
Abstract 
Background/Aim: Cardiovascular disease (CVD) is the leading cause of death worldwide, accounting for 31% of 
all deaths. Biomarkers such as troponins and natriuretic peptides are crucial in diagnosing CVD. Recently, irisin 
(Ir), a myokine derived from the cleavage of fibronectin type III domain‑containing protein 5 (FNDC5), has been 
identified as a potential new biomarker for CVD. Ir is involved in regulating energy metabolism. This study aimed 
to determine the expression levels of the FNDC5 gene and the level of Ir in cardiomyocytes of the AC16 line 
subjected to hypoxia.  
Materials and Methods: AC16 cardiomyocytes were cultured under hypoxic conditions for two, four, and six hours. 
Molecular studies were conducted using western blot, immunofluorescence, RT‑PCR, immunoenzymatic test (ELISA), 
and electron microscopy methods.  
Results: FNDC5 gene expression was significantly elevated in cells subjected to hypoxia. Additionally, Ir levels 
increased in the first hours of hypoxia.  
Conclusion: Ir could be a potentially useful indicator for assessing CVD risk. Further research is needed to confirm 
whether elevated Ir levels under hypoxic conditions in AC16 cells represent a promising direction for the 
development of biomarkers for CVD. 
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Introduction 
 
Cardiovascular diseases (CVDs) represent the leading 
cause of mortality on a global scale. More than 17 million 
people die from CVD every year, representing 31% of all 
deaths globally (1). Biomarkers such as troponins, 
natriuretic peptides (NP), and C‑reactive protein (CRP) are 
of significant diagnostic value in the assessment of CVD 
risk (2). Troponins, particularly cTnI and cTnT, are vital 
for the diagnosis of myocardial injury, particularly in the 
context of myocardial infarction. Elevated troponin levels 
indicate myocardial damage, facilitating the early 
detection and treatment of acute coronary events. The 
interpretation of elevated troponin levels necessitates an 
understanding of the diverse range of cardiac and non‑
cardiac conditions that may give rise to such results. It is 
of paramount importance to be able to discern those 
instances where a normal or mildly elevated troponin 
result is not reassuring, in order to prevent misdiagnosis 
(3). Natriuretic peptides, including BNP and NT‑proBNP, 
are of significant value in the diagnosis and management 
of heart failure. These peptides reflect increased cardiac 
strain and can predict adverse outcomes in patients with 
CVD. Elevated peptide natriuretic levels may result from 
a number of conditions, not solely heart failure. Similar 
results may be produced by lung diseases, hypertension 
or stress (4). CRP is an inflammatory marker that plays a 
pivotal role in the diagnosis of CVDs. Its elevated levels 
indicate the presence of inflammation and predict the 
likelihood of future cardiovascular events, even in 
individuals without any overt symptoms or risk factors. 
However, the limitations of CRP as a disease marker are 
significant. Our understanding of its role is incomplete, 
and the interpretation of CRP results is challenging due to 
the lack of comprehensive algorithms that take into 
account factors such as diet and the immune system. 
Further research is needed to clarify the exact function of 
CRP and improve its diagnostic utility (5). Despite notable 
advancements over the past decade, current diagnostic 
markers exhibit substantial constraints that impede the 
early identification, accurate classification, and efficacious 

management of CVD (6, 7). The low level of Irisin (Ir) in 
the blood of individuals with CVD indicates its potential 
utility as a biomarker for the early detection and 
monitoring of CVDs. In contrast to currently employed 
biomarkers, Ir also exhibits therapeutic potential, 
whereby increasing its levels may enhance metabolic 
function and reduce the risk of cardiovascular 
complications. This renders Ir a promising tool not only 
for diagnostics but also for the treatment of CVD, 
distinguishing it from biomarkers that lack direct 
therapeutic effects (8). Therefore, the need to expand 
diagnostics with new biomarkers seems to be reasonable 
and Ir could be such a potential new marker in CVD (9). 

