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Abstract: Dimethyl fumarate (DMF) is a small molecule that has been shown to assert potent
in vivo immunoregulatory and anti-inflammatory therapeutic actions. The drug has been approved
and is currently in use for treating multiple sclerosis and psoriasis in the USA and Europe. Since
inflammatory reactions have been significantly implicated in the etiology and progression of diverse
disease states, the pharmacological actions of DMF are presently being explored and generalized
to other diseases where inflammation needs to be suppressed and immunoregulation is desirable,
either as a monotherapeutic agent or as an adjuvant. In this review, we focus on DMF, and present
an overview of its mechanism of action while briefly discussing its pharmacokinetic profile. We
further discuss in detail its pharmacological uses and highlight its potential applications in the
treatment of cardiovascular diseases. DMF, with its unique combination of anti-inflammatory and
vasculoprotective effects, has the potential to be repurposed as a therapeutic agent in patients with
atherosclerotic cardiovascular disease. The clinical studies mentioned in this review with respect
to the beneficial effects of DMF in atherosclerosis involve observations in patients with multiple
sclerosis and psoriasis in small cohorts and for short durations. The findings of these studies need
to be assessed in larger prospective clinical trials, ideally with a double-blind randomized study
design, investigating the effects on cardiovascular endpoints as well as morbidity and mortality. The
long-term impact of DMF therapy on cardiovascular diseases also needs to be confirmed.

Keywords: dimethyl fumarate; DMF; monomethyl fumarate (MMF); cardiovascular diseases; antiox-

idant; anti-inflammatory potential; immunomodulatory actions

1. Introduction

Esters derived from fumaric acid have been explored and put to use for therapeutic
applications since their introduction for the treatment of psoriasis in 1959 by the German
chemist Walter Schweckendiek. The first commercially available fumaric acid ester (FAE)
formulation, Fumaderm, was licensed in Germany in 1994 as the first-line choice of systemic
therapy for moderate-to-severe plaque psoriasis. Since then, FAEs have become the most
frequently prescribed systemic anti-psoriatic medication in Germany [1]. Fumaderm
consists of dimethyl fumarate (DMF) as the main prodrug component, which is rapidly
hydrolyzed in vivo into the pharmacologically active compound monomethyl fumarate
(MMEF). In 2013, the United States Food and Drug Administration (USFDA) authorized
and approved Tecfidera as the first DMF-based formulation for use in the USA, as the
first-line therapy of choice for adult patients with relapsing multiple sclerosis, showcasing a
positive safety and powerful efficacy profile [2]. Promising preclinical and clinical data also
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position DMF as a favorable drug candidate for the treatment of psoriasis in the USA. The
European Medicines Agency in 2017 further approved Skilarence—a new oral formulation
of DMF—for the treatment of moderate-to-severe plaque psoriasis throughout Europe [1].

DMF has been demonstrated to exhibit potent anti-inflammatory, antioxidative, and
immunomodulatory actions in a variety of cell types and tissues [3-5]. These effects can
be extrapolated to a number of disease states to bring about significant improvements in
therapeutic outcomes. Due to its anti-inflammatory, antioxidative, and immunomodulatory
properties, the beneficial effects of DMF have been observed in many disease states wherein
oxidative stress and/or inflammatory mediators play a central role, such as in amyotrophic
lateral sclerosis [6]. Similarly, these beneficial therapeutic effects can be extended to other
conditions associated with oxidative stress and /or inflammation, such as migraine, epilepsy,
Alzheimer’s disease, Parkinson’s disease, pancreatitis, and nephronophthisis [6-9]. Its anti-
inflammatory potential has generated widespread interest, and it is one of the medications
being evaluated for the treatment of COVID-19 infection-induced cytokine storm and acute
respiratory distress syndrome [10].

A growing number of preclinical studies have demonstrated the protective therapeutic
effect of DMF in atherosclerosis, stroke, myocardial infarction, diabetic cardiovascular
complications, and hypertension. The clinical use of DMF over recent decades has provided
ample patient-based evidence to establish its safety profile, encouraging the repurposing of
DMF for various conditions.

