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Abstract. – OBJECTIVE: Oxidative stress 
and hypoxia play an important role in the 
pathogenesis of various cardiovascular dis-
eases. We aimed to evaluate the effectiveness 
of sacubitril/valsartan (S/V) and Empaglifloz-
in (EMPA) on hypoxia-inducible factor-1α (HIF-
1α) and oxidative stress in H9c2 rat embryonic 
cardiomyocyte cells. 

MATERIALS AND METHODS: BH9c2 car-
diomyocyte cells were treated with methotrex-
ate (MTX) (10-0.156 μM), empagliflozin (EMPA; 10-
0.153 µM) and sacubitril/valsartan (S/V; 100-1.062 
µM) for 24, 48 and 72 h. The half maximum inhib-
itory concentration (IC50) and half maximum exci-
tation concentration (EC50) values of MTX, EMPA 
and S/V were determined. The cells under investi-
gation were exposed to 2.2 μM MTX before treat-
ment with 2 μM EMPA and 25 μM S/V. The cell vi-
ability, lipid peroxidation, oxidation of proteins 
and antioxidant parameters were measured while 
morphological changes were also observed by 
transmission electron microscopy (TEM). 

RESULTS: The results showed that treatment 
with 2 µM EMPA, 25 µM S/V or their combina-
tion produced a protective effect against the re-
duction in cell viability caused by 2.2 µM MTX.  
While HIF-1α levels plunged to their lowest with 
S/V treatment, oxidant parameters dipped, and 
antioxidant parameters soared to their high-
est level with S/V and EMPA combination treat-
ment. A negative correlation was found be-
tween HIF-1α and total antioxidant capacity in 
the S/V treatment group. 

CONCLUSIONS: A significant decrease in 
HIF-1α and oxidant molecules together with an 

enhancement in antioxidant molecules and nor-
malization of the mitochondria morphology as 
observed on electron microscopy in S/V and 
EMPA-treated cells were detected. Although S/V 
and EMPA have both protective effects against 
cardiac ischemia and oxidative damage, this ef-
fect may be increased more with S/V treatment 
alone compared to combined treatment.
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factor-1α, Oxidative stress.

Introduction

Heart diseases remain a serious health problem 
worldwide. That is because when cardiomyocytes 
are irreversibly injured, they cannot regenerate 
since the myocardium lacks myogenic stem cel-
ls capable of replacing the cells it lost and the 
essential contraction function they perform. In-
stead, the cardiomyocytes that undergo necrosis 
due to infarction are replaced by non-contractile 
fibroblasts and collagen. As a result, regional 
contraction disorders occur in varying degrees 
(hypokinesia, akinesia, dyskinesia, etc.)1. 

Sacubitril/valsartan (S/V) is a combination 
of an angiotensin receptor blocker (valsartan) 
and a neprilysin inhibitor prodrug (sacubitril)2. 
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Empagliflozin (EMPA), dapagliflozin, canagli-
flozin, and ertugliflozin, on the other hand, are 
selective inhibitors of sodium-glucose co-tran-
sporter type-2 (SGLT-2) used in the treatment of 
type 2 diabetes mellitus (T2DM), while sotagli-
flozin is an inhibitor of both SGLT-1 and 23. Eu-
ropean Society of Cardiology (ESC) guidelines4 
recommend those SGLT inhibitors, primarily 
empagliflozin among them, as the first choice 
in the treatment of T2DM in patients with car-
diovascular diseases (CVD) for their positive 
cardiovascular effects. 

In hypoxic conditions, two main signaling sy-
stems are activated in the body: AMP activated 
protein kinase (AMPK) and hypoxia-inducible 
(HIF) factor pathways. When the intracellular 
ATP level decreases, the AMPK pathway is 
activated, inhibiting anabolic processes while 
accelerating catabolic processes. HIF plays a 
key role in the cellular response to hypoxia in 
all mammalian cells5. Even in the absence of 
hypoxic conditions, cells constantly synthesize 
and degrade the HIF-α protein6.  