Ir is a myokine produced by cleavage of fibronectin 
type III domain‑containing protein 5 (FNDC5) and is 
involved in the regulation of energy metabolism. Ir is a 
peptide synthesized mainly by skeletal muscles and 
cardiomyocytes (10). It is released after proteolytic 
cleavage of the extracellular fragment of the FNDC5 
protein, which contains the fibronectin type III domain 
(11). Previous research indicates that Ir is most likely 
released by the ADAM10 protease (12). ADAM10 was 
reported to be modulated by HIF1α (13). Its potential 
roles include regulating heart function, preventing heart 
damage, remodeling the extracellular matrix, and 
inhibiting inflammatory reactions (14). In cell culture, 
increased expression of hypoxia‑inducible factor 1α 
(HIF1α) and peroxisome proliferator‑activated receptor 
gamma coactivator 1α (PGC1α) proteins, encoded by the 
HIF1α and PPRGC1A genes, respectively, can serve as 
indicators of hypoxia. HIF1α is a transcription factor that 
plays a pivotal role in the cellular response to low oxygen 
levels (hypoxia). Under normal oxygen conditions, it is 
subject to degradation. However, when oxygen levels 
decline, HIF1α undergoes stabilization and accumulation 
in the cell nucleus. Peroxisome proliferator‑activated 
receptor gamma coactivator 1α (PGC1α) is a transcription 
factor that plays a pivotal role in regulating cellular 
metabolism, particularly in response to environmental 
cues such as hypoxia (low oxygen). In hypoxic conditions, 
PGC1α is stabilized and activated (15). Due to the 
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association of Ir with PGC1α and HIF1α, it may be involved 
in the response of cells, including cardiomyocytes, to 
hypoxia. CVDs are closely linked to hypoxia, as insufficient 
oxygen availability plays a crucial role in their 
pathogenesis. HIF1α acts as a central regulator in these 
conditions, targeting mitochondria, which are primary 
sites of hypoxic injury and key players in oxidative stress 
(16). Yue R et al. (17) revealed that Ir protects 
cardiomyocytes from damage induced by transient 
hypoxia and reoxygenation (H/R). The researchers 
observed that apoptosis [induced by endoplasmic 
reticulum (ER) stress] of cardiomyocytes was inhibited 
through the 5’AMP‑activated protein kinase (AMPK) 
signalling pathway (17). Additionally, Gélinas et al. (18) 
showed that it prevents cardiac hypertrophy by activating 
the AMPK–mTOR signalling pathway. Ir protects 
cardiomyocytes from apoptosis, reactive oxygen species, 
and inflammation through the AMPK/mTOR signaling 
pathway. Additionally, Ir has been shown to activate the 
AMPK pathway, thereby exerting protective effects on 
cardiomyocytes, including inhibition of apoptosis. This 
pathway also affects the protection of cardiomyocytes 
against reactive oxygen species and inflammation (19). 

Additionally, Ir may exert a protective effect against 
cardiomyocyte apoptosis (20). Cardiomyocyte apoptosis 
influences cardiac dysfunction. Ir levels also impact the 
course of chronic diseases such as heart failure, 
ischemia/reperfusion injury, MI, and dilated cardiomyopathy 
(21‑23). MI most often occurs as a result of a reduction or 
stopping of blood flow to the heart, which results in the 
necrosis of part of the heart muscle. Additionally, MI may 
result from inadequate oxygenated blood supply or excessive 
cardiac demand (24). Aydin et al. (25) showed that the level 
of Ir in the blood decreased between 6 and 48 h after the 
onset of acute MI. A total of 72 h after MI, the Ir level gradually 
returned to the pre‑MI level. 

In our study, we induced chemical hypoxia on the AC16 
cell line in order to obtain an in vitro model. Due to the 
impact of Ir on cardiomyocytes, we conducted our research 
to determine the expression level of the Ir and FNDC5, 
HIF1α, and PPRGC1A genes in human cardiomyocytes of 

the AC16 line subjected to hypoxia for various periods of 
time. The aim of the study was to investigate whether Ir 
levels change under hypoxic conditions. To the best of our 
knowledge, our studies were the first to demonstrate the 
presence of Ir in the AC16 cell line, with levels varying 
depending on the duration of hypoxia. 

 
Materials and Methods 
 
Cell culture. Human immortalized cardiomyocytes cell line 
AC16 (Sigma‑Aldrich, St. Louis, MO, USA) was cultured in 
DMEM:F12 medium (Gibco, ThermoFisher Scientific, 
Waltham, MA, USA) with the addition of 12.5% FBS 
(human bovine serum), 1% L‑glutamine with penicillin 
and streptomycin solution (Sigma‑Aldrich) (26) under 
standard conditions in a humid atmosphere, 5% CO2, and 
37˚C in a HeraCell 150i incubator (ThermoFisher 
Scientific). Cells were passaged using a TrypLE solution 
(Gibco, ThermoFisher Scientific) at a confluence not 
exceeding 70%. 

