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ARTICLE INFO ABSTRACT
Handling Editor: Prof. L.H. Lash Lipid overload or metabolic stress has gained popularity in research that explores pathological mechanisms that
may drive enhanced oxidative myocardial damage. Here, H9c2 cardiomyoblasts were exposed to various doses of
Keywords: palmitic acid (0.06 to 1 mM) for either 4 or 24 h to study its potential physiological response to cardiac cells.
](;artlilla'cdfun'ctlon Briefly, assays performed included metabolic activity, cholesterol content, mitochondrial respiration, and
yslipidemia

prominent markers of oxidative stress, as well as determining changes in mitochondrial potential, mitochondrial
production of reactive oxygen species, and intracellular antioxidant levels like glutathione, glutathione peroxi-
dase and superoxide dismutase. Cellular damage was probed using fluorescent stains, annexin V and propidium
iodide. Our results indicated that prolonged exposure (24-hours) to palmitic acid doses > 0.5 mM significantly
impaired mitochondrial oxidative status, leading to enhanced mitochondrial membrane potential and increased
mitochondrial ROS production. While palmitic acid dose of 1 mM appeared to induce prominent cardiomyoblasts
damage, likely because of its capacity to increase cholesterol content/ lipid peroxidation and severely sup-
pressing intracellular antioxidants. Interestingly, short-term (4-hours) exposure to palmitic acid, especially for
lower doses (< 0.25 mM), could improve metabolic activity, mitochondrial function and protect against
oxidative stress induced myocardial damage. Potentially suggesting that, depending on the dose consumed or
duration of exposure, consumption of saturated fatty acids such as palmitic acid can differently affect the
myocardium. However, these results are still preliminary, and in vivo research is required to understand the
significance of maintaining intracellular antioxidants to protect against oxidative stress induced by lipid

Lipid overload
Palmitic acid
Mitochondrial function
Oxidative stress

overload.
1. Introduction abnormalities are driven by obesity and can cause other complications
like type 2 diabetes (T2D) and cardiovascular diseases (CVD) [2]. In fact,
Metabolic syndrome is a major pathological feature that is facilitated enhanced free fatty acids (FFAs) tissue delivery, is known to cause
by overnutrition, especially through increased intake of saturated fatty myocardial injury within a metabolic syndrome [3,4]. Mitochondria
acids, together with reduced physical activity [1]. Such metabolic have become one of the primary targets being investigated for their role

Abbreviations: Aym, changes in mitochondrial membrane potential; ATP, adenosine triphosphate; CVD, cardiovascular disease; ECAR, extracellular acidification
rate; FFA, Free fatty acids, GPx, glutathione peroxidase; GSH, glutathione; MDA, malondialdehyde; OCR, oxygen consumption rate; ROS, reactive oxygen species;
SOD, superoxide dismutase; T2D, type 2 diabetes; TBARS, thiobarbituric Acid Reactive Substances.
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during the development of intramyocardial lipotoxicity [3,5]. Lipids
remain the main source of fuel within the mitochondria, however
enhanced intake of FFAs can also hinder the efficiency of oxidative
phosphorylation [6]. Thus, a clear understanding of the functional
composition of these contradictory effects and their potential impact on
mitochondrial-cellular energetics or redox status remains to be fully
elucidated.

Like most cells, cardiac cells store FFAs as triacylglycerol and pack-
age them into cytoplasmic lipid droplets, while also remaining their
predominant source of energy [6]. Emerging data indicates intra-
myocardial lipid excess can hinder the efficiency of the mitochondrial
respiratory process, favouring an imbalance in redox status and further
contributing to enhanced cellular damage [7,8]. Apparently, the use of
in vitro H9c2 cardiomyoblasts has increasingly become an experimental
model to provide insights into cellular mechanisms and responses at a
molecular level, making them invaluable for drug screening and
mechanistic studies [9,10]. Thus, while acknowledging that in vivo
models have their place in understanding whole-body physiology, in
vitro systems like H9c2 cells may offer a more focused and controlled
approach to cardiac research.

