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Abstract
Myocardial ischemia can cause insufficient oxygen and functional damage to myocardial cells. Carbonic anhydrase III 
(CAIII) has been found to be closely related to the abnormality of cardiomyocytes. To investigate the role of CAIII in the 
apoptosis of myocytes under hypoxic conditions and facilitate the strategy for treating hypoxia-induced damage, in vitro 
experiments in H9c2 were employed. The protein expression of CAIII in H9c2 cells after hypoxia or normoxia treatment was 
determined by western blotting and immunohistochemistry. MTT assay was employed for cells viability measurement and 
LDH release was monitored. The apoptotic cells were observed using immunofluorescence assay, flow cytometric analysis, 
and TUNEL assay. CAIII-overexpression or -knockdown cells were constructed to determine the role of CAIII in regulating 
apoptosis-related proteins caspase-3, Bax, Bcl-2, and anti-apoptosis pathway PI3K/Akt/mTOR. The mRNA levels of CAIII 
and genes related to CAIII synthesis including REN, IGHM, APOBEC 3F, and SKOR2 were significantly upregulated in 
hypoxia fetal sheep. The expression of CAIII protein and content of apoptotic H9c2 cells were increased at 1, 3, 6, and 12 h 
after hypoxia treatment. Overexpression of CAIII significantly upregulated Bcl2 level and downregulated Bax and caspase-3 
cleavage levels, while its knockdown led to the contrary results. Overexpressed CAIII promoted the HIF-1α level and acti-
vated the PI3K/Akt/mTOR pathway, thereby exerting an inhibitory effect on hypoxia-induced apoptosis. In conclusion, our 
findings revealed that CAIII could protect cell from hypoxia-apoptosis of H9c2 cells, in which, activated PI3K/Akt/mTOR 
signaling pathway may be involved.
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Abbreviations
CAIII	� Carbonic anhydrase III
AMI	� Acute myocardial infarction
MI	� Myocardial ischemia
CA	� Carbonic anhydrase

qRT-PCR	� Real-time reverse transcription quantitative 
PCR

FBS	� Fetal bovine serum
H/N	� Hypoxia/Normoxia
DAPI	� 4',6-Diamidino-2-phenylindole
AV/PI	� Annexin V-FITC/propidium iodide
DMSO	� Dimethyl sulfoxide
LDH	� Lactate dehydrogenase
SD	� Standard deviation
ANOVA	� Analysis of variance

Introduction

Acute myocardial infarction (AMI) caused by heart failure 
is one of the vital causes of sudden death worldwide [1] 
and can lead to severe morbidity and mortality, whereas 
myocardial ischemia (MI) is a common cause of AMI [2]. 
MI can cause insufficient oxygen and nutrient supply and 
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cause functional damage to myocardial cells, and then the 
damaged myocardial cells lead to the enlargement of the 
area of myocardial infarction, cardiac insufficiency, and even 
death [3]. More than 140 million people in the world live in 
high-altitude areas with thin air and low oxygen supply [4], 
whereas hypoxia can cause serious damage to various tis-
sues and organs, including the heart [5]. Therefore, a better 
understanding of the molecular pathogenesis of cardiomyo-
cyte injury is the key to preventing myocardial injury and 
treating acute myocardial infarction. As a soluble protease 
in the cytoplasm, carbonic anhydrase III (CAIII) is a special 
member of the family and has its unique features in terms 
of tissue distribution, molecular structure, and biological 
function compared with other carbonic anhydrase (CA) 
isozymes [6].

CAs are a family of zinc-containing metalloproteinases 
that can reversibly and efficiently catalyze the hydration 
reaction of CO2. So far, 13 CA isozymes have been found 
in mammals. They are the main participants in many physi-
ological processes, including renal and male reproductive 
tract acidification, signal transduction, and gastric acid 
formation [7]. The current clinical research on CAIII is 
mainly limited to the use of the special distribution of CAIII 
in human skeletal muscle to explore its relationship with 
muscle diseases [8], suggesting that CAIII might become a 
new marker of muscle disease. With the further research of 
CAIII, it has been found that CAIII may be closely related 
to the abnormality of cardiomyocytes, for excessive muscle 
fatigue can easily cause cardiomyocytes to be hypoxic, and 
thus cause irreversible damage to cardiomyocytes [8]. In 
addition, the clinical diagnosis now uses the ratio of myoglo-
bin/carbonic anhydrase III as an early diagnosis of myocar-
dial injury during acute myocardial infarction [9], while the 
exact physiological role of CAIII in myocardial infarction 
is still unclear. Further research indicates that CAIII may be 
significantly related to the apoptosis of muscle cells. Ren 
et al. found that CAIII protein levels in skeletal muscle of 
patients with myasthenia gravis were significantly lower than 
those in normal people [10]. Shang et al. found that CAIII 
overexpression could effectively reduce the apoptosis rate of 
C2C12 (a mouse skeletal muscle cell line) cells [8]. Another 
study showed that the mRNA content of the lateral femoral 
muscle CAIII in the hypoxic training group was 74% higher 
than that in the normoxic training group [11]. These studies 
indicate that CAIII may be involved in the apoptosis of myo-
cytes under hypoxic conditions, thereby improving myocyte 
status. The PI3K/Akt/mTOR signal transduction pathway 
is an important signal pathway for protein synthesis in the 
body and plays an important role in regulating cell prolifera-
tion, differentiation, and apoptosis [12, 13].