To obtain hypoxic conditions, cardiomyocytes cell line 
AC16 was cultured in Optimem medium (Gibco, 
ThermoFisher Scientific) with the addition of 500 μmol/l 
of CoCl2 (Sigma‑Aldrich). The 500 μmol/l CoCl2 
concentration was selected in accordance with the 
methodology outlined by Han et al. (27). Cell culture under 
hypoxic conditions was maintained at 2, 4, and 6 h 
intervals. AC16 cells cultured under normoxia were used 
as a control. To confirm the presence of hypoxia, we 
measured the expression levels of the HIF1α and PPRGC1A 
genes in cardiomyocytes. Cell material and the medium 
after each time interval of incubation in hypoxic 
conditions and the control were stored at –80˚C for 
molecular studies. 

 
Immunofluorescence. For 24 h microculture, 600 μl of 
2×104 cells per well was seeded onto Millicell EZ 8‑well 
glass slides (Merck, Darmstadt, Germany) and incubated 
at 37˚C under hypoxia conditions (cobalt chloride) for 2, 4, 
and 6 h, as well as under normoxic conditions. After the 
incubation, the slides were fixed using 4% formaldehyde. 



Then, the cells were incubated with the primary antibody: 
polyclonal rabbit anti‑irisin/FNDC5 (dilution 1:50; Cat. No. 
NBP2‑14024; Novus Biologicals, Centennial, CO, USA) at 
4˚C overnight. Next, the slides were incubated for 1 h at 
room temperature (RT) with donkey anti‑rabbit secondary 
Alexa Fluor 568 conjugated antibody (1:2,000 dilution; 
clone, Cat. No. ab175470; Abcam, Carlsbad, CA, USA) and 
mounted using the ProLong Gold Antifade Mountant with 
4′,6‑diamidino‑2‑phenylindole (DAPI) (Invitrogen, 
Carlsbad, CA, USA). The observations were made using a 
Fluoview FV3000 confocal microscope (Olympus, Tokyo, 
Japan) with a 60×/1.40 oil immersion objective, coupled 
with Cell Sense software (Olympus). Two biological 
replicates and three technical replicates were conducted. 

 
Western blot. Using the western blot method, the levels of 
Ir protein expression were measured in the AC16 cell line 
cultured under hypoxic and normoxic conditions. Two 
biological replicates and three technical replicates were 
conducted. For each analysis, 5‑6×106 AC16 cells in the 
exponential growth phase were used. After washing with 
ice‑cold phosphate‑buffered saline (PBS), cells were lysed 
with RIPA buffer [50 mM Tris HCl; 150 mM NaCl; 0.1% SDS; 
1% Igepal (CA‑630, Merck); 0.5% sodium deoxycholate; 
protease inhibitor cocktail (Merck); 0.5 mM PMSF] for 20 
min on ice. The concentration of isolated cell lysate protein 
was measured using the Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific) and a Nano Drop 1000 
spectrophotometer (Thermo Fisher Scientific). Protein 
samples were denatured at 95˚C for 10 min in sample 
loading buffer GLB (250 mM Tris‑HCl, 40% glycerol, 20% 
β‑mercaptoethanol, 8% SDS and bromophenol blue), 
transferred to PSQ membranes (Millipore, Burlington, MA, 
USA) and blocked with 2% non‑fat milk (Bio‑Rad, Marnes‑
la‑Coquette, France) in Tris‑buffered saline (TBS) for 1 h at 
RT. Ir expression was detected using a mouse monoclonal 
anti‑human anti‑irisin/FNDC5 antibody (dilution 1:200 in 
0.5% milk in 0.1%TBST; FNDC5/Irisin Antibody (Cat. No. 
LS‑C757903, LSbio); troponin was detected using mouse 
monoclonal anti‑cardiac Troponin I (dilution 1:250 in 0.5% 
milk in 0.1%TBST; Cat. No. MA1‑20112, Thermo Fisher 

Scientific). The membrane was incubated with primary 
antibodies overnight at 4˚C. Subsequently, the membrane 
was incubated with the secondary horseradish peroxidase 
conjugated with donkey anti‑mouse antibody diluted in 
0.5% milk in 0.1% TBST (dilution 1:3,000; Cat. No. A‑
21202; Jackson Immuno Research, Cambridge, UK) for 1 h 
at RT. The proteins were visualized using the Luminata 
Classico Western HRP Substrate (Millipore). The membrane 
was stripped and incubated with monoclonal mouse anti‑
actin antibody (dilution 1:500, clone AC‑40, Cat. No. A4700, 
Merck) used as the loading control. The data are 
documented for exposure times ranging from 2 s to 30 min 
in the Chemi‑Doc XRS Molecular Imager apparatus (Bio‑
Rad). The optical density of the protein bands was 
measured with the use of the Image Lab (Bio‑Rad) software. 