Based on this, the present review primarily focuses on evaluating and expanding the
therapeutic applications of DMF for cardiovascular diseases. We analyzed and described
the pharmacokinetic profiles of DMF and its major molecular targets, especially with respect
to its anti-inflammatory and antioxidative activity. We further comprehensively reviewed
the preclinical and clinical evidence supporting its protective effects and applications for
the treatment of a variety of cardiovascular diseases.

2. Therapeutic Potential of DMF in Cardiovascular Diseases

DMEF is Food and Drug Administration (FDA)- and European Medicines Agency
(EMA)-approved for the treatment of multiple sclerosis and psoriasis. Currently, various
clinical trials are employing DMF as a therapeutic agent to explore its efficacy in treating
lymphomas, obstructive sleep apnea (OSA), and adult brain glioblastoma [11]. DMF has
been investigated for its therapeutic effects in cutaneous T-cell lymphoma (CTCL) in a
phase Il clinical trial (NCT02546440) [12]; DMF presented promising results and was found
to be well tolerated in CTCL patients [13]. Furthermore, a randomized, placebo-controlled
phase II clinical trial was conducted to determine the effectiveness of DMF (NCT02438137)
for the treatment of OSA, wherein DMF was found to attenuate the severity of the dis-
ease [14]. Suppression of the NF-«B inflammatory pathway was believed to mediate DMF’s
therapeutic actions in OSA. DMF has also been investigated in glioblastoma multiforme
(NCT02337426), and in theumatoid arthritis along with methotrexate (NCT00810836); how-
ever, the results and conclusions from the trials have not yet been published. Several
preclinical studies also support the use of DMF for various other pathological conditions.

Therefore, DMF may find future applications in the treatment of diseases characterized
by inflammation and oxidative stress, which include a wide variety of conditions, such as
retinopathy, osteoarthritis, chronic pancreatitis, cancers, inflammatory bowel disease, sepsis,
neurodegenerative disorders, and neuromuscular disorders [15,16]. Here, we summarize
the beneficial therapeutic effects of DMF, focusing on cardiovascular diseases such as
atherosclerosis, stroke, myocardial infarction, diabetic cardiomyopathy, and hypertension.
Figure 1 depicts the pharmacological actions and possible therapeutic indications of DMF
in various cardiac pathologies.
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Figure 1. Different pharmacological actions and summarized mechanisms of action of dimethyl
fumarate in cardiovascular diseases.

2.1. Atherosclerosis

Atherosclerosis is the principal cause of cardiovascular-related deaths occurring world-
wide. Cholesterol-rich fatty plaques are deposited in arteries as a result of multiple intercon-
nected mechanisms resulting from inflammatory reactions, free-radical-species-mediated
oxidative stress, lipid dysregulation, and epigenetic disorder [17-19]. As the atheromatous
plaques progress towards advanced stages, they become highly vulnerable to rupture, lead-
ing to severe cardiovascular events such as ischemic stroke and myocardial infarction [20].
The anti-inflammatory actions of DMF have been suggested to provide potential benefits in
impeding the development of atherosclerosis.

Luo et al. investigated these benefits in vivo in a diabetic model of atherosclerosis.
Hyperglycemia-induced oxidative stress has been shown to aid in vascular endothelial
injury, and an increased inflammatory response in atherosclerosis is associated with diabetes
mellitus [21]. With the use of DMF at an oral dose of 25 mg/kg in a model of STZ-induced
diabetic ApoE-deficient mice, they observed a concurrent increase in the expression of
antioxidant Nrf2, reduction in aortic oxidation, and substantial improvements in endothelial
functions of the thoracic aorta. Nrf2 regulates oxidative stress in vivo, and the activation
of the Nrf2/ ARE antioxidative pathway reduces the production of ROS, diminishes the
inflammatory responses, protects endothelial cells from oxidative damage, and inhibits
the growth and migration of vascular smooth muscle cells, thereby further reducing the
advancement of atherosclerosis.

