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Protective effect of dimethyl fumarate on oxidative
damage and signaling in cardiomyocytes
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Abstract. Myocardial ischemia/reperfusion (I/R) injury
contributes to the pathogenesis of numerous diseases. Based
on its antioxidant and anti-inflammatory effects, dimethyl
fumarate (DMF) has been reported to exert protective effects
against I/R. However, to the best of our knowledge, its poten-
tial role as a myocardial protective agent in heart disease has
received little attention. Previous studies have suggested that
DMF may exert its protective effects by activating nuclear
factor erythroid 2-related factor 2 (Nrf2); however, the exact
underlying mechanisms remain to be elucidated. The aim of
the present study was to investigate the protective role of DMF
in myocardial I/R injury, and to determine the role of Nrf2 in
mediating the activity of DMF. H9c2 cells were incubated with
DMF (20 uM) for 24 h before establishing the I/R model, and
were then subjected to myocardial ischemia for 6 h, followed
by reperfusion. Cell viability, lactate dehydrogenase levels,
anti-oxidant enzyme expression levels and anti-apoptotic
effects were evaluated, and AKT/Nrf2 pathway-associated
mechanisms were investigated. The results of the present
study indicated that DMF may reduce myocardial I/R injury
in a Nrf2-dependent manner. DMF significantly improved
cellular viability, suppressed the expression of apoptotic
markers, decreased the production of reactive oxygen species
and increased the expression of Nrf2-regulated antioxidative
genes. Notably, these beneficial DMF-mediated effects were
not observed in the control or I/R groups. In conclusion, the
results of the present study suggested that DMF may exert
protective effects against a myocardial I/R model, and further
validated Nrf2 modulation as a primary mode of action. Thus
suggesting that DMF may be a potential therapeutic agent for
AKT/Nrf2 pathway activation in myocardial, and potentially
systemic, diseases.
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Introduction

Ischemic heart disease remains the leading cause of death and
is a critical threat to public health worldwide (1). Considerable
advancements have been made in the acute care of patients
with ischemic heart disease, particularly timely reperfusion
interventions, through either percutaneous coronary interven-
tion (PCI) or coronary artery bypass graft surgery (CABG) (2).
However, the clinical outcome of these therapeutic develop-
ments remains unsatisfactory (3), which is largely due to
myocardial damage, including ischemia/reperfusion (I/R)
injury brought about by timely reperfusion treatment (4).

Myocardial I/R is known to result in myocardial damage,
including necrosis and/or tissue degradation, heart failure,
myocardial stunning, no-reflow and reperfusion arrhythmia (5).
These factors have a significant impact on the clinical
outcomes of patients with ischemic heart disease, including
myocardial infarct size and dysfunction (6). Although the
underlying mechanisms of I/R-induced myocardial injury are
not completely understood (7), various studies have reported
that a series of pathophysiological alterations are involved in
this process (8). Among these, cellular hypoxia/reoxygenation
may simulate a state of I/R (9), where cellular oxidative stress
serves an important role in the activation of diverse pathways
resulting in myocardial injury (10). Oxidative stress has been
reported to impair mitochondrial function (11) and promote the
excessive production of reactive oxygen species (ROS) (12).
This results in an imbalance between ROS production and
radical scavenging, and thus a disturbed redox status (13). It
is evident that this altered redox status may activate a series
of cellular processes, including apoptosis, which is reported to
be critically involved in I/R-associated myocardial injury (14).