Based on these findings, we hypothesized that CAIII 
could protect cardiomyocytes from hypoxia-induced car-
diomyocyte damage. However, to date, there has been no 

research on the protective mechanism of CAIII in hypoxic 
cardiomyocytes. Hence, we aimed to investigate the changes 
in the level of CAIII in hypoxic cardiomyocytes, the effect 
of changes in the level of CAIII on cardiomyocyte apop-
tosis, and its relations with the PI3K/Akt/mTOR signaling 
pathway.

Methods

Animal Feeding and Modeling

Sixteen normal pregnant sheep (body weight 25–35 kg, 
about 10 months of age, CL) successfully bred by sexual 
maturity artificial insemination were randomly divided 
into 2 groups (n = 8): normoxia group and hypoxia group. 
The special environment artificial simulation experiment 
chamber (DYC-3010M) was used to adjust the parameters 
of the artificial experiment chamber to accurately simu-
late the low-oxygen climate environment on the plain and 
plateau. Normoxia group's sheep were raised in a plain 
environment (temperature for 20 °C, humidity for 11.0 g/
m3, O2 content for 260 g/m3, pressure for 100.0 kPa), and 
hypoxia group's sheep were simulated in low-pressure 
alpine environment with an altitude of 3000 m (tempera-
ture for 5 °C, humidity for 3.68 g/m3, O2 content for 206 g/
m3, pressure for 67.7 kPa). During the breeding period, the 
animals drunk water and ate freely. The cabin was opened 
every 24 h to add water and feed. The breeding in the 
cabin lasted throughout the gestation period. Since very 
high doses of propofol can cause sudden arrhythmias and 
refractory with circulatory collapse in some animals, it is 
recommended that infusing low doses of ketamine intra-
venously to reduce the total amount of propofol. Besides, 
isoflurane was used to assist in maintaining anesthesia 
because isoflurane can promote a low Vt (Tidal volume) 
and less influence of propofol the neuro-ventilatory effi-
ciency [14]. After the feeding cycle, the maternal sheep 
of each group were anesthetized using ketamine (10 mg/
kg) with a bolus intramuscular injection and propofol 
(2–6 mg/kg) with a bolus intravenous injection as previ-
ously described [15–19], for their potent analgesic and 
favorable anesthetic properties, and maintained with iso-
flurane (1–3%) by inhalation and propofol by intravenous 
injection. The fetal sheep were removed from maternal 
sheep via laparotomy and maternal sheep were euthanized 
through intravenous injection of pentobarbital (160 mg/
kg). Subsequently, according to the confirmation policy 
of euthanasia (IACUC, institutional animal care and use 
committee, https://​animal.​resea​rch.​uiowa.​edu/​iacuc-​pol-
icy-​confi​rmati​on-​eutha​nasia), bilateral thoracotomy, ster-
notomy, and removal of heart and lungs were performed to 
ensure the death of the pregnant sheep. For the fetal sheep, 

https://animal.research.uiowa.edu/iacuc-policy-confirmation-euthanasia
https://animal.research.uiowa.edu/iacuc-policy-confirmation-euthanasia
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according to the Council Regulation (EC) No 1099/2009 
on the protection of animals at the time of killing (https://​
eur-​lex.​europa.​eu/​eli/​reg/​2009/​1099/​oj), the head-to-body 
electrical stunning with 1 A was applied on the fetal sheep 
to ensure unconsciousness, and then the heart of the fetal 
sheep was removed. Then apical 2 mm3 myocardial tis-
sue of each group of fetal sheep was quickly cut off for 
immunohistochemical analysis. This study was approved 
by the Ethics Committee of General Hospital of Xinjiang 
Military Region of the People's Liberation Army (No. 
2017.301).