There is a balance between reactive oxygen 
species (ROS) and “antioxidant system” in phy-
siological circumstances. Some growth factors, 
hormones and neurotransmitters in the cell use 
ROS as second messengers. However, excessive 
production of ROS (often due to exposure to 
chemicals, UV, ionizing radiation, and bacterial/
viral infections) disrupts the balance of the body. 
It can damage cellular proteins and lipids and 
initiate carcinogenic activity by forming inserts 
in DNA. Not only ROS, but also the resulting 
oxidized lipid products [such as malondialdehyde 
(MDA) and 4-hydroxynonenal] lead to protein 
and DNA damage. This condition is altogether 
called the “oxidative stress”. Increased oxidative 
stress has been viewed7 as one of the potential 
common etiologies in various CVD. Previously, it 
has been reported that S/V and EMPA protect the 
cellular antioxidant defense system against oxida-
tive stress by reducing lipid peroxidation activity 
in heart failure, myocardial infarction, and dia-
betic cardiomyopathy as shown in experimental 
and human studies8-16. Although S/V and EMPA 
reduce oxidative stress pathways in endothelial 
and cardiac cells17,18, the exact underlying mecha-
nisms remain unclear to this day.

In this study, the effects of S/V and EMPA 
on cell viability and also on HIF-1 in relation to 
inflammatory pathways during cell death in cells 
under hypoxic conditions, oxidative stress-activa-
ted lipid peroxidation, oxidation of proteins, and 

antioxidant in H9c2 cardiomyocyte cells were 
investigated. The results separately obtained were 
eventually compared with each other to draw a 
more reliable conclusion as to the effect of each 
agent, and that of their combined use. 

Materials and Methods

All chemicals used in the study were provided 
by Sigma-Aldrich, Istanbul, Turkey.

Cell Culture Model
The study was conducted using H9c2 (2-1) car-

diomyocyte cell line [The American Type Cul-
ture Collection (ATCC), Manassas, VA, USA]. 
The H9c2 cells were grown in high-glucose Dul-
becco’s modified Eagle’s (DMEM; S.p.A.; Pero, 
Italy) supplemented with 10% heat inactivated 
fetal bovine serum (FBS; S.p.A.; Pero, Italy) and 
antibiotic solutions (100 U/mL penicillin and 100 
U/mL streptomycin) (S.p.A.; Pero, Italy). The 
cells were seeded into 96-well plates (1x104 cells/
well) and cultured in a humidified atmosphere 
at 37°C containing 5% CO2. To investigate the 
effects of EMPA and S/V in MTX-induced H9c2 
cells, the cells were incubated with MTX in com-
plete culture medium for 48 h prior to addition of 
EMPA, S/V or their combinations.

Cell Viability Assay
In order to assess cell viability, prolifera-

tion, and cytotoxicity, the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
test is employed to quantify cellular metabolic 
activity. This colorimetric assay relies on metabo-
lically active cells to convert the yellow tetrazo-
lium salt MTT to purple formazan crystals. The 
NAD(P)H-dependent oxidoreductase enzymes in 
the live cells convert MTT to formazan. Using a 
solubilization solution to dissolve the insoluble 
formazan crystals, the colored solution is then 
analyzed by measuring its absorbance with a 
spectrophotometer. The reference is that there are 
more metabolically active, viable cells in a solu-
tion that is darker19,20.

H9c2 (2-1) cardiomyocyte cells were treated 
with different concentrations of methotrexate 
(MTX, Submex; Abdi Ibrahim, Istanbul, Tur-
key) (10-0.156 μM) and empagliflozin (Jardiance, 
Boehringer Ingelheim, Frankfurt, Germany) (10-
0.153 µM) and sacubitril/valsartan (S/V, Novar-
tis, Basel, Switzerland) (100-1.062 µM) for 24, 
48 and 72 h at 37°C in a humidified atmosphere 
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containing 5% CO2. MTX stock solution was 
diluted with 1% dimethyl sulfoxide (DMSO). 
EMPA and S/V were dissolved in DMSO. Final 
concentrations of all drugs were prepared in cell 
medium containing a non-toxic ratio of DMSO (≤ 
0.05%). MTT colorimetric assay (Merck KGaA, 
Darmstadt, Germany) was used to evaluate cell 
viability. The medium was removed, and 100 μL 
DMEM and 20 MTT (5 mg/mL) were added to 
each well for 3 h. The formazan crystals that for-
med in intact cells were dissolved in 100 μL DM-
SO. Absorbance was recorded at a wavelength of 
490 nm, and at a reference wavelength of 570 nm, 
using a microplate reader (Multiskan GO-Ther-
mo, Waltham, MA USA). Using optical density 
(OD), the half maximum inhibitory concentration 
(IC50) and half maximum excitation concentration 
(EC50) values for MTX, EMPA and S/V were 
calculated for each incubation time (24 h, 48 h, 
and 72 h) with the GraphPad Software Prism ver. 
9 (San Diego, CA, USA). 2.2 µM MTX, 2 µM 
EMPA and 25 µM S/V were used for 48 h. The 
cell viability was calculated by considering the 
control as 100%.