Palmitic acid is one of the common saturated FFAs that are normally
synthesized endogenously via de novo lipogenesis within the human
body [11], however, it can also be obtained through diet [12]. The
nutritional value of palmitic acid is quite controversial due to its puta-
tive detrimental health effects [13], which potentially shadows its
multiple crucial physiological activities such as maintaining the cellular
structure, and various cell signaling mechanisms [12,14]. Therefore,
there is a need to understand or decipher the pathophysiological role of
palmitic acid within cardiac cells. Importantly, there is already evidence
indicating that low doses of palmitic acid can be beneficial to liver cells
by improving mitochondrial metabolism [15]. However, very limited
information affirms these beneficial effects of low dose exposure to
palmitic acid within the myocardium. In this study, we have evaluated
and compared the dose and time-dependent effects of palmitic acid on
metabolic activity, cholesterol content, mitochondrial respiration pro-
cesses, oxidative status, and cellular damage in cultured H9c2
cardiomyoblasts.

2. Methods
2.1. Cell culture conditions for H9c2 cardiomyoblasts

The rat heart ventricular-derived H9c2 cardiomyoblasts were pur-
chased from the American Type Culture Collection (Manassas, VA, USA;
catalog number: CRL-1446). Briefly, H9c2 cardiomyoblasts were
cultured in Dulbecco’s modified Eagle medium (Lonza, MD, USA) sup-
plemented with 10% fetal bovine serum (Biochrom, Berlin, Germany) at
standard tissue culture conditions (37 °C, in humidified air and 5% CO5).
Cells were regularly sub-cultured at a confluency of 80-90% and seeded
in 96-well or 6-well plates at a density of 5 x 10* cells/ml for all the
assays performed. To test the dose and time-dependent effects of pal-
mitic acid (Sigma-Aldrich St. Louis, MO, USA), H9c2 cardiomyoblasts
were exposed to its different concentrations (0.06, 0.125, 0.25, 0.5,
0.75, and 1 mM) for either 4 or 24 h [16]. Our previous study has already
reported on the potential toxic effects of exposing cultured cardiomyo-
blasts to chronic concentrations of palmitic acid over a period of 24 h
[17]. This information, combined with other research [15] has provided
a need to understand the impact of various doses of palmitate on cardiac
cell survival, especially through the regulation of intracellular antioxi-
dant mechanisms. Notably, to achieve solubility, palmitic acid was in
prepared in 1% bovine serum albumin (Sigma-Aldrich St. Louis, MO,
USA) using a modified method that has already been previously
described by [18].
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2.2. Determination of metabolic activity of H9c2 cardiomyoblasts

Cytoplasmic adenosine triphosphate (ATP) was quantified using a
CellTiter-Glo® Luminescent Cell Viability Assay Kit from Promega (MA,
USA), as per the manufacturer’s instructions. Luminescence emission, as
a measurement of ATP production, was assessed using the SpectraMax
i3x multi-mode microplate reader (Molecular Devices, CA, USA). Pro-
teins were quantified for normalization using Bradford assay (Bio-Rad
Laboratories, CA, USA).

2.3. Assessment of total cholesterol content and levels of lipid
peroxidation of H9c2 cardiomyoblasts

To quantify cholesterol content, the Cholesterol/ Cholesteryl Ester
Assay Kit from Abcam (Cambridge, UK) was used, as per manufacturer’s
instructions. The fluorescence (for the cholesterol assay) was measured
at an excitation and emission of 535/587 nm. Lipid peroxidation was
measured through the production of malondialdehyde (MDA), using an
OxiSelect™ Thiobarbituric Acid Reactive Substances (TBARS) Assay Kit
from Cell Biolabs (San Diego, USA), per the manufacturer’s instructions.
SpectraMax i3x multi-mode microplate reader (Molecular Devices, CA,
USA) was used to read the absorbance at 532 nm.