Real‑Time Reverse Transcription Quantitative PCR 
(qRT‑PCR)

50–100 mg of myocardial tissue was washed with cold 
PBS pH 7.4 and stored in RNAlater® (AmbionTM) at 
4 °C. Total RNA was extracted with TRIpure Isolation 
Reagent® Kit (Thermo Fisher, Waltham, USA), treated 
with DNase I (RNase-free) (Thermo Fisher, Waltham, 
USA), then its integrity was verified by 1% agarose gel 
electrophoresis. The samples were stored at − 80 °C and 
cDNA synthesis was then performed using the High 
Capacity cDNA Reverse Transcription® (Applied Bio-
systems™) kit according to the manufacturer's protocol, 
and their quantity and purity were evaluated. The reverse 
transcription product of cDNA was stored at − 20 °C. Then 
quantitative PCR (qRT-PCR) was applied using ABI7500 
Real-Time qPCR real-time fluorescence reaction system to 
measure the relative RNA level using the Power SYBR® 
Green PCR Master Mix (Thermo Fisher, Waltham, USA) 
on a StepOne Real-Time PCR system under the following 
conditions: 10 min 95 °C, 35 cycles of 10 s 95 °C, 30 s 
60 °C, and finally 30 s 72 °C. The specific primers used 
in qRT-PCR are available in Table 1. The levels of target 

genes were normalized to the level of internal GAPDH 
using the 2−ΔΔCt method.

Cell Cultures

The H9c2 cells were provided by Stem Cell Bank, Chinese 
Academy of Sciences (Shanghai, China). Then, 0.125% 
trypsin–EDTA and 0.1% collagenase were used to digest 
heart tissues. The cells were cultured in the medium at 37 °C 
in a humidified incubator with 5% CO2 as following formula: 
DMEM containing 10% fetal bovine serum (FBS), 100 U/
mL penicillin/streptomycin. The cells were preliminarily 
seeded into culture bottle at a density of 1 × 105/mL and 
incubated for 72 h before the subsequent experiments.

Hypoxia/Normoxia (H/N) Model

The in vitro cardiomyocyte hypoxia/normoxia (H/N) model 
used in our study was constructed according to a previous 
publication [20]. The hypoxia group was induced by expos-
ing cardiomyocytes to 95% N2 and 5% CO2 at 37 °C. The 
normoxia group was incubated in the normal cell chamber 
with no extra treatment. All experiments undergoing H/N 
treatment were repeated in triplicate.

Immunofluorescence Assay

H9c2 cells were preliminarily seeded into 24-well plates at a 
density of 1 × 105 cells/well and incubated for 24 h and then 
undergoing H/N treatment. After that, cells were prefixed in 
4% paraformaldehyde and permeabilized with 0.1% Triton 
X-100 at room temperature for 20 min and fixed in cold 
methanol at − 20 °C for 10 min. For the detection of CAIII 
level (Fig. 2B), cells were incubated with primary antibodies 
for anti-CAIII (1:500, Abcam, MA, USA) and 4',6-diami-
dino-2-phenylindole (DAPI) (1:1000, Abcam, MA, USA) 
at 4 °C overnight. Then the cells were incubated with goat 
anti-rabbit IgG-Alexa Fluor 555 antibodies (1:500, Abcam, 
MA, USA) at 37 °C for 1 h. The expression of CAIII in 
cells was visualized by fluorescence microscope (Olympus, 
Tokyo, Japan).

Plasmid Construction and Cell Transfection

The target gene and the vector PLVshRNA-EGFP (2A) 
Puro were double-digested with endonucleases BamH I and 
EcoR1. After amplification of the target gene, the restric-
tion sites of EcoR1 and BamH I were introduced at both 
ends of the primer. Then, the plasmid vector PEGFP-C1 and 
the target gene were digested with EcoR1 and BamH I and 
then ligated, transformed, and identified. All the used vector, 
CAIII(+), sh-CAIII, and sh-NC plasmids were constructed 
at the GenePharma Co., Ltd. (Shanghai, China). The H9c2 

Table 1   The primers of detected mRNA

Primers (5’ → 3’)