In this context, in order to improve the clinical outcome
of ischemic heart disease, measures that counteract the
cellular mechanisms of I/R-induced myocardial damage
are of great importance. In previous decades, effective
measures for protecting the myocardium from I/R injury
have been investigated (5). Pre- and post-conditioning with
physical or pharmacological strategies have been extensively
researched (15), and although the results of experimental
studies appear promising, those of clinical trials have been
disappointing (16). Therefore, the investigation of effective
treatments to protect against myocardial I/R injury are of
considerable scientific and clinical significance.
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Dimethyl fumarate (DMF) is derived from fumarate
acid esters and has historically been used to treat patients
with relapsing-remitting multiple sclerosis (17). In addition,
DMF has been reported to exert protective effects against
I/R injury in the brain (18). DMF is recognized as a potent
antioxidant (19) that exerts profound effects on the modulation
of apoptosis (20). It has also been shown to activate the nuclear
factor erythroid 2-related factor 2 (Nrf2) signaling pathway.
Nrf2 is located in the cytoplasm and is bound to the cytosolic
protein Kelch-like ECH-associated protein 1 (Keapl), which
subsequently regulates its activity. The Nrf2/Keapl complex is
rapidly recycled via a series of ubiquitination and proteasomal
degradation events, and reactive sulfhydryls that act on
Keapl are readily oxidized by ROS and electrophiles, thereby
releasing Nrf2, and allowing it to translocate into the nucleus.
Here, Nrf2 activates target genes that possess antioxidant
response elements (AREs) in their promoter regions (21), and
that regulate downstream mitochondria-mediated apoptosis
via caspase-3 (22). Therefore, DMF may exert protective
effects against myocardial I/R injury. However, to the best
of our knowledge, this has not previously been reported. The
present study aimed to investigate the potential protective
effects of DMF on I/R-induced oxidative damage and signaling
in a cardiomyocyte culture setting.

Materials and methods

Experimental protocol. The experimental protocol is depicted
in Fig. 1. H9¢2 cells were cultured to 70% confluence and
grouped according to the associated treatment conditions. At
the indicated time points, the media and culture conditions
were changed accordingly.

Cell culture and treatments. Rat H9c2 cardiomyoblast cells
were purchased from the American Type Culture Collection
and cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum and
penicillin/streptomycin (100 U/m1/100 mg/ml; all NCM
Biotech) at 37°C (5% CO,) in a humidified incubator. Firstly,
the rat H9C2 cardiomyocytes were randomly divided into
5 groups: i) Control group; ii) 5 yM DMF,; iii) 10 uM DMF;
iv) 20 uM DMF; v) 40 uM DMF. Cell Counting Kit-8 (CCK-8;
BioTool Service GmbH) was used determine the ideal concen-
tration of DMF that was not toxic to cells, it was found that
the safest concentration of DMF was 20 M. Secondly, at 70%
confluence, the cells were categorized into different groups
(n=3 wells/group) according to treatment. The control group
cells were cultured for a further 34 h; the I/R group cells
were cultured for a further 24 h and were then transferred to
glucose-free DMEM and cultured in an anaerobic chamber
(95% N2, 5% CO,) for 6 h, followed by 4 h culture under the
same conditions as the control group; the DMF group was
treated in the same way as the I/R group with the exception
of DMF (20 uM) pretreatment (Sigma-Aldrich; Merck KGaA)
for 24 h. At the end of the culture period, the cells and media
were harvested for experimentation.

Cell viability. Cell viability was determined using the CCK-8
(BioTool Service GmbH). The cultured cells were washed
three times with PBS and 10 yl CCK-8 solution was added to
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each well prior to incubation for 1 h at 37°C. Absorbance was
measured at 450 nm using a microplate reader (Tecan Group,
Ltd.). Absorbance values were recorded relative to the control
group, which was set at 100%.

Lactate dehydrogenase (LDH) release. The harvested cell
culture media were collected and LDH levels were quantified
using a LDH colorimetric assay kit (Beyotime Institute of
Biotechnology), according to the manufacturer's protocol.
Briefly, 120 ul cell culture medium was mixed with 60 ul
LDH working solution and incubated at 25°C for 30 min. The
absorbance at 490 nm was determined using a microplate
reader (as aforementioned).

ROS production.ROS production was determined using a ROS
Assay kit (Beyotime Institute of Biotechnology), according
to the manufacturer's protocol. DCFH-DA was diluted in
serum-free medium (1:1,000) to a working concentration of
10 uM. The cells (1x10%) were incubated at 37°C for 20 min,
and then washed three times with serum-free cell culture
medium to remove excess DCFH-DA. The fluorescence
intensity of the stained cells was observed using an inverted
fluorescence microscope (magnification, x200).