2.4. Assessment of mitochondrial respiration of H9c2 cardiomyoblasts

Mitochondrial respiration measured by oxygen consumption rate
(OCR) and glycolytic energy measured by extracellular acidification rate
(ECAR) were assessed using the Mito Stress Kit and XF-96 Extracellular
Flux Analyser from Seahorse Bioscience (MA, USA), following a method
that has already been described [19]. Briefly, OCR (pmol/min) and
ECAR (mpH/min) were measured by injecting 1 pM oligomycin
(ATP-synthase inhibitor), 0.75 pM carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, a mitochondrial
uncoupler), and 5 pM rotenone (complex I inhibitor) plus antimycin A
(complex III inhibitor) at specified time points. Similar mitochondrial
activity measured by ATP production (Section 2.2), protein content was
also used to normalize the OCR and ECAR data, as reported in absolute
rates (pmol/min/mg protein and pmH/min/mg protein, respectively.
All Seahorse reagents were bought from Agilent Technologies (Santa
Clare, USA).

2.5. Evaluation of mitochondrial mass and ROS production, including
changes in mitochondrial membrane potential (Aym)

Mitochondrial ROS production, mitochondrial mass, and changes in
Aym were assessed by using fluorescent dyes, MitoSOX Red (Thermo
Fisher Scientific, MA, USA), MitoTracker Green (Thermo Fisher Scien-
tific, MA, USA), and 5,5,6,6-tetrachloro-1,1',3,3-tetraethylbenzimida-
zolyl-carbocyanine iodide (JC-10; Sigma-Aldrich, St Louis, MO, USA),
respectively, following the manufacturer’s instructions. Fluorescent
measurements for mitochondrial ROS production and mitochondrial
mass were measured using BD Accuri® C6 flow cytometer (Becton
Dickinson, NJ, USA). Mitochondrial integrity was quantified by
measuring the fluorescence intensity of JC-10 aggregates, orange fluo-
rescence at ~590 nm (excited by 540 nm), and JC-10 monomers, green
fluorescence at ~525 nm (excited by 490 nm), using the SpectraMax i3x
multi-mode microplate reader.

2.6. Evaluation of apoptosis using annexin V and propidium iodide of
H9c2 cardiomyoblasts

Annexin V-FITC from Invitrogen (Carlsbad, CA, USA), and propidium
iodide from Sigma-Aldrich (St Louis, MO, USA) were used to detect early
and late apoptosis as well as necrotic cells, respectively. Fluorescent
measurements for both annexin V and propidium iodide were acquired
using the BD Accuri C6 flow cytometer. The following channels were
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used, including the FITC signal detector FL1 (excitation= 488 nm;
emission = 530 nm) for Annexin V positive cells, and the FL3 detector
(excitation= 488 nm; emission = 670/LP) for propidium positive cells.

2.7. Evaluation of intracellular antioxidant capacity of H9c2
cardiomyoblasts

The levels of intracellular antioxidants, including total glutathione
(GSH), glutathione peroxidase (GPx), and superoxide dismutase (SOD)
were measured using an OxiSelect Total Glutathione Assay Kit from
(Cell Bio-lab (San Diego, USA), Glutathione Peroxidase Assay Kit and the
Superoxide Dismutase Activity Assay Kit from Abcam (Cambridge, UK),
respectively, as per the manufacturer’s instructions. The relative optical
density was measured using the SpectraMax i3x multi-mode microplate
reader.

2.8. Statistical analysis

Data were expressed as the mean + standard deviation (SD). Results
for all experiments were at least of three independent biological ex-
periments, with each experiment containing at least three technical
replicates. Statistical analysis was performed using GraphPad Prism
software version 8.0.1 (GraphPad Software, Inc., La Jolla, CA, USA).
Comparisons between groups were performed using one-way multivar-
iate ANOVA, followed by a Tukey post-hoc test, with p < 0.05 consid-
ered significant.