GAPDH Forward: TTT​GAG​GGT​GCA​GCG​AAC​TT
Reverse: ACA​GCA​ACA​GGG​TGG​TGG​AC

Ren Forward: CCT​GTG​GTC​CTC​ACC​AAC​TA
Reverse: AGG​ATT​CCA​GGG​AGT​CGT​AG

IGHM Forward: TGT​TCA​AGG​TGA​AGT​GAC​GG
Reverse: GAT​GCG​GGG​AAG​ATT​TCA​GT

APOBEC3F Forward: GCC​TTG​GAA​GAA​ACT​GAA​GAG​
Reverse: GTC​AAG​CAT​CAA​GTC​GTC​AAG​

CAIII Forward: CTG​AAA​GCA​ACT​TCC​AAG​CAA​
Reverse: CCC​TAA​CCT​AGA​GCC​GAA​GT

SKOR2 Forward: GTG​CCC​ATC​TCA​GCA​AAA​GC
Reverse: CAT​TTG​CAG​TCT​CTG​TGC​GG

https://eur-lex.europa.eu/eli/reg/2009/1099/oj
https://eur-lex.europa.eu/eli/reg/2009/1099/oj
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cells were seeded into 12-well plates with DMEM medium 
24 h before transfection. Transfection of target genes was 
implemented when the fusion of cells reached to 90%. About 
0.8 μg of each plasmid DNA and 2.0 μL of Lipofectamine® 
2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) 
were diluted by 50 μL of Opti-MEM, respectively. The 
diluted DNA and transfection reagent were mixed up to form 
the transfection complexes and maintained at room tempera-
ture for 20 min, after which the mixture was immediately 
added into cells to transfect for 6 h at 37 °C in a 5% CO2 
atmosphere. The original medium was then replaced with 
fresh complete medium containing 10% FBS and further 
incubated for 24 h. The cells were washed PBS twice and 
cultured in G418 medium, and the fresh screening medium 
was changed every 2–3 days. Finally, the green fluorescence 
was observed under microscope to obtain the successfully 
transfected cells.

Western Blotting

Proteins were extracted from 0.2 g of myocardial tissue and 
separated by SDS-PAGE and then transferred to a PVDF 
membrane. After the membrane was washed, it was placed in 
the anti-CAIII (ab181358, Abcam, MA, USA, 1:1000), anti-
HIF-1α (ab228649, Abcam, 1:1000), anti-cleaved Caspase-3 
(ab49822, Abcam, 1:1000), anti-Bcl-2 (ab194583, Abcam, 
1:1000), anti-Bax (ab32503, Abcam, 1:500), anti-p-PI3K 
(PA5-37820, Thermo Fisher, 1:1000), anti-t-PI3K (#4257, 
Cell Signaling Technology, 1:1000), anti-p-Akt (#9271S, 
Cell Signaling Technology, 1:1000), anti-t-Akt (ab179463, 
Abcam, 1:1000), anti-p-mTOR (#5536, Cell Signaling Tech-
nology, 1:1000), anti-t-mTOR (ab32028, Abcam, 1:1000), 
anti-p-p70S6KThr389 (AF5899, Beyotime, Shanghai, China, 
1:1000), anti-t-p70S6K (3485-100, BioVision, Shanghai, 
China, 1:1000), and anti-β-actin (ab179467, Abcam, 1:1000) 
primary antibody at 4 °C overnight, and then the membrane 
was rinsed and added to the Goat Anti-Rabbit IgG second-
ary antibody and incubated at room temperature for 2 h. 
Then it was put into the mixed color development solution 
to develop color, and finally the reaction was stopped. Image 
analyzer quantitative system was used for density analysis, 
and β-actin was used as an internal reference.

Immunohistochemistry

The myocardial tissue was prepared into paraffin tissue sec-
tions of about 4 μm. After dewaxing, hydration, and block-
ing of endogenous enzymes, sections were blocked with 
goat serum for 2 h and then rewarmed at room tempera-
ture. Rabbit anti-human CAIII polyclonal antibody (1:100, 
Santa Cruz, Shanghai, China) was added and incubated for 
30 min. After washing with PBS, non-biotinylated IgG was 
added and incubated at 37 °C for 20 min. After adding DAB 

staining solution (Solarbio, Shanghai, China), hematoxylin 
was used to re-dye for 2 min, dehydrated by gradient alcohol 
and dried naturally, and then sealed with neutral gum; the 
protein expression in each tissue was observed by micros-
copy. Image-Pro Plus (Version 6.0; Media Cybernetics, Sil-
ver Spring, MD, USA) was used to quantify the relative level 
of the stains.