 
Transmission electron microscopy (TEM). AC16 human 
cardiomyocyte cells were cultured under hypoxia conditions 
(cobalt chloride) (at 37˚C for 2, 4, and 6 h). Next, the cells were 
trypsinized, rinsed (twice) with phosphate buffer saline (PBS; 
pH 7,4), centrifuged (800 rpm, 5 min), suspended in PBS, and 
processed as described before (28). Briefly, the cell pellets 
were fixed in a 3.6% (v/v) glutaraldehyde (SERVA 
Electrophoresis, Heidelberg, Germany) in 0.1 M (pH 7.4) 
cacodylate buffer (SERVA Electrophoresis) with saccharose. 
Subsequently, cell pellets were entrapped in the fibrin clot 
and post‑fixed in 1% (v/v) osmium tetroxide OsO4 (2% 
solution in water, cat. no. AGR1019, Agar Scientific, Stansted, 
Essex, UK). Following steps included washing, dehydration 
in ethanol and acetone, and embedding in epoxy resin (Epon 
812, SERVA Electrophoresis). Specimens were cut into 
ultrathin sections and transferred on the rhodium‑copper 
grids. The grids were counterstained using the urany Less 
solution and Reynold’s lead citrate 3% (Electron Microscopy 
Sciences, Hatfield, PA, USA). Analysis was performed using a 
transmission electron microscope (JEM‑1011, JEOL, Tokyo, 
Japan) at 80 kV accelerating voltage. The images were 
documented at magnifications ranging from 3× to 100,000×. 
Electronograms were obtained using the TEM imaging 
platform (iTEM1233) equipped with a Morada Camera 
(Olympus, Münster, Germany). 
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Real‐time PCR (RT‐PCR). RT‑PCR was performed for AC16 
cells cultured under hypoxia conditions (cobalt chloride) 
for 2, 4, and 6 h, as well as under normoxic conditions. RNA 
was isolated using the RNeasy Mini Kit (Qiagen, 
Germantown, MD, USA). Reverse transcription reactions 
were performed using the High‑Capacity cDNA Reverse 
Transcription Kit with RNase Inhibitor (Applied 
Biosystems, Waltham, MA, USA). The expression level of 
FNDC5 (FNDC5; TaqMan Gene Expression Assay Applied 
Biosystems; Hs00401006_m1), HIF1α (Hif1α, TaqMan Gene 
Expression Assay Applied Biosystems Hs00153153_m1), 
and PPRGC1A (PGC‑1α, TaqMan Gene Expression Assay 
Applied Biosystems Hs00173304_m1) was assessed using 
the 7900HT Fast Real‑Time PCR System (Applied 
Biosystems). Thermal cycling conditions were as follows: 
polymerase activation at 50˚C for 2 min, preliminary 
denaturation at 94˚C for 10 min, denaturation at 94˚C for 
15 s, annealing of primers and probes, and synthesis at 60˚C 
for 1 min, for 40 cycles. Relative expression (RQ) of FNDC5, 
HIF1α, and PPRGC1A mRNA was calculated using the ΔΔCt 
method. Analysis was performed using RQ Manager 1.2 
software (Applied Biosystems). Results were normalized to 
the reference gene β‑actin (ACTB; TaqMan Gene Expression 
Assay, Applied Biosystems; Mm00607939_s1). The 
evaluation of genes expression by real‑time PCR was 
performed in tree repetitions. Two biological replicates and 
three technical replicates were conducted. 
 