3. Results

3.1. Low doses and partial exposure to palmitic acid improves the
metabolic activity of cardiomyoblasts

To understand the dose- and time-dependent effects of palmitic acid
on metabolic activity, H9c2 cardiomyoblasts were exposed to different
concentrations of palmitic acid for either 4 or 24 h before evaluation of
ATP production. Results showed that palmitic acid induced a dose-
dependent (0.06, 0.125, 0.25, 0.5, and 0.75 mM; p < 0.05 and p <
0.001, respectively) increase in metabolic activity of cells during the 4 h
exposure (Fig. 1A). The rate of metabolic activity severely decreased in a
dose dependent manner after 24 h exposure to palmitic acid (0.25, 0.5,
0.75 and 1 mM; p < 0.05 and p < 0.001), respectively (Fig. 1B).
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3.2. Only high doses and prolonged exposure to palmitic acid increases
cholesterol content and lipid peroxidation levels in cardiomyoblasts

We evaluated the dose and time-dependent effects of palmitic acid on
cholesterol content and lipid peroxidation (MDA levels) in H9c2 car-
diomyoblasts. The results showed that palmitic acid exposure only
significantly reduced the cholesterol content at doses of 0.5 and
0.75 mM (p < 0.01 and p < 0.05, respectively) after treatment for 4 h
(Fig. 2A). However, cholesterol levels were significantly increased at
palmitic acid doses of 0.25, 0.5, 0.75 and 1 mM (p < 0.05, p < 0.01 and
p < 0.001, respectively) after treatment for 24 h (Fig. 2B). In terms of
lipid peroxidation, exposure to palmitic acid doses did not have any
impact on MDA levels when treated for 4 h (Fig. 2C), but markedly
increased MDA levels at a dose of 1 mM (p < 0.001) after treatment for
24 h (Fig. 2D).

3.3. Low doses and partial exposure to palmitic acid improves
mitochondrial respiration and glycolytic energy levels in cardiomyoblasts

Next, we investigated the dose and time-dependent effects of pal-
mitic acid on the mitochondrial OCR and extracellular acidification rate
(ECAR), initially for treatment of 4h (Fig. 3A and B). Our data
demonstrated 4 h of palmitic acid was enough to increase oxygen con-
sumption rate and glycolytic energy in all concentration tested as shown
by increased OCAR and ECAR (Fig. 3A and B), respectively. Interest-
ingly, almost all doses for palmitic acid improved the basal and maximal
respiration after treatment for 4 h (Fig. 3C and D). Only the lower doses
of palmitic acid of 0.06, 0.25 and 0.5 mM could improve ATP production
after treatment for 4 h (Fig. 3E). However, most doses of palmitic acid
did not markedly affect non-mitochondrial respiration or spare respi-
ratory capacity (Fig. 3G and H).

The dose- and time-dependent effects of palmitic acid on the mito-
chondrial OCR and ECAR were also evaluated after treatment of 24 h
(Fig. 4A and B). Palmitic acid doses > 0.5 Mm were able to reduce
glycolytic energy (ECAR). Moreover, exposure to different concentra-
tions of palmitic acid (especially starting from 0.25 to 1 mM) signifi-
cantly suppressed the measured parameters, including basal and
maximal respiration, as well as ATP production, non-mitochondrial
respiration, and spare capacity after treatment for 24 h (Fig. 4 C, D, E,
G and H). Interestingly, only doses of palmitic acid 0.75 and 1 mM
reduced the proton leak, while that of 0.5 mM increased proton leak
after treatment for 24 h (Fig. 4F). Even though lower concentrations
(<02.5 mM) of palmitic acid did not markedly affect glycolytic energy
(ECAR), the higher doses (>0.5 mM) were associated with a significant
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Fig. 1. The dose- and time-dependent effects of palmitic acid (4 and 24 h) treatment in ATP production in H9¢2 cardiomyoblasts. Briefly, H9c2 cardiomyoblasts were
exposed to various doses of palmitic acid (0.06, 0.125, 0.25, 0.75 and 1 mM) for 4 and 24 h followed by evaluation of metabolic activity using ATP kit. Results are
represented as the mean + standard deviation (SD) of three independent experiments, with at least six technical repeats, per experiment relative to the experimental