TUNEL Assay

The constructed H9c2 cells were preliminarily seeded into 
24-well plates at 1 × 105 cells/well and incubated for 24 h 
and then undergoing H/N treatment for 24 h. Cells were sub-
sequently prefixed with 4% paraformaldehyde in 0.1 mol/L 
PBS for 1 h at 25 °C. After rinsing with PBS, 1% Triton 
X-100 was used for cells’ permeabilization. Then the DNA 
fragments that broke during cell apoptosis were detected 
using a TUNEL detection kit (Roche Clinical Laboratories, 
Indianapolis, USA). DAPI (Abcam, MA, USA) was obtained 
for nuclear staining. Apoptotic cells were examined under a 
fluorescence microscope.

Flow Cytometric Analysis

H9c2 cells were preliminarily seeded into 24-well plates at a 
density of 1 × 105 cells/well and incubated for 24 h and then 
undergoing H/N treatment. The content of apoptotic cells 
was detected by annexin V-FITC/propidium iodide (AV/PI) 
dual staining according to the manufacturer's instructions, 
and then results were determined via a flow cytometer (BD 
Bioscience, CA, USA).

MTT Assay

To determine the cell viability, MTT assay kit (Beyotime, 
Haimen, China) was implemented. After H/N treatment for 
24 h, MTT solution (5 mg/mL, dissolved in fresh serum-free 
medium) was added into each well, and cells were incubated 
for another 4 h at 37 °C. After removing the supernatant, 
100 μl of dimethyl sulfoxide (DMSO) was added to dis-
solve the resulted formazan crystals completely. A micro-
plate reader (Thermo Fisher, MA, USA) was obtained for 
monitoring the OD570 value. The cell viability (%) was cal-
culated as a percentage relative to the absorbance of control 
cells with normoxia treatment.

Detection for LDH Activity

After H/N treatment, the level of lactate dehydrogenase 
(LDH) was determined using Cytotoxicity Assay Com-
mercial kits from Nanjing Jiancheng Bioengineering Ltd. 
(Shanghai, China) for evaluation of cardiomyocyte injury 
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[21]. A microplate reader (Thermo Fisher, MA, USA) was 
obtained for monitoring the OD490 value.

Statistical Analysis

All the tests were performed in triplicates and all data 
were presented as the means ± standard deviation (SD). 
GraphPad Prism 7.0 (software, CA, USA) was taken 
for the data analysis. The comparisons among multiple 
groups were made with one-way (one factor and multi-
ple levels) or two-way (two factors and multiple levels) 
analysis of variance (ANOVA) followed by Tukey’s test. 
Student’s t test was employed to analyze the compari-
son between two groups. The difference at the value of 
P < 0.05 or P < 0.01 was considered statistically signifi-
cant (*P < 0.05, **P < 0.01).

Results

Hypoxia Promoted CAIII Level in Sheep Heart Tissue

Our previous studies showed that hypoxia would cause dam-
age to the heart of prenatal sheep, and proteomics results 
presented the significant differential expression of CAIII, 
REN, IGHM, APOBEC 3F, and SKOR2 protein in heart 
tissue of hypoxic group compared with normal group [22]. 
The qRT-PCR method was used to verify the mRNA expres-
sion of CAIII (Fig. 1A). The consistent result showed that 
CAIII was significantly up-regulated in the hypoxia group of 
myocardial tissue than that in the normoxia group (Fig. 1A). 
From the results of western blotting (Fig. 1B), it could be 
seen that the expression of CAIII in hypoxia group was sig-
nificantly increased (P < 0.01). Further immunohistochemi-
cal results (Fig. 1C) also showed that the protein expres-
sion of CAIII in the hypoxia group was obviously higher 
than that in the normoxia group (P < 0.01) and CAIII was 

Fig. 1   The qPCR technology to verify proteomics of myocardial tis-
sue in prenatal hypoxic fetal sheep. A Expression of genes related 
to CAIII synthesis in myocardial tissues, including REN, IGHM, 
APOBEC 3F, CAIII, SKOR2. B Hypoxia affected the protein expres-

sion of CAIII gene in myocardial tissue detected by western blotting. 
C Hypoxia affected the protein expression of CAIII gene in myo-
cardial tissue detected by immunohistochemistry. n = 8, *P < 0.05, 
**P < 0.01, ****P < 0.0001 versus normoxia group
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mainly expressed in the cytoplasm. These results indicated 
that CAIII expression in myocardial tissue was significantly 
enhanced under hypoxic conditions.