Cell Lysate Preparation
Using 1xRipa lysis buffer and a protease inhi-

bitor cocktail set (Merck KGaA, Darmstadt, Ger-
many), a cell lysate from all groups was created at 
the conclusion of the experiment. 300 µL of Ripa 
lysis buffer (0.5 M Tris-HCl, pH 7.4, 1.5 M Na-
Cl, 2.5% deoxycholic acid, 10% NP-40, 10 mM 
EDTA) together with a protease inhibitor cocktail 
(1:200) were added after the cells have been wa-
shed twice with cold 1xPBS. The cells were bla-
sted by pipetting on ice, and the cell suspension 
was incubated for 30 min at +4°C in a shaking 
water bath. It was then centrifuged at 14,000 
xg for 30 min at +4°C. After centrifugation, the 
supernatants were transferred to fresh eppendorf 
tubes, and the resulting cell lysates were kept in a 
deep freezer at -80°C until measurement.

Transmission Electron Microscopic 
Examination

H9c2 (2-1) cardiomyocyte cells were seeded in 
6-well plates at a density of 3 x 105 cells per well 
and experimental groups were designed. After that, 
the cells were treated with 0.25% Tripsin-EDTA 
for the dissociation from the surface of the well 
plates and were washed with PBS. Next, the cells 
were fixed with 2.5% glutaraldehyde for 1 hour at 
4°C. Afterwards, glutaraldehyde was replaced by 
PBS and the cells were post-fixed with osmium 

tetroxide. The cells were incubated with grading 
ethyl alcohol series (50%, 70%, 80%, 90%, 96%, 
and 100%) for dehydration process after the em-
bedding in 2% agar. The cells were exposed to 
propylene oxide, propylene oxide-araldite mix, and 
araldite solutions, respectively, for embedding in 
araldite blocks. Finally, polymerization was per-
formed at 60°C for 48 hours. Semi-thin sections 
were taken from araldite blocks by ultramicrotome 
(Reichert UM3, Germany). Then thin sections 
were obtained on the copper grids and observed 
under TEM (JEOL, JEM-1011, Tokyo, Japan). The 
ultrastructural changes were observed in all expe-
rimental groups. Therefore, we focused on pseu-
dopodia with membrane structures, mitochondria, 
cytoplasmic vacuoles, and endoplasmic reticulum 
(ER) dilatations of the cells.

Measurement of Hypoxia-Inducible 
Factor-1α (HIF-1α) Concentrations

Serum HIF-1α concentrations were measured 
by a commercially available sandwich enzyme 
linked immunoassay kit (Enzyme Linked Im-
munosorbent Assay, Cat No: E0422Hu, Bioassay 
Technology Laboratory, Shanghai, China). The 
coefficients of intra  and inter assay variation we-
re 6.9% (n = 25) and 8.9% (n = 25), respectively.

