (2014): 
A controlled trial of acute effects of human exposure to traffic 
particles on pulmonary oxidative stress and heart rate vari-
ability. Part. Fibre Toxicol. 11, 45

	 https://doi.org/10.1186/s12989-014-0045-5
Lei Q, Yi T, Chen C (2018): NF-kappaB-gasdermin D (GSDMD) 

axis couples oxidative stress and NACHT, LRR and PYD do-
mains-containing protein 3 (NLRP3) inflammasome-mediated 
cardiomyocyte pyroptosis following myocardial infarction. 
Med. Sci. Monit. 24, 6044-6052

	 https://doi.org/10.12659/MSM.908529
Li YZ, Wu XD, Liu XH, Li PF (2019): Mitophagy imbalance in 

cardiomyocyte ischaemia/reperfusion injury. Acta Physiol. 
(Oxf). 225, e13228

	 https://doi.org/10.1111/apha.13228
Li Z, Xu H, Liu X, Hong Y, Lou H, Liu H, Bai X, Wang L, Li X, 

Monayo SM et al. (2020): GDF11 inhibits cardiomyocyte 
pyroptosis and exerts cardioprotection in acute myocardial 
infarction mice by upregulation of transcription factor HOXA3. 
Cell Death Dis. 11, 917

	 https://doi.org/10.1038/s41419-020-03120-6
Liu F, Zhang H, Zhang Z, Lu Y, Lu X (2019): MiR-208a aggravates 

H2O2-induced cardiomyocyte injury by targeting APC. Eur. 
J. Pharmacol. 864, 172668

	 https://doi.org/10.1016/j.ejphar.2019.172668

https://doi.org/10.1016/S0140-6736(14)62038-9
https://doi.org/10.1210/jc.2005-2559
https://doi.org/10.1016/j.jconrel.2009.06.016
https://doi.org/10.1038/nm.2507
https://doi.org/10.1093/rheumatology/keg385
https://doi.org/10.1016/S0003-4975(97)01036-9
https://doi.org/10.1155/2019/1957920
https://doi.org/10.1038/s41598-019-56047-0
https://doi.org/10.1042/BSR20171249
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1016/j.intimp.2018.12.028
https://doi.org/10.1080/21655979.2021.1992332
https://doi.org/10.1002/cphy.c160006
https://doi.org/10.1038/nature15541
https://doi.org/10.1186/s12989-014-0045-5
https://doi.org/10.12659/MSM.908529
https://doi.org/10.1111/apha.13228
https://doi.org/10.1038/s41419-020-03120-6
https://doi.org/10.1016/j.ejphar.2019.172668


297Role of S100A12 in myocardial injury

Marenholz I, Lovering RC, Heizmann CW (2006): An update of the 
S100 nomenclature. Biochim. Biophys. Acta 1763, 1282-1283

	 https://doi.org/10.1016/j.bbamcr.2006.07.013
McIlwain DR, Berger T, Mak TW (2013): Caspase functions in cell 

death and disease. Cold Spring Harb. Perspect. Biol. 5, a008656
	 https://doi.org/10.1101/cshperspect.a008656
Oesterle A, Bowman MA (2015): S100A12 and the S100/Cal-

granulins: emerging biomarkers for atherosclerosis and pos-
sibly therapeutic targets. Arterioscler. Thromb. Vasc. Biol. 35, 
2496-2507

	 https://doi.org/10.1161/ATVBAHA.115.302072
Pietzsch J, Hoppmann S (2009): Human S100A12: a novel key player 

in inflammation? Amino Acids 36, 381-389
	 https://doi.org/10.1007/s00726-008-0097-7
Reitz CJ, Alibhai FJ, Khatua TN, Rasouli M, Bridle BW, Burris TP, 

Martino TA (2019): SR9009 administered for one day after 
myocardial ischemia-reperfusion prevents heart failure in mice 
by targeting the cardiac inflammasome. Commun. Biol. 2, 353

	 https://doi.org/10.1038/s42003-019-0595-z
Shi H, Gao Y, Dong Z, Yang J, Gao R, Li X, Zhang S, Ma L, Sun 

X, Wang Z et al. (2021): GSDMD-mediated cardiomyocyte 
pyroptosis promotes myocardial I/R injury. Circ. Res. 129, 
383-396

	 https://doi.org/10.1161/CIRCRESAHA.120.318629

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang Y, Cai 
T, Wang F, Shao F (2015): Cleavage of GSDMD by inflam-
matory caspases determines pyroptotic cell death. Nature 
526, 660-665

	 https://doi.org/10.1038/nature15514
Shi Y, Wang Z, Zhu X, Chen L, Ma Y, Wang J, Yang X, Liu Z (2019): 

Exosomal miR-1246 in serum as a potential biomarker for 
early diagnosis of gastric cancer. Int. J. Clin. Oncol. 25, 89-99

	 https://doi.org/10.1007/s10147-019-01532-9
Yu H, Lu K, Zhu J, Wang J (2017): Stem cell therapy for ischemic 

heart diseases. Br. Med. Bull. 121, 135-154
	 https://doi.org/10.1093/bmb/ldw059
Zhang X, Shen R, Shu Z, Zhang Q, Chen Z (2020a): S100A12 

promotes inflammation and apoptosis in ischemia/reperfu-
sion injury via ERK signaling in vitro study using PC12 cells. 
Pathol. Int. 70, 403-412

	 https://doi.org/10.1111/pin.12924
Zhang Z, Han N, Shen Y (2020b): S100A12 promotes inflammation 

and cell apoptosis in sepsis-induced ARDS via activation of 
NLRP3 in fl ammasome signaling. Mol. Immunol. 122, 38-48

	 https://doi.org/10.1016/j.molimm.2020.03.022	

Received: February 9, 2022
Final version accepted: March 31, 2022

https://doi.org/10.1016/j.bbamcr.2006.07.013
https://doi.org/10.1101/cshperspect.a008656
https://doi.org/10.1161/ATVBAHA.115.302072
https://doi.org/10.1007/s00726-008-0097-7
https://doi.org/10.1038/s42003-019-0595-z
https://doi.org/10.1161/CIRCRESAHA.120.318629
https://doi.org/10.1038/nature15514
https://doi.org/10.1007/s10147-019-01532-9
https://doi.org/10.1093/bmb/ldw059
https://doi.org/10.1111/pin.12924
https://doi.org/10.1016/j.molimm.2020.03.022