Hypoxia Increased CAIII Level in H9c2 Cells

In order to determine the impact of hypoxia on the expres-
sion of CAIII in H9c2 cells, western blotting and immu-
nofluorescence analysis were performed. As shown in 
Fig. 2A, the expression of CAIII was significantly upreg-
ulated by hypoxia in a time-dependent manner compared 
with normoxia group (P < 0.05). The level of CAIII with 
6 h hypoxia was higher than that with 3 h hypoxia. When 
the hypoxia treatment last for 12 h, the expression of CAIII 
was increased to almost threefold of that in normoxia group. 
The consistent result was exhibited in immunofluorescence 
graphs (Fig. 2B). The 12 h hypoxia treatment also increased 
the amount of apoptotic H9c2 cells (Fig. 2C), indicating that 
CAIII might participate in the apoptosis of cells in hypoxia 
environment (P < 0.01).

Overexpression or Silence of CAIII in H9c2 Cells

To determine the function of CAIII in H9c2 cells, the vec-
tor, CAIII(+), sh-CAIII, and sh-NC plasmids were con-
structed and transfected. Observation under microscope 
directly reflected that the plasmids were successfully trans-
fected into > 95% of the H9c2 cells (Fig. 3A). As presented 
in Fig. 3B and C, the protein and mRNA levels of CAIII 
were significantly increased in CAIII(+) group compared 
with Control + vector groups (P < 0.01), while those were 
significantly decreased in sh-CAIII group compared with 
Control + vector, sh-NC, and Control group (P < 0.01). All 
these data showed that overexpression/silence systems of 
CAIII were successfully constructed for the subsequent 
experiments.

Overexpression of CAIII Prevented Hypoxia‑Induced 
Viability Decline and Apoptosis in H9c2 Cells

After hypoxia treatment for 24 h, the CAIII level was sig-
nificantly upregulated in CAIII(+) group and downregu-
lated in sh-CAIII group compared with the normoxia group 
(Fig. 4A) (P < 0.01). Hypoxia treatment reduced H9c2 cells’ 
viability and increased the LDH release compared with 
the normoxia group (Fig. 4B, C) (P < 0.01). However, the 
overexpression of CAIII in CAIII(+) group alleviated the 
hypoxia-induced injury effects, while silence of CAIII in sh-
CAIII group no longer exhibited protective function due to 
reduced cell viability compared with hypoxia control group. 
The TUNEL results which represented the content of apop-
totic cells were consistent with the results above (Fig. 4D). 

These evidences all suggested that CAIII in H9c2 cells could 
prevent hypoxia-induced viability decline and cell apoptosis.

Overexpression of CAIII Alleviated Hypoxia‑Induced 
Cell Apoptosis Through Regulating Related Proteins

Our findings through flow cytometric analysis (Fig. 5A) 
indicated that 24 h treatment of hypoxia caused more obvi-
ous cell apoptosis compared with normoxia group. Interest-
ingly, this pro-apoptotic effect was remarkably reduced by 
overexpression of CAIII (P < 0.05). Then, western blotting 
was performed to detect apoptosis-related proteins, includ-
ing Bcl-2 that belongs to anti-apoptotic proteins, whereas 
Bax and caspase-3 that belong to pro-apoptotic proteins 
[23]. As shown in Fig. 5B, the level of Bcl-2 was dramati-
cally upregulated, while Bax and caspase-3 were down-
regulated by hypoxia treatment, which was attenuated by 
overexpression of CAIII (P < 0.05). Moreover, these effects 
could be greatly reversed when the expression of CAIII was 
inhibited using sh-CAIII.

Overexpression of CAIII Activated PI3K/Akt/mTOR 
Pathway

Results in Fig. 6A illustrated that the level of HIF-1α was 
increased and the proportion of p-PI3K, p-Akt, p-mTOR, 
and p-p70S6K to their total forms were decreased after 
hypoxia treatment (P < 0.05). The overexpression of CAIII 
significantly upregulated the expression of HIF-1α com-
pared with hypoxia + vector group; however, no significant 
difference in HIF-1α expression was observed between nor-
moxia + vector and normoxia + CAIII(+) group. Consist-
ently, overexpression of CAIII could enhance the proportion 
of p-PI3K, p-Akt, p-mTOR, and p-p70S6K. Furthermore, 
we found that the apoptosis of H9c2 cells was significantly 
increased under treatment with the specific mTOR inhibitor 
rapamycin (Fig. 6B). These results indicated that PI3K/Akt/
mTOR pathway might play an essential role in regulation of 
CAIII-mediated attenuation of hypoxia-induced apoptosis.