Measurements of Oxidative Stress 
Parameters 

Lipoperoxidation of all samples was ascer-
tained by the formation of MDA, which was 
estimated using the modified thiobarbituric acid 
(TBA) method21. Lipid hydroperoxide (LOOH) 
levels were determined spectrophotometrically 
according to the method of ferrous oxidation with 
xylenol orange version 222. A modification of the 
Gelişgen et al23 method was used for spectropho-
tometric determination of concentration of advan-
ced oxidation protein products (AOPPs). Xanthine 
oxidase (XO) activity was determined spectropho-
tometrically with xanthine and 100% trichloroa-
cetic acid (TCA) solution, as introduced by Prajda 
and Weber24. Plasma total thiol (T-SH) concentra-
tion was determined by using 5,5’-dithiobis (2-ni-
trobenzoic acid) (DTNB) as introduced by Hu25. 
Catalase (CAT) activity was measured in terms of 
the extent of hydrogen peroxide breakdown, as ca-
talyzed by the enzyme26. The non-enzymatic total 
antioxidant level (TAC) of samples was evaluated 
with the ferric reducing antioxidant power assay 
and was performed according to the protocol of 
Benzie and Strain27. Each experiment group was 
repeated at least three times.
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Statistical Analysis
The distribution of all analyzed parameters was 

confirmed using the Shapiro-Wilk test. All para-
meters were normally distributed and expressed as 
mean ± standard deviation. One-way ANOVA and 
Tukey test as post-hoc were used in the compari-
son of groups. Correlation analysis was performed 
using Pearson’s correlation analysis. A p-value be-
low 0.05 was expressed as significant. All statistical 
analyses were carried out using Statistical Package 
for the Social Sciences (SPSS) v. 21.0 (IBM Corp., 
Armonk, NY, USA) package program.

Results 

The cells exposed to MTX without any treat-
ment had a decreased viability, while the cells 
treated with EMPA, and S/V showed an increase 
in cell viability (Figure 1). As shown in Figure 
2, the treatment with 2 µM EMPA and 25 µM 
S/V and their combinations after exposure to 2.2 
µM MTX was found to protect the cell from the 
detrimental effects of MTX exposure.

Oxidative stress markers (AOPP, MDA, LOOH 
and XO activity) and HIF-1α increased and an-
tioxidant capacity markers (T-SH, CAT activity 
and TAC) decreased in MTX-exposed cells com-
pared to control cells (Table I). Oxidative stress 
markers (AOPP, MDA, LOOH and XO activi-
ty) decreased and antioxidant capacity markers 
(T-SH, CAT activity and TAC) increased in cells 
treated with EMPA, S/V and their combination 
compared to control cells (Table I).  Compared to 
cells only exposed to MTX without treatment by 
any agent, oxidative stress markers (AOPP, MDA, 
LOOH, and XO activity) were decreased and an-
tioxidant capacity markers (T-SH, CAT activity 
and TAC) increased in treated cells (Table II). In 
particular, the combined use of S/V and EMPA 
was more effective in decreasing oxidant mar-
kers and increasing antioxidant marker levels. As 
shown in Figure 3, there was a dramatic increase 
in HIF-1α levels in cells exposed to MTX. HIF-1α 
levels were found to be lower in healthy cells 
treated with EMPA and S/V compared to control. 
Cells treated with EMPA+S/V had similar levels to 
control. After exposure to MTX, HIF-1α levels were 
found to be significantly lower in cells treated with 
EMPA, S/V and EMPA+S/V compared to cells only 
exposed to MTX without receiving any treatment. 
The most effective decrease in HIF-1α levels was 
detected in cells treated with S/V. In the results of 
the correlation analysis, a significant negative corre-

lation was found between HIF-1α and TAC levels in 
the groups treated with S/V (both healthy and those 
with S/V treatment, both MTX+S/V group and 
MTX+EMPA+S/V group) (Figure 4).

Morphologically, the ultrastructure of the con-
trol group revealed abundant granules while the 
nuclei were in a normal rounded shape with other 
organelles such as mitochondria, rough/smooth 
endoplasmic reticulum, and ribosomes. Pseudo-
podes were also seen in large numbers in the con-
trol group. On the other hand, the EMPA group 
showed many cells with the signs of nuclear frag-
mentation along with a large number of cytopla-
smic vacuoles. Pseudopods were also observed to 
be shortened in the EMPA group. Interestingly, 
both EMPA+S/V and S/V groups demonstrated 
similar ultrastructural features compatible with 
the healthy cell structure. However, we realized 
that those groups had lower granules when we 
compared them to the control group (Figure 5).