control (Ctrl). *p < 0.05, * **p < 0.001 versus the experimental control.
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Fig. 2. The dose- and time-dependent effects of palmitic acid on total cholesterol content and lipid peroxidation in cultured H9¢2 cardiomyoblasts. Briefly, H9c2
cardiomyoblasts were exposed to various palmitic acid doses (0.06, 0.125, 0.25, 0.75 and 1 mM) for 4 and 24 h. Thereafter, total cholesterol content and malon-
dialdehyde (MDA) levels as a measure of lipid oxidation were done. Results are expressed as the mean =+ standard deviation (SD) of three independent experiments,
with at least three technical repeats, relative to the experimental control (Ctrl). *p < 0.05, * *p < 0.01 * **p < 0.001 versus the experimental control.

reduction after treatment for 24 h (Fig. 4).

3.4. Only high doses and prolonged exposure to palmitic acid increased
mitochondrial ROS production and mitochondrial mass, while affecting
membrane potential (A¥m) in cardiomyoblasts

We further evaluated the dose and time-dependent effects of palmitic
acid on mitochondrial ROS production, including mitochondrial mass
and changes in mitochondrial membrane potential (A¥m) after 4 or
24 h-exposure (Fig. 5). Our data showed that only palmitic acid con-
centrations of 0.75 and 1 mM (p < 0.01 and p < 0.001, respectively) for
4 h exposure, as well as 0.25 (p < 0.01) or > 0.5 mM (p < 0.001) for
24h could significantly increase mitochondrial ROS, respectively
(Fig. 5A and B). Furthermore, dose and time dependent effects of pal-
mitic acid on mitochondrial mass were done (Fig. 5C and D). With the
results showing that palmitic acid does not affect mitochondrial mass
after 4-hours treatment, but significantly increases this component at
doses of > 0.25 mM (at least p < 0.05) after 24-hours treatment (Fig. 5C
and D). Alternatively, changes Aym (red/green fluorescence) or rather
mitochondrial membrane potential was significantly increased after
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exposure to palmitic acid at doses of 0.125 and 0.25 mM (p < 0.05 and
p < 0.001, respectively) after 4 h, also showing a similar trend for 24-
hour treatment (Fig. 5E and F). Then mitochondrial membrane poten-
tial was significantly reduced for palmitic acid of 0.5 to 1 mM
(p < 0.001) for both 4 and 24 h (Fig. 5E and F).

3.5. Only high doses and prolonged exposure to palmitic acid reduced
intracellular antioxidant levels in cardiomyoblasts

We also evaluated the dose and time-dependent effects of palmitic
acid on intracellular antioxidant enzymes, including GSH content, GPx,
and SOD (Fig. 6). The results showed that palmitic acid doses did not
significantly affect total GSH content after 4 h exposure, but markedly
decreased the total GSH content at doses of 0.75 and 1 mM (p < 0.001)
after treatment for 24 h (Fig. 6A and B). The GPx levels were also not
significantly affected by palmitic acid doses after 4 h exposure, but all
doses markedly reduced the GPx levels (at least p < 0.05) following
treatment for 24 h (Fig. 6C and D). Similar effects were seen with SOD
activity, with only the highest dose of palmitic acid (1 mM) showing
significance in reducing SOD levels (p < 0.05) after 24 h exposure
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Fig. 3. The dose- and time-dependent effects of palmitic acid on mitochondrial respiration and glycolytic energy levels in cultured H9c2 cardiomyoblasts. Briefly,
H9c2 cardiomyoblasts were exposed to various doses of palmitic acid (0.06, 0.125, 0.25, 0.75 and 1 mM) for 4 h. The graphs show oxygen consumption rate (OCR)