Flow cytometric analysis. Cell apoptotic rates were detected
by flow cytometry using an Annexin V/propidium iodide (PI)
apoptosis detection kit (Hanteng Biology). Annexin V is a
sensitive indicator of early apoptosis (23), and PI is a nucleic
acid-binding dye that detects late apoptotic and dead cells (23).
Samples (1x10%) were double-stained with Annexin V (2 ul)
and PI (5 pl) for 15 min at 25°C in the dark, and then evaluated
using a flow cytometer (BD FACSCanto II; Becton, Dickinson
and Company) and FlowJo v10.4 software (FlowJo, LLC).
Through flow cytometry, cellular vital conditions could be
assessed, and cells were differentiated into dead, late apoptotic,
early apoptotic and living cells (24).

TdT-mediated dUTP-biotin nick end labeling (TUNEL)
analysis. Cellular apoptosis was also determined at the
nuclear level using the TUNEL method. TUNEL staining
was performed using an In Situ Cell Death Detection
kit (Roche Diagnostics), according to the manufacturer's
protocol. TUNEL-positive cells were detected under an
inverted fluorescence microscope and analyzed using ImageJ
Software 1.8.0 (National Institutes of Health), and the optical
staining values were calculated.

Western blot analysis. The harvested cells were homogenized
in ice-cold lysis buffer (SDS-PAGE Sample Loading buffer;
Beyotime Institute of Biotechnology) for protein extraction.
Sample protein concentrations were determined using a BCA
Protein Assay kit (Beyotime Institute of Biotechnology).
Proteins (20 ug) were loaded and separated by SDS-PAGE
(10 and 12% gels), and were then transferred onto PVDF
membranes, which were blocked with 4% BSA (Sigma-Aldrich;
Merck KGaA) at 25°C and 1 h. Membranes were then
incubated at 4°C for 12 h with primary antibodies against
the following proteins: GAPDH (1:1,000; cat. no. GB12002;
Wuhan Servicebio Technology Co., Ltd.), cleaved caspase-3
(1:500; cat. no. 9661T; Cell Signaling Technology, Inc.), B-cell
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Figure 1. Experimental protocol. H9c2 cells were seeded in DMEM and were allowed to reach 70% confluence for ~3 days before being separated into the
following groups: Control, I/R and I/R + DMF. DMEM, Dulbecco's modified Eagle's medium; I/R, ischemia/reperfusion; DMF, dimethyl fumarate.
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Figure 2. Effects of DMF on cell viability and damage. (A) Assessment of different doses of DMF without I/R on cell viability. Effects of I/R and DMF on
(B) cell viability and (C) LDH release. ‘P<0.05 vs. the control group; “P<0.05 vs. the I/R group (n=3). I/R, ischemia/reperfusion; DMF, dimethyl fumarate;

LDH, lactate dehydrogenase.

lymphoma 2 (Bcl-2; 1:500; cat. no. GTX100064; Genetex,
Inc.), Bcl-2-associated X protein (Bax; 1:500; cat. no. 2772T;
Cell Signaling Technology, Inc.), AKT (1:1,000; cat. no. 4691T;
Cell Signaling Technology, Inc.), phosphorylated (p)-AKT
(1:1,000;5 cat. no. 4060T; Cell Signaling Technology, Inc.), Nrf2
(1:500; cat. no. GTX103322; Genetex, Inc.), NAD(P)H quinone
dehydrogenase 1 (NQOI; 1:500; cat. no. GTX100235; Genetex,
Inc.) and heme oxygenase 1 (HO-1; 1:500; cat. no. GTX101147,
Genetex, Inc.). Blots were then incubated at 25°C for 1 h with
a horseradish peroxidase-conjugated secondary antibody
(1:1,000; cat. no. GB23302; Wuhan Servicebio Technology
Co., Ltd.) and underwent chemiluminescence detection with
the Molecular Imager ChemiDoc XRS system (Bio-Rad
Laboratories, Inc.). Densitometric semi-quantification was
performed using Image Lab 3.0 (Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the mean + standard
deviation. Results were analyzed by one-way ANOVA followed
by Tukey's post hoc test using SPSS version 20 (IBM Corp.).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effects of DMF on I/R-induced cellular damage. The
cellular toxicity of different concentrations of DMF was
assessed using the CCK-8 assay (Fig. 2A). Treatment
with 40 uM DMF resulted in a significant decrease in cell
viability; therefore, 20 uM DMF was used for subsequent
experimentation. Compared with the control group, I/R injury
markedly decreased cell viability (Fig. 2B). Treatment with
DMEF significantly attenuated this effect in a dose-dependent
manner, such that the viability of the DMF-treated cells
was significantly higher than that of the I/R-treated cells.
Furthermore, LDH release into the culture media was
significantly elevated by I/R induction (Fig. 2C) and was
dose-dependently attenuated by DMF.