Enzyme‐linked immunosorbent assays (ELISA). To assess 
the level of Irisin and Cardiac Troponin I secreted into 
the culture medium by AC16 cells, ELISA was performed. 
The culture medium from cells cultured under hypoxia 
conditions (cobalt chloride) (at 37˚C for 2, 4, and 6 h) 
was collected and stored at –80˚C. Troponin I level was 
tested using the Cardiac Troponin I (TNNI3) Human 
ELISA Kit (Cat. No. EHTNNI3, Thermo Fisher Scientific); 
Ir level was tested using the Irisin ELISA kit (cat. no. EK‑
0670‑29, Phoenix Pharmaceuticals, Burlingame, CA, 
USA). In both cases, we used the testing protocol 
described by the manufacturer. The results were verified 
using an ELX‑800 microplate reader (BIO‑TEK 

Instruments, Winooski, VT, USA). The study was 
conducted in duplicate.  
 
Statistical analysis. Kruskal‑Wallis and Mann‑Whitney 
tests were used to compare the groups of data that did not 
meet the assumptions of the parametric test. The 
statistical analysis was made using Prism 5.0 (GraphPad, 
La Jolla, CA, USA). The results were considered statistically 
significant at p<0.05. 

 
Results 
 
Increase in IR protein expression with prolonged hypoxia. 
The IF reaction for Ir protein showed an increase in its 
expression with increasing hypoxia time (Figure 1A). For 
zero hours (control, normoxia conditions) of exposure, the 
average grey intensity value was 415.97, and for 2, 4, and 
6 h of hypoxia it was: 836.65, 891.37, and 1729.16, 
respectively (Figure 1B). 
 
Fluctuations in Ir levels under hypoxic conditions. Ir levels 
in AC16 cardiomyocytes changed in response to hypoxia. 
To compare the levels of Ir in AC16 cardiomyocytes 
exposed to hypoxia for different periods of time, we 
performed an analysis using the western blot method. Ir 
levels fluctuated during hypoxia, peaking after 2 h of 
exposure. Subsequently, Ir levels declined during the 4th 
and 6th h of hypoxia (Figure 2). 

We did not obtain positive results confirming the 
presence of troponin I using this method. Using antibodies 
against troponin I, we detected a molecule with a mass of 
approximately 75 kDa. 

 
Gene expression changes in cellular adaptation to hypoxia. 
Using the RT‑PCR method, the expression levels of the 
FNDC5, PPRGC1A, and HIF1A genes were analyzed 
depending on the duration of hypoxia. The obtained 
results indicated a significant increase in FNDC5 mRNA 
expression in cells subjected to hypoxia compared to the 
control (Figure 3A). However, there was no statistically 
significant difference in FNDC5 expression depending on 
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the duration of hypoxia. An increase in the expression of 
the PPRGC1A and HIF1A genes was also observed in cells 
subjected to hypoxia. The increase in the expression of 
these genes may reflect a general adaptation of cells to 
hypoxic conditions (Figure 3B and C). 
 
Ultrastructural changes in cardiomyocytes during hypoxia. 
Changes in cellular organelles were evaluated using TEM 
(Figure 4). Particular attention was paid to alterations that 
could be related to hypoxia. 

Cells under normoxia were characterized by a regular 
shape and a large, euchromatic nucleus occupying almost 
the entire space inside of the examined cells. The cell 
membrane was usually smooth, with sometimes 
numerous vesicles visible, suggesting an intense process 
of exocytosis. In the cytoplasm, there were few, small, 
electron‑dense mitochondria with a typical structure, as 

well as a few multi‑vesicular bodies (Figure 4A and B). 
However, elements indicating the presence of a contractile 
apparatus characteristic of cardiomyocytes in vivo were 
not found. 

As the duration of hypoxia increased, more 
ultrastructural hallmarks characteristic of hypoxia 
appeared. Autophagosomes began to appear, sometimes 
with contents characteristic of mitophagy (Figure 4E‑F) 
(29). Mitochondria began to acquire a bowl shape that 
occurs in a state of oxygen stress after just 2 h of hypoxia, 
with visible damage to the inner mitochondrial 
membrane (30). Finally, changes indicating the early 
stages of cell death could be observed in the cells 
including organelle dilation, condensed nucleoplasm, and 
loss of cell membrane integrity (31). Similarly to cells 
cultured under normoxia, the contractile apparatus was 
also absent. 
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Figure 1. Effect of hypoxia on fluorescence intensity over time. (A) Representative immunofluorescence images of cells exposed to hypoxia for varying 
durations (0, 2, 4, and 6 h). Green fluorescence denotes the localization of Irisin protein, while blue fluorescence (DAPI) indicates the presence of 
nuclei. (B) Quantitative analysis of fluorescence intensity (IF value, mean±SD) at varying durations of hypoxia exposure. Data are presented as 
absolute values. The bars represent the mean fluorescence intensity, with the error bars indicating the standard deviation (SD). Magnification 40×. 
*p≤0.05. IF: Immunofluorescence.