and extracellular acidification rate (ECAR) for all treatments (A and B). With others depicting basal respiration (B), maximal respiration (C), ATP production (E),
proton leak (F), non-mitochondrial respiration (G), and spare respiratory capacity (H), respectively. Results are expressed as the mean + standard deviation (SD) of at
least three independent experiments, with at least six repeats per experiment, relative to the experimental control. *p < 0.05, * *p < 0.01, * **p < 0.001 versus the

experimental control.

(Fig. 6E and F).

3.6. Only high doses and prolonged exposure to palmitic acid promoted
cellular apoptosis in cardiomyoblasts

The dose and time-dependent effects of palmitic acid on the rate of
early and late cellular apoptosis were also evaluated using annexin V
and propidium iodide, respectively (Fig. 7). The results showed that all
doses of palmitic acid did not affect the viability of cells after 4 h
exposure, while the dose of 1 mM (p < 0.05) significantly increased
early apoptotic rate, and the dose of 0.25 mM (p < 0.001) markedly
reduced cellular necrotic rate (Fig. 7A to D). Interestingly, opposite ef-
fects were seen with higher palmitic acid doses (0.5, 0.75, and 1 mM)
reducing cell viability (p < 0.001) and early/late apoptosis after 24-
hours treatment, while significantly increasing the levels of cellular
necrosis (p < 0.001) during the prolonged 24 h exposure (Fig. 7E to H).
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4. Discussion

Lipid overload or consistent exposure to saturated levels of FFAs,
such as palmitic acid, is a well-known mechanism that promotes the
detrimental effects leading to myocardial toxicity [20-22]. In fact, lipid
overload has been linked with impaired mitochondrial function,
including altered respiratory process that potentially contributes to
excessive production of toxic ROS, within various experimental models
of metabolic disease [8,23]. The current state of knowledge indicates
that impaired lipid profiles, especially hypercholesterolemia is major
driver of lipid peroxidation, which is connected to the development of
myocardial dysfunction within conditions of T2D [24,25]. Indeed, the
current study showed that exposure of H9¢c2 cardiomyoblasts to elevated
doses of palmitic acid (especially for the highest dose of 1 mM) was
associated with a reduction in metabolic activity (ATP production) that
was concomitant to enhanced cholesterol content and elevated lipid
peroxidation products (MDA levels) after 24 h exposure in cultured
cardiomyoblasts.
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the experimental control.

Although a healthy heart requires a relatively high demand of FFAs
to maintain its optimal contractile function (translating to enhanced
ATP production) [26], prolonged exposure to these saturated lipid
molecules could lead to impairments in mitochondrial function [27] and
enhanced generation of oxidative stress within a pathological state [28].
Our findings also indicated that high doses of palmitic acid (>0.5 mM)
could induce a dose-dependent suppression of mitochondrial respiratory
capacity that was concurrent to reduced mitochondrial potential, proton
leak, and enhanced generation of toxic ROS. It has been previously
hypothesized that metabolic stress-associated changes are consistent
with cellular processes that affect mitochondrial mass and increased
oxidative-myocardial damage [29]. Interestingly, our results indicated
that relatively high doses of palmitic acid (>0.5 mM) could increase
mitochondrial mass that was consistent with impairments in mito-
chondrial respiratory capacity and enhanced generation of ROS. In fact,
our recent study already supports the notion that impaired substrate
metabolism, through abnormally elevated levels of palmitate, may
potentially drive the pathological features of oxidative cardiac damage
[10,17,30]. Beyond its potential detrimental effects on cellular function
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of the development of mitochondrial dysregulation, in this study, we
have investigated the dose and time-dependent effects of palmitic acid
on intracellular antioxidant responses and oxidative damage. The major
focus was on understanding whether low doses of palmitic acid
(<0.25 mM) could improve mitochondrial respiratory process, while
enhancing intracellular antioxidants to neutralize the detrimental ef-
fects of toxic ROS and lipid peroxidation within these cultured cells.