In another study, DMF treatment at a lower oral dose of 12.5 mg/kg/day significantly
decreased high-cholesterol-diet-induced elevation of serum TC, TGs, and LDL cholesterol
in hypercholesterolemic rabbits [22]. Dietary DMF supplementation was demonstrated
to decrease the aortic levels of malondialdehyde (MDA), thereby indicating reduced lipid
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peroxidation, and simultaneously improving the expression of antioxidant enzymes such
as SOD. These hypolipidemic effects, along with DMF’s anti-inflammatory and antioxidant
potential, can therapeutically reduce the occurrence of atherosclerosis.

Clinically, DMF has been observed to confer anti-atherosclerotic effects in patients
with multiple sclerosis and psoriasis. DMF treatment results in a marked improvement
in the HDL/LDL and HDL/total cholesterol ratios, along with elevated levels of the
anti-atherogenic serum adiponectin. The overall reductions in the levels of serum to-
tal cholesterol and triglycerides also demonstrate DMF’s therapeutic benefits as an anti-
atherosclerotic drug [23-25]. A major pathological mechanism preceding atherosclerosis
is the development of vascular permeability and the resulting endothelial dysfunction.
Cardiovascular risk factors such as dyslipidemia, arterial hypertension, hyperglycemia,
and diabetes promote the development of endothelial dysfunction, characterized by an im-
pairment of the endothelium-dependent vasodilation and pro-coagulant/pro-inflammatory
endothelial activities [26]. The plaque formation in atherosclerosis results from endothelial
inflammation, followed by ROS generation by macrophages. The reactive oxygen species
oxidize the circulating LDL, resulting in the formation of foam cells and lipid buildup [27].

DMF targets the endothelial cells and protects against atherosclerosis by improving
endothelial function. Oxidative stress in endothelial cells stimulates multiple biologi-
cal processes involved in vascular inflammation and injury, including the expression
and activation of transcription factors (e.g., NF-kB), upregulation of pro-inflammatory
markers (cytokines, interleukins) and cellular adhesion molecules (e.g., ICAM, VCAM,
PECAM), stimulation of chemokine production (e.g., MCP-1), and the recruitment of
pro-inflammatory cells (e.g., monocytes, macrophages) [28]. In vivo studies in balloon-
injury-induced animal models of atherosclerosis have demonstrated that DMF reduces
neointimal formation and protects against TNF-o-induced endothelial cell apoptosis and
dysfunction via Nrf2-NQO1 modulation [29]. DMF treatment was further found to in-
hibit vascular smooth muscle cell proliferation through p21 induction, leading to G1 cell
cycle arrest.

Pharmacological interventions for the correction of endothelial function represent
a novel approach for preventing and treating atherosclerosis. However, impairment of
endothelial function by pharmacotherapy may accelerate the progression of cardiovascular
pathologies, including atherosclerosis, systemic and pulmonary hypertension, or diabetes.
Endothelial toxicity is commonly seen with various chemotherapeutic agents, such as
trastuzumab, bevacizumab, and doxorubicin [30]. Agents activating the Nrf2 signaling
pathway have been tested in various pathologies. Bardoxolone, an orally available semi-
synthetic triterpenoid compound, has been found to be an activator of the Nrf2 pathway.
Preclinical studies have demonstrated the beneficial therapeutic effects of bardoxolone in
different animal models of kidney disease, including the improvement of murine ischemic
acute kidney injury, attenuation of renal interstitial inflammation, and protection against
fibrosis in a model of chronic kidney disease [31].

A phase Ill randomized, double-blind, placebo-controlled clinical trial was designed to
determine whether bardoxolone methyl could slow down the progression to end-stage renal
disease in patients with stage 4 CKD and type 2 diabetes (Bardoxolone Methyl Evaluation
in Patients with Chronic Kidney Disease and Type 2 Diabetes Mellitus—BEACON trial).
However, the trial had to be prematurely terminated because of safety concerns related to
an increase in adverse cardiovascular events, including heart failure, hospitalizations, and
deaths in the bardoxolone methyl group. The adverse events were associated with fluid
retention, and were attributed to kidney-specific suppression of the endothelin pathway,
resulting in sodium and volume retention [32]. The lessons gained from the trial and
the identification of various risk factors are being applied in ongoing clinical trials for
bardoxolone methyl in patients with Alport syndrome and chronic kidney disease (Tsubaki
study and Ayame study) [33].