Lack of secretion of Ir into the culture medium. In the ELISA 
conducted on the culture medium collected from the cells, 
we did not detect troponin I. Insignificant changes in the level 
of Ir in the supernatant were observed, with no noticeable 
effect of hypoxia on the release of Ir into the culture medium. 
This suggests that its release is regulated by mechanisms 
other than the duration of hypoxia (Figure 5). 

Discussion 
 
In our study, we induced chemical hypoxia on the AC16 
cell line in order to obtain a MI model. The occurrence of 
hypoxia was confirmed by an increase in the expression 
of the PPRGC1A and HIF1A genes, as evidenced by the 
results of the gene expression analysis. TEM was 
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Figure 2. Expression of Irisin (Ir) under hypoxic conditions analyzed by western blot. (A) Western blot analysis of Ir (monomer, 23 kDa) and β‐Actin 
(loading control, 40 kDa) in cells exposed to hypoxia for 0, 2, 4, and 6 h. The bands corresponding to Ir and β‐actin are indicated by arrows. The molecular 
weight markers (in kDa) are shown on the right. (B) Densitometric analysis of Ir expression was performed, with the results normalized to β‐actin. The 
data are presented as the mean optical density±SD. The bars represent the mean values, and the error bars indicate the standard deviation (SD). 

Figure 3. Relative expression of FNDC5, HIF1A, and PPARGC1A under hypoxia. Comparison between expression levels of the FNDC5 (A), HIF1A (B) 
and PPRGC1A (C) genes in AC16 cells under normal conditions and after hypoxia. The data are presented as mean±standard deviation (SD). *p≤0.05, 
**p≤0.005.
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Figure 4.  Transmission electron microscopy. Comparison of general cell morphology in normoxia (A, B) and after 2, 4, and 6 h of hypoxia (C‐H). A, B) 
Normoxia. The cytoplasm of cells in normoxia shows numerous mitochondria with a regular, tubular shape, and clear, bright cristae (arrows). In 
addition, multivesicular bodies (arrowheads), and other intracellular vesicles can be found. C) After 2 h of hypoxia. Adaptive processes to hypoxia 
can be seen in the cytoplasm. In the cell on the left, enlarged, irregularly shaped mitochondria are visible (arrows). In another cell on the right, 
numerous autophagic vesicles and signs of significant mitophagy (arrowheads) are observed. D) After 2 h of hypoxia. Some cells display numerous 
small intracellular vesicles, most often without visible cargo (arrowheads). The arrows indicate mitochondria with damaged cristae. E) After 4 h of 
hypoxia. Mitochondria often have a highly irregular shape, including the hallmark bowl‐shaped morphology characteristic of hypoxia (arrow). Signs 
of progressive autophagy are visible (arrowheads). F) After 4 h of hypoxia. In cells with better‐preserved mitochondria (arrows), even more intensified 
mitophagy and autophagy are visible (arrowheads). G, H) After 6 h of hypoxia. At the ultrastructural level, very significant changes are visible. 
Mitochondria become visibly larger (arrows), and numerous vesicles appear (arrowheads), resembling in morphology those seen after an extremely 
long period of hypoxia.



employed to ascertain the cellular response to CoCl2 at the 
ultrastructural level, with observations made following 2, 
4, and 6 h of exposure. The obtained image was consistent 
with standard determinants of hypoxia, namely increased 
autophagy and a change in the morphology of the cell 
membrane and mitochondria. These observations are also 
consistent with the results obtained using RT‑PCR, which 
demonstrated that the observed levels of HIF1Aand 
PPRGC1A increased after exposure of cells to CoCl₂. The 
modest increase in HIF1A levels observed in our study is 
consistent with the earlier findings of Marzook et al. (32), 
who reported a slight elevation in HIF1A mRNA levels 
under hypoxic conditions in AC16 cardiomyocytes. Both 
results suggest that treatment of AC16 cells with CoCl2 
induces a hypoxic or hypoxia‑like state. 