Besides, some pyknotic cells were recogni-
zed when we observed the MTX group. The 
cells also showed severe nuclei fragmentation 
and contained many cytoplasmic vacuoles in 
this group. However, the cells from the MTX 
group demonstrated a lack of granules in their 
cytoplasm as well as decreased pseudopods. On 
the other hand, the cells from MTX+S/V group 
demonstrated more cytoplasmic vacuoles and pe-
ripherally located elongated mitochondria. Ad-
ditionally, increased and branched pseudopods 
were seen in those cardiomyocytes belonging to 
the MTX+S/V group. In contrast, poorly deve-
loped pseudopods were seen in cardiomyocytes 
from the MTX+EMPA+S/V group. Moreover, 
the crista of the mitochondria was damaged, 
and their numbers were decreased similar to the 
MTX+EMPA group (Figure 6).

Discussion

Sacubutril/valsartan (S/V) is a molecule ap-
proved for the treatment of symptomatic low 
ejection fraction heart failure (HF)28. As an 
SGLT-2 inhibitor, EMPA can be used for a new 
class of anti-diabetic therapy and has been sug-
gested29 to have important preventive effects, 
especially for HF. In a study30 investigating the 
cardioprotective effect of EMPA, it was obser-
ved that EMPA treatment increased cell viabi-
lity in H9c2 cells exposed to hypoxia/reoxyge-
nation. S/V, an angiotensin receptor-neprily-
sin inhibitor, was observed31 to protect against 
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Figure 1. A-B, Time- and dose-dependent effects of (A), MTX, (B), EMPA and (C), S/V in cell viability in H9c2 cells as % 
of control. Data are presented as the mean ± standard error of the mean (n = 6). MTX: Methotrexate; EMPA: Empagliflozin; 
S/V: Sacubitril/valsartan. *p < 0.05; **p < 0.01; ***p < 0.001; vs. control. 

Figure continued
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Figure 2. Protective effects of EMPA, S/V and their combinations against MTX-induced decrease in cell viability in H9c2 
cells as % of control. Data are presented as the mean ± standard error of the mean (n = 6). MTX: Methotrexate; EMPA: 
Empagliflozin; S/V: Sacubitril/valsartan. *p < 0.05; **p < 0.01; ***p < 0.001; a: vs. control; b: vs. MTX.

Figure 1 (Continued). C, S/V in cell viability in H9c2 cells as % of control. Data are presented as the mean ± standard 
error of the mean (n = 6). MTX: Methotrexate; EMPA: Empagliflozin; S/V: Sacubitril/valsartan. *p < 0.05; **p < 0.01; ***p 
< 0.001; vs. control.
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doxorubicin-induced cardiotoxicity and increase cell 
viability. Cardiomyocyte cells are both protected by 
EMPA and S/V. We have shown that treatment with 
2 µM EMPA, 25 µM S/V, or combinations thereof 
inhibit 2.2 µM MTX-induced cell toxicity as a me-
asure of cell viability. In our cell culture study with 
cardiomyocyte cells, we observed that treatment 
with EMPA and S/V significantly improved the sur-
vival-cell viability of cardiomyocyte cells, and S/V 
treatment with EMPA protected cells in terms of 
total antioxidant capacity reduced by MTX.

Accordingly, in some pyknotic cells, many 
cytoplasmic vacuoles, decreased granules in cyto-
plasm and pseudopods may occur. Finally, the da-
maged mitochondria and cells can be eliminated 
by application of S/V, EMPA and their combina-
tions, which elucidated the underlying mecha-
nisms. Furthermore, the significant decrease in 

HIF-1α, MDA, LOOH, AOPP, XO activity and 
enhancement in T-SH, CAT and TAC in S/V and 
EMPA-treated cells were observed. The results 
suggest that S/V and EMPA protected the H9c2 
cells under hypoxia and oxidative stress through 
inhibiting hypoxia and oxidative stress damage. 
Although S/V and EMPA both have protective 
effects on cardiac ischemia and oxidative dama-
ge, this effect may be increased more with S/V 
treatment compared to combined treatment.