In addition to the benefits for endothelial function in animal models, DMF has been
found to improve endothelial function in various in vitro studies as well. Upon treatment
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with DME, the adhesion of monocytes to activated human umbilical vein endothelial cells
(HUVECs) was significantly reduced. This effect can be attributed to the downregulated
expression of genes implicated in adhesion, such as the vascular cell adhesion molecule-1
(VCAM-1), intercellular cell adhesion molecule-1 (ICAM-1), and E-selectin [34-36]. Loewe
et al. further established that DMF impaired the nuclear translocation of NF-kB, result-
ing in the inhibition of TNF-a-induced tissue factor protein expression in endothelial
cells [37]. DMF also exerts antiangiogenic effects via the downregulation of VEGFR-2 ex-
pression in human endothelial cells [38,39]. Additional investigations have demonstrated
its ability to suppress various TNF-a-induced pro-inflammatory and pro-atherogenic
cytokines/chemokines (i.e., MCP-1, CCL-5, PDGF-BB, GM-CSF, and IL-6) in human en-
dothelial cells [40]. These studies suggest that DMF might play a beneficial role in patients
with atherosclerosis and endothelial dysfunction.

2.2. Stroke

Stroke, also known as cerebral ischemia, is one of the leading causes of death globally,
and on the basis of its developmental etiology is primarily derived from hemorrhagic
complications or ischemia, with the latter being more common [41]. Ischemic stroke is
caused by the interruption of the blood supply to the brain, resulting either from blood
vessel rupture or its blockage by a thrombus or embolus. Inflammation and oxidative
stress are essential hallmarks of the pathogenesis of ischemic stroke, causing neuronal
malfunction and cell death.

The neuroprotective effects of DMF in vivo have been studied in detail in cerebral
artery occlusion and bilateral common carotid artery occlusion models of cerebral ischemia,
and DMF has been demonstrated to reduce the severity of neuronal damage/cell death
upon ischemic insult [42—-46]. The primary mechanism of DMF could be attributed to
its ability to activate the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway—an
important component to activate and sustain antioxidant defense. This upregulates several
Nrf2 target genes (i.e., Gelm, Ngol, and Ho-1) in the brain [47,48]. DMF exerts antioxidant
potential and inhibits the inflammatory responses in the ischemic area by decreasing the
levels of pro-inflammatory cytokines [42,49]. These preclinical findings are promising, and
show that DMF treatment improves neuronal survival upon ischemic stress while reducing
neurological deficits and infarct volume.

Lin et al. observed that DMF not only acts as an antioxidant, but also possesses
immunomodulatory properties. This suppresses the infiltration of neutrophils and T
cells, as well as reduce the numbers of activated microglia/macrophages in the infarct
region. Concurrently, pro-inflammatory cytokine levels were greatly diminished [42]. Lin-
Holderer et al. further studied the effects of DMF on murine hippocampal slice cultures and
neuronal cell lines (HT-22 and SH-SY5Y) [47]. The ischemic damage in the slice cultures
and cell lines was stimulated by depriving them of oxygen and glucose. DMF treatment
(30-100 uM) activated the Nrf2 pathway and reduced cell death in hippocampal cultures
upon reoxygenation, and promoted neuronal survival upon exposure to ischemic stress.

DMEF has also been shown to be beneficial in other acute cerebrovascular conditions,
such as hemorrhagic stroke and subarachnoid hemorrhage [50,51]. Zhao et al. provided
therapeutic evidence related to systemic DMF therapy. In the experimental model, DMF
(15 mg/kg) was initially administered intraperitoneally two hours after ICH, followed by
oral administration twice a day on days 1-3. Treatment with DMF improved hematoma res-
olution, attenuated functional deficit and brain edema, and enhanced neurological recovery
within a 24 h therapeutic window in a rodent model of acute intracerebral hemorrhage
(ICH)—a devastating form of stroke [51]. Additional experiments were conducted in wild-
type and Nrf2-knockout mice. In wild-type mice, DMF upregulated the expression of Nrf2
as well as its downstream targets, including heme oxygenase-1 (HO-1) and catalase. In
addition, the expression of the genes haptoglobin (a hemoglobin-detoxifying protein) and
CD163 (the receptor for the hemoglobin—-haptoglobin complex), which plays a potential role
in ICH, was also induced by DMF. Upregulation of these proteins was attenuated in Nrf2-
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knockout mice. DMF mediated the improvement in hematoma resolution by stimulating
the phagocytotic activity of microglial cells.