Our research indicated an increase in Ir level during 
hypoxia, with variations in the time point at which the peak 
level was observed depending on the method employed. 
RT‑PCR analysis revealed that FNDC5 expression peaked 
after 6 h of hypoxia. Similarly, IF analysis indicated that Ir 
levels were highest after the same 6 h period of hypoxia. 
FNDC5, a precursor of Ir, was also detected in the cells 
during this period (33). In contrast, the western blot 
method revealed that the highest Ir levels occurred after 2 
h of hypoxia. Furthermore, an ELISA test demonstrated a 
slight increase in Ir levels after 4 h hypoxia, which could 
indicate the release of Ir from damaged cardiomyocytes. 
Aydin et al. (25) observed a decline in Ir levels in the blood 
of patients following MI, with a reduction occurring 
between 6 and 48 h after the onset of acute MI. Within 72 
h of MI, the Ir level gradually returned to the pre‑MI level. 
A reduction in the Ir level in plasma may indicate its 
accumulation in cardiomyocytes due to hypoxia. However, 
the study by Aydin et al. (25) is not directly comparable to 
the results obtained from an immortalized cardiomyocyte 
line, as it was based on patient serum analyses. ELISA 
analysis demonstrated that there was no statistically 
significant reduction in Ir protein concentration in the 
supernatant following a 6 h incubation period. However, 
due to the observed decline in cell viability under 
prolonged hypoxia, the experimental time could not be 

extended beyond this point. Unfortunately, there are no 
studies on human cardiomyocyte cell lines available for 
direct comparison with our results. 

So far, no studies have been conducted to determine the 
level of Ir level in AC16 line cardiomyocytes. Kim et al. (34) 
used AC16 cells as a control to study FNDC5 expression in 
the liver. AC16 cardiomyocytes showed high mRNA 
expression levels of three FNDC5 variants, consistent with 
those observed in normal heart tissues. FNDC5 expression 
varied across tissues and was consistent with the levels 
observed in AC16 cell lines. This may result from changes 
in transcription during immortalization and adaptation of 
cells in in vitro environments (35). In our study, we used the 
RQ measurement method utilizing a housekeeping gene, 
unlike the study by Kim et al., which utilized the B2M 
method based on β2‑microglobulinas (34) However, it 
should be emphasized that the study by Kim et al. showed 
that FNDC5 expression is lower in AC16 cells compared to 
primary cardiomyocytes, which may explain our diverse 
results. The results of our study corroborate those of Ho et 
al. (36) who demonstrated in their mouse studies that 
excessive Ir expression induces increased production of 
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Figure 5.  Irisin (Ir) concentration under hypoxia measured by ELISA. 
Bar chart showing Ir levels (ng/ml) in the culture media of cells 
exposed to hypoxia for 0, 2, 4, and 6 h. Data are presented as 
mean±SD. No statistically significant differences were observed 
between the time points. 



reactive oxygen species (ROS) and enhances cardiomyocyte 
apoptosis under hypoxic conditions. Furthermore, these 
authors observed increased mortality of primary rat 
cardiomyocytes cultured in vitro following exposure to Ir 
under hypoxia. The observed increase in Ir expression in 
our study may account for the apoptosis of cardiomyocytes; 
however, a direct comparison with the aforementioned 
study is not possible due to differences in species and study 
methodology (36). 

In our study, we observed an increase in Ir levels in cells 
cultured under hypoxic conditions. Our previous studies 
on the HL‑1 cell line demonstrated an increase in Ir levels 
in mouse cardiomyocytes exposed to hypoxia for 24 h (37). 
In contrast, Moscoso et al. (38) reported a decrease in Ir 
levels in rat H9C2 cardiomyocytes, which is likely due to 
the use of a different cell line. Unfortunately, they employed 
different time points, which makes a direct comparison 
with our results impossible. AC16 cardiomyocytes are 
unable to withstand the duration of hypoxia employed in 
studies using H9C2 cells. The mouse HL‑1 and rat H9C2 
cell lines, exhibit resistance to hypoxia, which limits their 
utility as models for this particular type of injury (39). 

A mutation in the FNDC5 gene, which encodes Ir, may 
result in reduced expression of this gene in humans. 
Consequently, studies utilizing animal cell lines may not 
provide an accurate representation of the subject matter. 
Therefore, comparisons based on research conducted 
using animal cells may not be meaningful (40). The 
findings from our studies on a human model that is not 
resistant to hypoxia may prove to be of greater relevance 
for future clinical research. In order for a potential 
biomarker for CVD to be considered, it should exhibit 
rapid changes in blood levels in patients. Currently, the 
most common biomarkers are troponins. 