While HIF-1α degrades rapidly in normoxia 
(21% oxygen), its degradation slows down when 
the oxygen concentration in the environment 
drops to 5%. For this reason, HIF measurement 
is accepted as an indicator of hypoxic conditions 
in in vitro studies32,33. As the severity of hypoxia 
increases and anoxia develops (0.1% oxygen), 
the level of HIF-1α protein also increases32,34. In 

Table I. HIF-1α levels, oxidant, pro-oxidant and antioxidant markers in H9c2 cardiomyocyte control cells, cells exposed to 
MTX without any treatment, and cells treated with EMPA, S/V and their combination.

 Control MTX  EMPA S/V EMPA + S/V
 Mean ± S.D. Mean ± S.D. Mean ± S.D. Mean ± S.D. Mean ± S.D.

HIF-1α (ng/mL) 0.05 ± 0.01 0.31 ± 0.01a*** 0.03 ± 0.01a** 0.02 ± 0.01a*** 0.05 ± 0.01
AOPP (µM chloramine- 90.17 ± 6.18 173.17 ± 10.21a*** 74.33 ± 2.66a*** 77.33 ± 3.56a*** 63.83 ± 2.93a***
T equivalents)             
MDA (nmol/mL) 0.69 ± 0.1 0.88 ± 0.05a*** 0.59 ± 0.02a** 0.64 ± 0.02 0.29 ± 0.04a***
LOOH (nmol/mL) 13.2 ± 0.57 20.15 ± 1.01a*** 11.74 ± 0.71 12.65 ± 0.72 5.94 ± 0.16a***
XO activity (mU/mg protein) 1.95 ± 0.14 2.71 ± 0.23a*** 1.27 ± 0.2a*** 1.62 ± 0.21a** 1.03 ± 0.17a***
T-SH (mM) 1.3 ± 0.14 0.79 ± 0.05a*** 1.83 ± 0.07a*** 1.65 ± 0.19a** 2.14 ± 0.28a***
CAT activity (U/mg Protein) 3.31 ± 0.49 2.53 ± 0.42a*** 4.62 ± 0.27a*** 3.94 ± 0.08a** 7.16 ± 0.15a***
TAC (µg ascorbic acid  17.54 ± 0.53 13.26 ± 0.53a*** 18.63 ± 0.41a** 18.77 ± 0.51a** 21.85 ± 0.9a***
equivalent/mL)

Table II. HIF-1α levels, oxidant, pro-oxidant and antioxidant markers in H9c2 cardiomyocyte cells exposed to MTX without 
any treatment, cells exposed to MTX treated with EMPA, S/V and their combination.

MTX: Methotrexate; EMPA: Empagliflozin; S/V: Sacubitril/valsartan; HIF-1α: Hypoxia-inducible factor 1-alpha; MDA: 
malondialdehyde; LOOH: lipid hydroperoxide; AOPP: advanced oxidation protein products; XO: xanthine oxidase; T-SH: total 
thiol; CAT: catalase; TAC: total antioxidant capacity. *p < 0.05; **p < 0.01; ***p < 0.001; a: vs. control. 

MTX: Methotrexate; EMPA: Empagliflozin; S/V: Sacubitril/valsartan; HIF-1α: Hypoxia-inducible factor 1-alpha; MDA: 
malondialdehyde; LOOH: lipid hydroperoxide; AOPP: advanced oxidation protein products; XO: xanthine oxidase; T-SH: total 
thiol; CAT: catalase; TAC: total antioxidant capacity. *p < 0.05; **p < 0.01; ***p < 0.001; a: vs. MTX. 

 MTX MTX + EMPA MTX + S/V MTX + EMPA + S/V
 Mean ± S.D. Mean ± S.D. Mean ± S.D. Mean ± S.D.