The neuroprotective effect of DMF (100 mg/kg, i.p.) was also demonstrated by Iniaghe
et al. in a murine model of ICH [52]. Intrastriatal injections of bacterial collagenase and
autologous blood were used to develop models of intracerebral hemorrhage. DMF was
found to attenuate functional deficits and brain edema. The reduction in brain edema could
be attributed to the preservation of blood-brain barrier integrity by DMF. Furthermore,
treatment with DMF reduced ICAM-1 levels and increased the levels of casein kinase 2.

Ischemic stroke and reperfusion injury are often associated with disruption of the
integrity of the blood-brain barrier. Reperfusion injury includes oxidative stress, platelet
activation, inflammatory responses, and neuronal apoptosis [53]. Therefore, DMF is a high-
potential therapeutic candidate in ischemia-reperfusion injury, due to its anti-inflammatory
and antioxidant potential. Pretreatment with DMF (15 mg/kg) has been examined to show
its capability of maintaining the integrity of the blood-brain barrier by preventing the
disruption of interendothelial tight junctions, decreased matrix metalloproteinase activity
in brain tissue, and diminished cerebral edema formation [49]. DMF strongly enhanced
the expression of Nrf2 and related target genes, such as HO-1, in endothelial cells and
astrocytes. Treatment with DMF also resulted in attenuation of pro-inflammatory factors
and inhibited leukocyte transmigration. The protective effect of DMF against ischemia—
reperfusion brain injury in Nrf2-gene-deficient mice was evaluated by Yao et al. The infarct
volume and cerebral edema in DMF (45 mg/kg)-treated Nrf2-gene-deficient mice were
comparable to those of vehicle-treated Nrf2-gene-deficient mice. The levels of HO-1 mRNA
were also not changed with DMF treatment. These results suggest that the Nrf2 signaling
pathway is crucial for DMF to exert neuroprotective effects in cerebral ischemia—reperfusion
injury [43].

Neuronal death results from a deficient supply of oxygen and concomitant oxidative
stress and inflammation in the ischemic core. A therapeutic agent that augments cellular re-
sistance to oxidative stress and exerts immunomodulatory responses can provide enhanced
protection after ischemic stroke. DMF, with its antioxidative and immunomodulatory
actions, could be beneficial as a potential neuroprotective agent in the treatment of stroke.
Table 1 lists the ongoing clinical trials for DMF in the treatment of various forms of stroke.

2.3. Myocardial Infarction/Ischemia—Reperfusion Injury

Ischemic injury in a tissue leads to a deficient supply of oxygen, glucose, and other nu-
trients required for cellular metabolism, ultimately leading to damage to the stressed tissue.
Replenishing the perfusion to the tissue by clearing the obstructed artery is an effective
treatment for acute myocardial infarction (MI); however, reperfusion may itself give rise to
myocardial injury. During ischemia, the degradation of ATP produces hypoxanthine, and
upon reperfusion, an influx of molecular oxygen degrades it to uric acid, thereby liberating
the highly reactive superoxide anion (O, ™). Superoxide free radicals are subsequently con-
verted to hydrogen peroxide (H,O,) and the hydroxyl radical (OH®). Such reactive species
lead to the peroxidation of the cell membrane associated with lipid structures, disrupting
the cells” permeability and functionality, and eventually leading to cell death. During the
ischemia-associated reperfusion injury, ROS act upon the endothelial cells and activate
the NF-«kB pathway. Once activated, the endothelial cell produces E-selectin, VCAM-1,
ICAM-1, plasminogen activator inhibitor-1 (PAi-1), tissue factor, and interleukin-8 (IL-8),
leading to inflammatory damage in the tissue region surrounding the infarct [54].