Effects of DMF on apoptosis. Compared with the control
cells, a significant increase in Bax and a decrease in Bcl-2
were observed in I/R-treated cells, such that the apoptotic
Bax/Bcl-2 index was significantly elevated (Fig. 3A). The
expression levels of cleaved caspase-3 were also increased in
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Figure 3. Effects of DMF (20 uM) on apoptosis. (A) Relative expression levels of target proteins, as determined by western blotting in relation to the internal
reference protein GAPDH. (B) TdT-mediated dUTP-biotin nick end labeling staining of apoptotic cells (magnification, x200) and densitometric semi-quantifi-
cation. (C) Flow cytometric analysis. Cells double-stained with Annexin V and propidium iodide were differentiated into dead (Q1), late apoptotic (Q2), early
apoptotic (Q3) and living cells (Q4). Quantification is shown in the right panel. "P<0.05 vs. the control group; “P<0.05 vs. the I/R group (n=3). Bcl-2, B-cell
lymphoma 2; Bax, Bcl-2-associated X protein; I/R, ischemia/reperfusion; DMF, dimethyl fumarate; Q, quadrant.

the I/R-treated cells compared with those in the control group.
The addition of DMF to the I/R-treated cells significantly
decreased Bax, cleaved caspase-3 and the apoptotic index, and
increased the expression levels of Bcl-2.

A greater number of TUNEL-positive cells was observed
in the I/R-treated group than in the control group (Fig. 3B),
and this was perturbed by treatment with 20 uM DMF. The
original flow cytometric data are depicted in Fig. 3C. The
proportion of cells in quadrant 3 was significantly decreased
in I/R + DMF-treated cells compared with in the I/R group.

Effects of DMF on ROS production. Compared with in the
control cells, ROS levels in I/R-treated cells were increased,
whereas DMF treatment attenuated this effect (Fig. 4A).
Semi-quantitative analysis revealed that in comparison with
the control group, the signal intensity of DCFH-DA staining
was significantly amplified in the I/R group (P<0.05; Fig. 4B).
The addition of DMF to the I/R-treated cells significantly
reduced the signal intensity, which was lower than that in
I/R-treated cells (P<0.05). Furthermore, the expression levels
of HO-1 were lower in I/R-treated cells than in control cells
(P<0.05), whereas DMF administration significantly increased

HO-1 expression (Fig. 4C). Similar results were obtained
regarding NQOI protein expression.

Effects of DMF on AKT/Nrf2 signaling. The ratio of
p-AKT/AKT and the protein expression levels of Nrf2 are
shown in Fig. 5. Compared with in the control group, I/R-treated
cells exhibited a significantly decreased p-AKT/AKT ratio,
which was markedly elevated above I/R levels by the addition
of DMF. The expression levels of Nrf2 were decreased in
I/R-treated cells compared with in the control group (P<0.05),
but were significantly elevated by DMF administration
(P<0.05).