HIF-1α (ng/mL) 0.31 ± 0.01 0.06 ± 0.01a*** 0.04 ± 0.01a*** 0.11 ± 0.01a***
AOPP (µM chloramine- 173.17 ±10.21 83.33 ± 1.37a*** 84.33 ± 1.37a*** 74 ± 0.89a***
T equivalents)
MDA (nmol/mL) 0.88 ± 0.05 0.79 ± 0.02a** 0.74 ± 0.02a*** 0.55 ± 0.03a***
LOOH (nmol/mL) 20.15 ± 1.01 3.69 ± 1.52a*** 12.95 ± 1.15a*** 7.4 ± 0.57a***
XO activity (mU/mg protein) 2.71 ± 0.23 2.08 ± 0.06a*** 2.08 ± 0.05a*** 1.39 ± 0.05a***
T-SH (mM) 0.79 ± 0.05 1.18 ± 0.03a***  1.12 ± 0.03a*** 1.81 ± 0.05a***
CAT activity (U/mg Protein) 2.53 ± 0.42 3.73 ± 0.1a*** 3.92 ± 0.06a*** 5.2 ± 0.06a***
TAC (µg ascorbic acid  13.26 ± 0.53 17.57 ± 0.21a*** 17.51 ± 0.2a*** 20.97 ± 0.1a***
equivalent/mL)
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our study, HIF-1α level was measured to show 
that the environment remains hypoxic at the cell 
level. HIF-1α levels were found to have increased 

in the MTX group in our study. These findings 
indicate that hypoxic conditions are established 
and maintained. HIF-1α is an essential protein for 

Figure 4. Pearson’s correlation scatter plot of the H9c2 cells lysate level of HIF-1α and total antioxidant capacity in all groups. 
Written in red and bold indicate that statistically significant. A significant negative correlation was found between HIF-1α and 
TAC in the S/V treatment group, the MTX + S/V group, and the MTX + EMPA + S/V group.

Figure 3. HIF-1α levels in H9c2 cardiomyocyte control cells, cells exposed to MTX without any treatment, and treated with 
only EMPA, S/V and their combination and cells exposed to MTX and treated with EMPA, S/V and their combination. a: vs. 
Control; b: vs. MTX. 
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Figure 5. Representative micrographs from semi-thin (A-D) and thin (E-G) sections of the H9c2 (2-1) cardiomyocyte cell 
line. A, Control group showed a round nucleus with 1/2 nucleoli. The organelles related to protein synthesis were abundant. 
B and E, EMPA group showed nuclear fragmentation (arrow) andabundant from granules (asteriks) as seen in inset from 
(E). Many cytoplasmic vacuoles were also recognized (arrowhead). C and F, EMPA + S/V group showed a lower number of 
granules. However, there was a general view of healthy cell structure. D and G, S/V group had also a lower number of granules. 
Although some cells were seen with a large number of vacuoles (D), ultrastructural observations showed that the organelles 
were not damaged. EMPA: Empagliflozin; S/V: Sacubitril/valsartan. Nc: Nucleus.
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Figure 6. Representative micrographs from semi-thin (A-D) and thin (E-H) sections of the H9C2 (2-1) cardiomyocyte cell 
line. A and E, MTX group. B and F, MTX + EMPA group. C-G, MTX + S/V group. D-H, MTX + EMPA + S/V group. MTX: 
Methotrexate; EMPA: Empagliflozin; S/V: Sacubitril/valsartan.
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life. Previous studies35,36 have shown that HIF-1α-/- 
mouse embryos stop developing in the middle of 
gestation and die as a result of cardiovascular de-
fects and decreased erythropoiesis. These findings 
prove that the development of all three compo-
nents of the circulatory system is dependent on 
the HIF-1α molecule37. In the current study, S/V 
and EMPA treatment attenuated MTX-induced 
hypoxia by reducing HIF-1α levels. This effect 
may be further enhanced with S/V therapy rather 
than combined therapy. A negative correlation was 
found between HIF-1α and TAC in cells receiving 
S/V treatment. The primary underlying protective 
mechanism of S/V was mediated by the inhibition 
of the oxidative stress/HIF-1α signaling pathway. 
EMPA treatment at high concentrations of gluco-
se may also play an important role in protecting 
against proximal renal tubular cell damage and 
the induction of HIF-lα expression by EMPA, in 
the protection of high glucose-induced proximal 
renal tubular epithelial cell damage38. Suematsu 
et al39 investigated the effects and mechanisms of 
angiotensin receptor-neprilysin inhibitors (AR-
Nis) in HF with decreased ejection fraction in 
diabetic mice. S/V is also an angiotensin receptor/
neprilysin inhibitor that has significantly reduced 
the rates of cardiovascular death or hospitalization 
for HF and improved functional status in patients 
with chronic heart failure, reduced LV ejection 
fraction, compared to other drugs40-42. It is seen 
that in vivo studies will shed further light on cli-
nical applications by providing a more detailed 
understanding of the subject.