Discussion

Hypoxia refers to a series of pathological processes in the 
metabolism, function, and morphological structure of tis-
sues. These processes cause abnormal changes due to insuf-
ficient oxygen supply, which has been reported to occur in 
brain cells, skeletal muscle cells, and cardiomyocytes. A 
recent study found that the expression of enzymes such as 
calcium-dependent calmodulin kinase II was upregulated in 
rats with myocardial injuries that was induced by chronic 
intermittent hypoxia [24]. High concentrations of CAIII 
in muscle had a variety of biological activities that could 
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Fig. 2   Expression of CAIII was detected in normoxia group and 1, 
3, 6, 12  h of hypoxia treatment group. A Expression of CAIII pro-
tein was determined by western blotting. The relative expression 
was calculated via normalization to β-actin expression. B The CAIII 
protein expression was observed by immunofluorescence assay 

(bar = 20  μm). Red dots referred to CAIII proteins and blue dots 
referred to living H9c2 cells. C The content of apoptotic H9c2 cells 
was determined by flow cytometric analysis (*P < 0.05, **P < 0.01 
vs. normoxia group, #P < 0.05 between two groups)
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dispel or resist some fatigue-related substances [8]. CAIII 
has been reported to be gradually increased during muscle 
aging [25]. The activity of CAIII in serum was considered 
to be measured while measuring myoglobin content to dis-
tinguish damaged cardiomyocytes from other muscle cells, 
so that patients with myocardial infarction could be diag-
nosed within a few hours [26]. However, few studies have 
focused on their expression and role in myocardial tissues 
undergoing hypoxia. Since CAIII is very abundant in skel-
etal muscle cytoplasm and the myocardial CAIII content is 
very low compared with skeletal muscle, if the expression 
of CAIII in myocardial tissue or cells increases abnormally, 
the degree of myocardial damage can be judged according 
to the amount of its expression.

Our previous research showed that prenatal hypoxia 
would have a significant effect on the development of the 
fetal sheep's heart, causing myocardial tissue edema and 
abnormal mitochondrial distribution, thereby further caus-
ing cardiomyocyte apoptosis [22]. The proteomic results 
indicated that the CAIII, an important enzyme participated 
in multiple biological processes, was upregulated in myo-
cardial tissues of prenatal hypoxic fetal sheep [22]. Interest-
ingly, it was hypothesized that the body could upregulate 
the expression of CAIII for stimulus defense when con-
fronted with hypoxia circumstance. Therefore, exploring 
the changes in CAIII expression in the case of myocardial 

tissue injury is necessary to understand the mechanism of 
myocardial injury.

In previous investigation, hypoxia was found to par-
ticipate in inducing apoptosis of cardiac fibroblasts [27] 
and human pulmonary artery smooth muscle cells [28]. 
The content of apoptotic slow skeletal muscles cells was 
decreased after enhancing CAIII expression [29]. Consist-
ently, TUNEL assay and flow cytometric analysis imple-
mented in this study showed that the apoptotic H9c2 cells 
were significantly increased after hypoxia treatment, while 
overexpression of CAIII could attenuate the apoptosis. Dur-
ing hypoxia-induced apoptosis of human osteosarcoma cells, 
the expression of Bcl-2, an anti-apoptotic protein, was sup-
pressed. The treatment of adrenomedullin could block cell 
apoptosis and enhance the level of Bcl-2 [30]. The miR-
133b-5p could contribute to the protection of cardiomyo-
cytes by inhibiting the activation of pro-apoptotic proteins 
such as Bax and cleaved caspase-3 [31]. Wagdy et al. found 
that inhibition of CAIII could reduce Bcl-2 expression and 
upregulate capase-3 level [32]. Our findings also showed 
that overexpression of CAIII could increase the Bcl-2 level 
and decrease Bax and capase-3 level, suggesting that CAIII 
might alleviated hypoxia-induced cell apoptosis through 
regulating apoptosis-related proteins.

HIF-1α is a nuclear protein with transcriptional activity 
and has a fairly broad target gene spectrum, including nearly 

Fig. 3   Expression of CAIII was detected in control, control + vector, 
CAIII( +), sh-NC, and sh-CAIII group. A Transfection of vectors was 
observed by fluorescence microscope (scale bar = 100 μm). B Expres-
sion of CAIII protein was detected by western blotting. The relative 
expression was calculated via normalized to β-actin expression. C 

mRNA level of CAIII was detected by western blotting. The relative 
expression was normalized to GAPDH level. Green dots referred to 
vectors that were successfully transfected into H9c2 cells (*P < 0.05, 
**P < 0.01)
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100 target genes related to hypoxic adaptation, inflamma-
tion development, and tumor growth. It could be quickly 
degraded by cells under aerobic conditions, but stably 
expressed only under hypoxic conditions. A previous study 
found that there was significant overlapping existed between 
overexpression of HIF-1α and carbonic anhydrase [33]. The 
activation of PI3K/Akt/mTOR pathway, which played a reg-
ulatory role in multiple physiological functions including 
cell growth, differentiation, and autophagy, was reported 
to be regulated by HIF-1α [34]. The activated PI3K could 
be propagated to various substrates that included mTOR, a 
master regulator of protein translation, while the activated 
Akt could regulate cell functions by phosphorylating down-
stream factors including various enzymes and transcription 
factors [35]. Shen et al. demonstrated that HIF-1α partici-
pated in the expression of PI3K and the phosphorylation of 