Discussion

Coronary artery disease is characterized by myocardial
ischemia and is currently the leading cause of death in the
United States (25). Prolonged severe ischemia results in
irreversible myocardial injury (26), which should be prevented
where possible. Therefore, the potential for immediate/early
interventions for myocardial reperfusion are important for the
clinical outcome of ischemic heart disease (27). In previous
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Figure 4. Effects of DMF (20 #M) on oxidative stress. (A) Reactive oxygen species were detected by fluorescence to determine levels of oxidative stress
(magnification, x200). (B) Semi-quantification of (A). (C) Expression levels of free radical scavengers HO-1 and NQO1 were determined by western blotting
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decades, advancements in timely reperfusion have been
achieved (5,26), which have significantly improved the clinical
outcome of patients with ischemic heart disease (26). However,
a number of studies have revealed that timely reperfusion of
the myocardium may also bring about serious cardiac damage,
termed myocardial I/R injury (4), which can at least partly
undermine the beneficial effects of early reperfusion, and thus
worsen clinical outcomes (28). Notably, timely reperfusion
therapy itself has been reported as a cause of I/R, through
occlusion of the coronary branch by balloon inflation and
deflation during PCI, or aorta clamping and unclamping during
CABG. Therefore, the ideal therapeutic strategy to manage
ischemic heart disease would include both timely reperfusion
and the prevention of I/R damage to the myocardium (29).

In the last decade, great improvements in timely perfusion
have been achieved through PCI or CABG (2); however,
treatments to prevent or reduce myocardial I/R injury are less
than optimal (30). The results of several experimental studies
appear promising (31,32); however, such results are rarely
translated into clinical studies; thus to date, there are a lack
of established treatments to improve the clinical outcome
of ischemic heart disease via the prevention or reduction of
myocardial I/R injury (4,26,30). In this context, the exploration
of potential treatments to improve myocardial I/R injury is of
great significance. The present study aimed to investigate the
effects and underlying mechanisms of DMF on I/R damage
in vitro.

Although the mechanisms responsible for I/R injury
are not completely understood, a great deal of evidence has
indicated that ROS production and apoptosis may have
important roles in this event (33). DMF has historically been

used to treat relapsing-remitting multiple sclerosis (34), and
is currently regarded as an antioxidant that can modulate
ROS production (35). Increasing evidence has suggested
that DMF may have a profound impact on ROS production
and apoptosis (36), and could exert protective effects against
reperfusion injury to the liver (17) and brain (18). However,
to the best of our knowledge, there are currently no studies
reporting the effects of DMF on myocardial I/R injury.

The present study revealed that I/R treatment significantly
decreased cell viability and simultaneously increased LDH
release into the culture media, a clear indication of cellular
damage. These results are in accordance with previously
reported findings (37,38), which demonstrated the successful
establishment of an I/R injury model. Notably, pretreatment
with DMF significantly improved viability and reduced LDH
release in I/R-treated cells in a dose-dependent manner,
although I/R-associated damage could not be completely
prevented. These findings suggested that DMF exerted distinct
cellular protection against I/R injury.

The mechanisms underlying I/R-induced cellular injury
have been extensively investigated (39). It is evident that
apoptosis may serve a determining role in cellular damage,
and augmented apoptotic activity is a well-known cause
of I/R-associated myocardial injury (40,41). In the present
study, I/R clearly upregulated Bax and downregulated
Bcl-2 expression, with a reflected increase in the apoptotic
index (Bax/Bcl-2 ratio) and cleaved caspase-3 expression.
Cleaved caspase-3 plays an important role in apoptosis as it
is the aggregation point of a number of apoptotic stimulating
signaling pathways, such as the mitochondrial pathway,
death receptor pathway and endoplasmic reticulum stress
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pathway (42). Cleaved caspase-3 has been reported to break
down various functional proteins to induce apoptosis; therefore,
its activation is regarded as a sign of the irreversible stage of
apoptosis after activation (43). The present study revealed that
compared with in the control group, the expression levels of
cleaved caspase-3 were increased in the I/R group and were
decreased by 24-h pretreatment with DMF; these results are
consistent with those derived from TUNEL staining. The
levels of these apoptotic indicators were comparable between
the control and I/R + DMF groups, suggesting that DMF
may have powerful anti-apoptotic effects. This was further
supported by flow cytometric analysis, which indicated that
the number of early apoptotic cells was significantly increased
in the I/R-treated group compared with in the control group,
whereas the proportion of living cells was notably decreased.
DMF treatment also significantly decreased the number of
early apoptotic cells and increased the proportion of living
cells. Collectively, these results suggested that along with
protection against I/R-induced cellular damage, DMF may
significantly inhibit apoptotic activity, and that the protective
effects of DMF against I/R-induced cellular damage could be
associated with inhibition of apoptosis.