It is still unclear whether an ideal physiological saturated fatty acids
consumption level required for maintaining normal mitochondrial and
cellular function exists. However, there are studies that have reported
the potential benefits of lower levels intake of saturated fatty acids such
as palmitic acid [15,31]. Here, reducing the palmitic acid exposure to
4 h revealed favorable outcome to the metabolic activity of H9c2 car-
diomyoblasts, this was shown by an increased ATP production which
was concurrent with reduced cholesterol content at high doses of pal-
mitic acid (>0.5 mM), but no significant effect was observed with the
lipid peroxidation (MDA levels). Unlike 24 h exposure, short term
(4-hour) exposure to palmitic acid was able to enhance mitochondrial
respiratory capacity, which was supported by increased maximal
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Fig. 5. The dose and time-dependent effects of palmitic acid on production of mitochondrial reactive oxygen species (ROS), mitochondrial mass, and changes in
mitochondrial membrane potential (A%¥m) in cultured H9c2 cardiomyoblasts. Briefly, H9c2 cardiomyoblasts were exposed to various doses of palmitic acid (0.06,
0.125, 0.25, 0.75 and 1 mM) for 4 and 24 h. MitoSox fluorescent stain was used for detection of mitochondrial ROS production. MitoTracker Green was used for
mitochondrial mass. Fluorescent measurements for mitochondrial integrity included quantification of intensity for JC-10 aggregates, orange fluorescence at ~590 nm
(excited by 540 nm), and JC-10 monomers, green fluorescence at ~525 nm (excited by 490 nm). Results are expressed as the mean + standard deviation (SD) of
three independent experiments, with at least six technical repeats, relative to the experimental control (Ctrl). *p < 0.01, * *p < 0.01, * **p < 0.001 versus exper-

imental control.

respiration, proton leak and spare capacity. These positive effects were
associated with enhanced glycolytic energy capacity and
non-mitochondrial respiration, perhaps suggesting that a substrate
switch, especially favouring glucose utilization or reduced oxidation
could be beneficial to the cardiomyoblasts. Interestingly, this hypothesis
has been previously tested within some experimental studies showing
that a fine balance in substrate utilization should be maintained for
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reducing myocardial abnormalities within an impaired metabolic state
[10,32]. With existing evidence further showing that activation of
intracellular antioxidant mechanisms is necessary to protect against
oxidative stress-induced damage within the heart [33,34]. It has also
been reported that increased ROS production is associated with reduced
antioxidant content in cardiac cells, leading to imbalanced of redox
status [33,35,36]. Even though high dose of palmitic acid (>0.75 mM)
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Fig. 6. The dose and time-dependent effect of palmitic acid on intracellular antioxidant levels, including glutathione (GSH) content, glutathione peroxidase (GPx),
and superoxide dismutase (SOD) in cultured H9c2 cardiomyoblasts. Briefly, H9¢2 cardiomyoblasts were exposed to various doses of palmitic acid (0.06, 0.125, 0.25,
0.75 and 1 mM) for 4 and 24 h. Results are expressed as the mean + standard deviation (SD) of three independent experiments, with at least three technical repeats,
relative to the experimental control (Ctrl). *p < 0.05, * *p < 0.01, * **p < 0.001 versus experimental control.

was able to slightly increase ROS production after 4 h, this was more
pronounced for 24-hour exposure, also correlating to reduced intracel-
lular antioxidant defenses and enhanced cellular damage especially for a
dose of 1 mM during this prolonged treatment period.