Akt [36]. Another publication also indicated that expression 
of PI3K/Akt and mTOR/p70S6K1 signaling participated in 
the activation of HIF-1α [37]. Meanwhile, the expression 
of PI3K/Akt/mTOR and their phosphorylated proteins con-
tribute to attenuating apoptosis of human colorectal cancer 
cells [38]. Our western blotting results indicated that the 
level of HIF-1α was increased under hypoxia treatment and 
could be further upregulated by overexpression of CAIII, in 
which, the activated PI3K/Akt/mTOR pathway may also be 
participated.

A previous study reported that CAIX could interact 
with Dickkopf-1, a negative regulator of the Wnt signal-
ing pathway, and further induced CAIX-mediated mTOR 
phosphorylation in human cervical carcinoma cells [39]. 
Moreover, CAIII was demonstrated to enhance oral cancer 
cells migration ability through FAK/Src pathway, where 

Fig. 4   Apoptotic status after 24  h were detected in normoxia, 
hypoxia, hypoxia + vector, hypoxia + CAIII( +), hypoxia + sh-NC, 
and hypoxia + sh-CAIII group. A Relative expression of CAIII pro-
tein via normalized to β-actin expression. B H9c2 cell viability was 
detected by MTT assay. C LDH release was detected by Cytotoxic-

ity Assay Commercial kits. D The content of apoptotic H9c2 cells 
was observed by TUNEL assay (scale bar = 50 μm). The green dots 
referred to apoptotic cells and blue referred to DAPI, stained cells 
included apoptotic and live cells. *P < 0.05 between two groups; 
**P < 0.01 between two groups
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the overexpression of CAIII promoted the phosphoryla-
tion of FAK and Src, while inhibiting CAIII using siRNA 
significantly decreased the p-FAK and p-Src levels [40]. 
Similarly, the CAIII transfectants elevated the FAK and 
Src activity in hepatoma cells and contributed to its trans-
formation and invasion capability, indicating that CAIII 
potentially regulated the FAK expression and affected the 
downstream PI3K/Akt/mTOR pathway [41]. In the pre-
sent study, we found that overexpression of CAIII signifi-
cantly activated the PI3K/Akt/mTOR pathway, suggesting 
the possible role of PI3K/Akt/mTOR in CAIII-mediated 
attenuation of hypoxia-induced apoptosis in H9c2 cardio-
myocytes. However, whether CAIII could directly interact 
with PI3K/Akt/mTOR pathway or through its upstream 

genes such as FAK or Janus kinase pathways still needs 
further investigation.

In summary, this study aimed at elucidating the protec-
tion role of CAIII in hypoxia-induced cell apoptosis in sheep 
myocardial tissues and provided newly theoretical reference 
for therapy of hypoxia-induced injury. Moreover, other pro-
teins related to protective function from hypoxia includ-
ing REN, IGHM, APOBEC 3F, and SKOR2 could also be 
explored in-depth in the future, presenting an overall insight 
of the mechanism by which CAIII was regulated.

In the current study, we discovered that overexpres-
sion of CAIII could protect cell from apoptosis caused 
by hypoxia in H9c2 cells and alleviate cytotoxicity via 
upregulating HIF-1α level and stimulating PI3k/Akt/

Fig. 5   Levels of apoptosis-related proteins were detected in 
normoxia, hypoxia, hypoxia + vector, hypoxia + CAIII( +), 
hypoxia + sh-NC, and hypoxia + sh-CAIII groups. A The content of 
apoptotic H9c2 cells was determined by flow cytometric analysis. 

B Levels of cleaved caspase-3, Bcl-2, and Bax were determined by 
western blotting. The relative expression was calculated via normal-
ized to β-actin expression. *P < 0.05, **P < 0.01 between two groups
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mTOR pathway. Thus, CAIII might be a potential ther-
apeutic target for the development of treating hypoxia-
induced damage.
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