Troponin is a protein complex that is found in the 
contractile apparatus of cardiomyocytes. In the event of 
cardiomyocyte damage, the troponin complex is released 
into the extracellular matrix (41). TnI present in the 
bloodstream has its origin in the breakdown of troponin 
complexes that form the contractile apparatus (42). In the 
present study, we did not detect troponin by either 

western blot or ELISA in the supernatant. Instead, we 
observed a larger protein of 75 kDa. This result was 
unexpected but could be reasonable, as troponin in 
cardiomyocytes is primarily localized within the 
contractile apparatus (41). Subsequently, TEM, was 
employed to examine the AC16 cells, which were 
observed to be devoid of a contractile apparatus. This 
provides an explanation as to why TnI release was not 
detected, given that TnI is primarily released from the 
contractile apparatus of damaged cardiomyocytes (42). 
Suggestions regarding deficiencies in proteins of the 
contractile apparatus in AC16 cardiomyocytes have been 
previously noted in studies by Onódi et al. (39). They 
demonstrated an eight‑fold decrease in mRNA 
expression associated with contractile mechanism 
elements and ryanodine 1 and 2 receptors in AC16 cells 
compared to primary cardiomyocytes. Our results 
confirm this observation and explain why we did not 
observe an increase in troponin, which is mainly present 
in contractile apparatuses. However, to the best of our 
knowledge, other researchers have not used TEM 
imaging to confirm its absence. In our study, we were the 
first to observe a complete lack of contractile 
apparatuses in the AC16 cell line. This observation is 
important because it indicates a significant limitation of 
this cell line as an in vitro model for studying 
cardiomyocytes under hypoxic conditions. The AC16 cell 
line, commonly used in research, was developed through 
the fusion of human fibroblasts transformed with SV40 
(uridine auxotrophs lacking mitochondrial DNA) with 
human ventricular cardiomyocytes. These cells retain 
nuclear and mitochondrial DNA from primary 
cardiomyocytes (26). Research by Kapoor et al. (43) 
showed that AC16 cells are similar to human skin 
fibroblasts and skeletal muscle myoblasts. However, AC16 
lineage cells synthesize cardiomyocyte‑specific proteins 
and maintain cardiac nuclear and mitochondrial DNA 
(44). Currently, there is no cell line that is an ideal model 
of cardiomyocytes (45). The best model for study is 
primary human cardiomyocytes, but for ethical reasons 
they are difficult to obtain. Among the immortalized cell 
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lines, the AC16 line is a model for the study of ischemia‑
reperfusion injury.  

The AC16 cell line was employed as an in vitro model 
to investigate the effects of hypoxia, which was simulated 
to mimic conditions of a myocardial infarction. Hypoxia 
resulted in the up‑regulation of PPRGC1A and HIF1A, 
indicative of a hypoxic environment. Ultrastructural 
changes observed via TEM, including enhanced autophagy 
and mitochondrial alterations, further corroborated the 
establishment of a hypoxic cellular state. 

Ir levels exhibited an initial increase followed by a 
decline, suggesting potential exhaustion or damage to 
cellular defense mechanisms. FNDC5 expression was 
markedly up‑regulated, possibly reflecting an early 
cellular response to oxidative stress. Further research is 
required to confirm the role of Ir in CVD. Furthermore, 
future studies should investigate the mechanisms of Ir 
regulation in cardiomyocytes, the role of Ir in protecting 
cells from hypoxia, and the potential impact of Ir on the 
diagnosis and treatment of CVDs. 

 
Conclusion 
 
In our study, we analyzed the effects of chemical hypoxia 
on the human AC16 cell line as an in vitro model of MI. 
Hypoxia induces an increase in the expression of PPRGC1A 
and HIF1A genes. Elevated levels of PPRGC1A and HIF1A 
genes confirmed the occurrence of hypoxia in our studies. 
TEM revealed ultrastructural alterations, such as 
enhanced autophagy and morphological changes of the 
cell membrane and mitochondria after exposure to CoCl2, 

which may reflect the overall adaptation of cells to hypoxic 
conditions. The observed ultrastructural changes in AC16 
cells under hypoxia are characteristic of oxidative stress. 

The level of Ir in AC16 cardiomyocytes initially 
increased in response to hypoxia and then decreased, 
which may suggest depletion of cellular defense 
mechanisms or damage. The expression of the FNDC5 
gene increased rapidly and independently of the duration 
of hypoxia, which may be related to an early cellular 
response to oxidative stress. 
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