Cardiovascular diseases (CVD) are playing 
an increasing role as a major cause of morta-
lity and morbidity worldwide. Atherosclerosis 
alone accounts for more than half of all deaths 
in the western world. Various hypotheses43 have 
been proposed regarding the pathogenesis of 
atherosclerosis. The most valid pertains to the 
oxidative stress. According to this hypothesis, 
macrophage polarization, caused by the imba-
lance between oxidant/antioxidant factors, le-
ads to the formation of atherogenic plaques43. 
Oxidative stress has been identified44 as an 
important pathophysiological pathway in the 
development and progression of HF. In the cur-
rent study, MDA, LOOH, AOPP, and XO acti-
vity were increased while T-SH, CAT and TAC 
levels were decreased in MTX-induced H9c2 
cardiomyocyte cells. Today, it is often difficult 
to predict which patients will benefit most from 
different treatments. Perhaps when we pay at-
tention to the aberrations in redox biomarkers, 

this may help us to qualify patients for the 
use of S/V and EMPA. Although there is evi-
dence from clinical and animal studies11-18 that 
S/V and EMPA have many positive effects on 
CVD. These studies cannot show whether these 
therapies have a direct protective effect on car-
diomyocytes. While S/V and EMPA inhibited 
the production of oxidant (MDA, LOOH, AOPP, 
XO) molecules, they increased the activity of 
antioxidant (T-SH, CAT, TAC) molecules. Espe-
cially the combined use of S/V and EMPA was 
more effective on these molecules. Our study 
suggests that chronic oxidative stress contribu-
tes to smooth muscle cells (SMC) proliferation 
and migration, and that S/V and EMPA attenua-
te these effects. In MI-induced rats, resveratrol, 
S/V, and valsartan prevented cardiac remodeling 
and dysfunction by reducing oxidative stress, 
inflammation and fibrosis45. S/V significantly 
prevented the degradation of antioxidant enzy-
mes (SOD, CAT, GR, GPx, GST, and GSH) and 
increased MDA levels in Wistar rats induced 
by isoproterenol (ISO) poisoning. Inhibition of 
enzyme neprilysin alleviated the ISO-induced 
myocardial damage mediated by its strong an-
tioxidant potential16. Our study joins previous 
studies16,45-49 in demonstrating that treatment 
with S/V involves an improvement in antioxi-
dant status and reduces the oxidative stress, 
inflammation and apoptotic pathway to improve 
the cardiac function. EMPA has been shown to 
reduce cardiac fibrosis and oxidative stress in a 
diabetic mouse model13. Barış et al50 suggest that 
lower antioxidant levels, which is an indicator 
of the damage caused by reactive oxygen me-
tabolites, and the lack of improvement in these 
parameters in the EMPA group reveal that this 
effect of the healing occurs independently of 
antioxidant pathways. EMPA exerted beneficial 
antioxidant, anti-inflammatory, anti-mitogenic 
and anti-migratory effects under normal glucose 
conditions and without inducing cell death. The-
se results highlight the therapeutic potential of 
EMPA in vascular proliferative diseases. EMPA 
significantly prevents acute cardiotoxicity indu-
ced by multiple pathways, both antioxidant and 
non-antioxidant, as in our study47-53.     

Limitations of the Study
Although our study has strengths, it has so-

me limitations. The results of our study should 
have been supported by in vivo animal and hu-
man studies. Other markers to support ischemia 
could be studied.
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Conclusions

The results of this study performed with S/V 
and EMPA under in vitro conditions indicate that 
these molecules may boast protective effects on the 
mechanical activity of the heart by affecting more 
than one intracellular pathway (oxidative stress and 
HIF-1a) in cardiac dysfunction. The data obtained 
from the study show that besides the protective 
effect of S/V and EMPA, hypoxia and antioxidant 
effects, especially the increase in S/V cytoplasmic 
vacuoles and peripherally elongated located mito-
chondrial biogenesis prevents degeneration in car-
diomyocytes. Our findings suggest that S/V and 
EMPA are beneficial and may be further explored 
for their clinical efficacy in the setting of CVD in 
future clinical trials.
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