Although the factors that initiate apoptosis are not yet fully
understood, a number of studies have shown that excessive
ROS production may serve a critical role in the activation of
apoptosis (44). ROS are hypothesized to mediate myocardial
injury by inducing mitochondrial permeability transition
pore expression (45) and dysfunction of the sarcoplasmic
reticulum (46). In the present study, ROS production was
significantly elevated by I/R-treatment, which, to a great
extent, was counteracted by DMF, indicating that this
treatment markedly suppressed ROS production. Furthermore,
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Figure 6. Mechanisms underlying the protective effects of DMF against
myocardial I/R. I/R, ischemia/reperfusion; DMF, dimethyl fumarate; Nrf2,
nuclear factor erythroid 2-related factor 2; p-, phosphorylated; Keapl,
Kelch-like ECH-associated protein 1; ARE, antioxidant response elements;
ROS, reactive oxygen species; HO-1, heme oxygenase 1; NQO1, NAD(P)H
quinone dehydrogenase 1.

I/R significantly decreased the expression levels of the free
radical scavengers HO-1 and NQOI, whereas their expression
was completely restored by DMF. Therefore, on one hand,
DMF may suppress ROS production, and on the other hand, it
may augment the expression levels of free radical scavengers,
which would beneficially modulate redox status (47) and
further inhibit apoptosis (48). The results of the present study
suggested that the protective effects of DMF on I/R-induced
cellular damage may be associated with redox status
modulation, which could lead to attenuation of apoptosis in
response to I/R insult.

It is well known that a series of pathways are involved in
the regulation of redox status; among others, AKT and Nrf2
have been extensively investigated (49). In Nrf2-knockout
mice, DMF failed to deliver protection against I/R injury,
which strongly indicated that DMF may act downstream of
Nrf2 (18). Furthermore, previous studies have shown that Nrf2
can be activated via phosphorylation of AKT pathway compo-
nents (50), which also upregulated HO-1 and NQO1 (51). In
the present study, the p-AKT/AKT ratio was significantly
decreased in I/R-treated cells, which was accompanied by
a decrease in Nrf2 expression. Treatment with DMF mark-
edly elevated the levels of p-AKT/AKT and Nrf2, indicating
that DMF activity could be attributed to activation of the
AKT/Nrf2 pathway.

Nrf2 is a putative transcription factor, and the suppression
of Nrf2 activity is associated with an increase in Keapl,
which sequesters Nrf2 in the cytoplasm and regulates its
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ubiquitin-dependent degradation (52). Upon activation by small
molecules, the interaction between Keapl and Nrf2 is disrupted.
Nrf2 protein turnover is thereby attenuated, and the transcription
factor translocates to the nucleus where it modulates transcription
through AREs. Thus, a limitation of the present study is that it
did not involve isolating nuclear proteins and comparing the
expression of Nrf2 in the nuclear fraction of cells; this will be
addressed in the future to support the data of the present study.
In conclusion, the myocardial protective functions of DMF
were confirmed in a myocardial I/R model, and Nrf2 modu-
lation was validated as a primary mechanism for inhibiting
oxidative stress and apoptosis (Fig. 6). Currently, DMF has been
confirmed to suppress cardiovascular diseases, such as pulmo-
nary hypertension and diabetic cardiomyopathy. Based on the
present findings, modulation of the AKT/Nrf2 pathway by DMF
may be a promising treatment option for patients with acute
ischemic heart disease. With continuous in-depth research on
DMEF, it is expected to become a future treatment for myocardial
I/R injury and pave the way for improved clinical applications.
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