Others have already highlighted the significant role of enhanced ROS
production in palmitate-induced apoptosis in H9c2 cells [37]. In this
study, increased ROS production after 24 h exacerbated the rate of
apoptosis, while this was not the case with 4-hour exposure to palmitic
acid. Interestingly, it has already been indicated that low levels of
saturated FFAs like palmitate can be beneficial to liver cells by boosting
mitochondrial metabolism [15]. Excessive mitochondrial ROS genera-
tion, together with altered NADPH oxidase systems are some of the
mechanisms that have been noted to drive oxidative stress-induced
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cardiac damage [38,39]. Although not investigated in the current
study, others have shown that suppressed expression of molecular tar-
gets like heat shock factor 1, together with GPx could be targeted by
palmitic acid to disturb calcium homeostasis and induce cell death as
well as lipid peroxidation in cultured cardiomyoblasts [40]. Pretreat-
ment of adult rat cardiomyocytes is with well-known antioxidants like
resveratrol can be cardioprotective through effective modulation of
sarco-endoplasmic reticulum ATPase 2a [41]an enzyme that is essential
in regulating calcium homeostasis. Although such detrimental effects
are consistent with abnormal regulation of FFAs, others have indicated
that lipids can be beneficial to the heart by inducing hypertrophy in
human cardiomyocytes, while controlling calcium dynamics, including
action potential upstroke velocity and oxidative capacity [42].
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Fig. 7. The dose and time dependent effects of palmitic acid the rate of early and late cellular apoptosis in cultured H9¢2 cardiomyoblasts. Briefly, H9¢2 car-
diomyoblasts were exposed to various doses of palmitic acid (0.06, 0.125, 0.25, 0.75 and 1 mM) for 4 (A-D) and 24 (E-H) hours before fluorescent staining with
annexin V and propidium iodide. Within each of the representative flow cytometry fluorescence dot plot images, the upper right quadrant illustrates cells showing a
combination stain of annexin V and propidium iodide to indicate late apoptotic. Within the same image, cells on the lower right quadrant indicate early apoptosis.
While those on the lower and upper left quadrant are viable are necrotic cells, respectively. The graphs depict viable cells (A), early apoptosis (B), late apoptosis (C),
and necrosis (D). Results are expressed as the mean + standard deviation (SD) of three independent experiments, with at least three technical repeats, relative to the
experimental control (Ctrl). *p < 0.05, * *p < 0.01, * **p < 0.001 versus the experimental control.

However, even so, implications on the dose and exposure period appear
to be essential to predict the influence of FFAs cardiac health. appears to
be an important aspect to considered within a pathological state.
Overall, our findings support literature indicating that abundance or
prolonged exposure to palmitic acid may exacerbate oxidative
myocardial damage [37,43,44]. Hence advocating the interest in
investigating therapies that can enhancing intracellular antioxidants to
improve mitochondrial function, alleviate the toxic effects of ROS and
protect against myocardial damage.

5. Conclusion and future perspectives

This study uncovers significant potential metabolic defects that are
promoted by the dose-dependent effects of palmitic acid, especially
through driving mitochondrial dysfunction and oxidative stress-induced
myocardial damage. Importantly, our data provides a need to under-
stand the potential benefits of low dose or partial exposure in controlling
metabolic flexibility of cardiomyoblasts. The study is not without limi-
tations, like acknowledging the drawbacks of using H9¢2 cardiomyo-
blasts, mainly because of their proliferative and glycolytic in nature, as
well potential coexisting with skeletal muscle features. We also

acknowledge that addition of cardiomyocyte images showing
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morphological changes in response to different doses/exposure periods
to palmitic acid could have added value to the report. Thus, besides
validation of such findings using a reliable in vivo model, additional
evidence is necessary to comprehensively understand the precise mo-
lecular mechanisms implicating the involvement of myocardial lipid
accumulation or toxicity within a compromised metabolic state.
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