Reperfusion injury involves both oxidative stress and inflammation, and DMF could
be a powerful potential therapeutic candidate to prevent myocardial tissue damage. Con-
ventional drugs—such as 3-blockers, ACE inhibitors, and statins—in combination with
timely reperfusion improve the prognosis in patients with acute MI [55]. Preclinical studies
in various animal models have shown an equivalent protective effect of DMF in reperfusion
injury after stroke. The administration of DMF reduced oxidative stress, inflammation, and
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brain edema by preserving the blood-brain barrier’s integrity. A reduction in infarct size
and improved motor and sensory function were also observed with DMF treatment.

Table 1. Clinical trials for indications of dimethyl fumarate in cardiovascular diseases *.

Disease

Official Title Clinical Trial (Status) Clinicaltrial. Gov Identifier

Acute Ischemic Stroke

Combination of the immune
modulator dimethyl fumarate
with intra-arterial treatment in

acute ischemic stroke

Phase II (Not yet recruiting) NCT04891497

Intracerebral Hemorrhage

Dimethyl fumarate for the
treatment of
intracerebral hemorrhage

Phase II (Not yet recruiting) NCT04890379

Acute Ischemic Stroke

Combination of the immune
modulator dimethyl fumarate
with alteplase in acute
ischemic stroke

Phase II (Not yet recruiting) NCT04890366

Acute Ischemic Stroke

Impact of an immune
modulator dimethyl fumarate
on acute ischemic stroke

Phase II (Not yet recruiting) NCT04890353

Systemic Sclerosis-Associated

Pulmonary Arterial
Hypertension

Dimethyl fumarate in
pulmonary arterial
hypertension (PAH) associated
with systemic sclerosis
(SSc-PAH): the effect of DMF on
clinical disease and biomarkers
of oxidative stress

Terminated NCT02981082

* This list is compiled from (www.clinicaltrial.gov), accessed on 25 March 2022.

DMEF exerts its cardioprotective effects by activating the Nrf2 antioxidant pathway [56].
Kuang et al. conducted in vitro investigations to assess the beneficial role of DMF in my-
ocardial ischemic reperfusion injury. The treatment with DMF improved cellular viability
and enhanced the expression of Nrf2-regulated genes [57]. This was accompanied by
suppression of apoptotic cell death markers. The production of reactive oxygen species also
decreased with DMF administration. Pretreatment of rat H9c2 cardiomyoblast cells with
DMF (20 uM) attenuated cellular damage and improved viability. The addition of DMF sig-
nificantly decreased the levels of Bax and cleaved caspase-3, while the Bcl-2 expression was
upregulated, indicating its potential antiapoptotic effect. A significant decrease was seen in
the number of early apoptotic cells, whereas that of living cells was notably increased. In
addition to the suppression of ROS production, DMF increased the expression levels of the
free radical scavengers, HO-1, and NQO1. DMF treatment markedly elevated the levels of
p-Akt/ Akt and Nrf2, indicating that DMF activity could be attributed to activation of the
Akt/Nrf2 pathway.

Zhao et al. further assessed the protective role of DMF in vitro using H9¢2 cardiomy-
ocytes. In the study, an oxygen-glucose deprivation/reperfusion (OGD/R) model was used
to simulate myocardial ischemia/reperfusion injury. The results demonstrated the protec-
tive capacity of DMF (20 uM) through its inhibition of pro-inflammatory cytokines and
chemokines (e.g., IL-6, IL-8, and MCP-1), reduced generation of ROS, and downregulation
of adhesion molecules (e.g., TF, ICAM-1) [58]. The antioxidant effect was mediated through
the inhibition of NOX4-mediated ROS production. DMF mediated the downregulation
of adhesion molecules through the suppression of the Egr-1 signaling pathway. Early
growth response-1 (Egr-1) is a transcriptional factor upregulated in response to ischemia
and reperfusion, and initiates the expression of chemokines, adhesion molecules, and
coagulant factors. Furthermore, the investigations in rat heart endothelial cells established
the inhibitory effect of DMF on the nuclear translocation of NF-«B [59].
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Additionally, preclinical studies by Meili-Butz et al. demonstrated the capacity of
DMF to reduce the myocardial infarct size in a rodent model of myocardial infarction,
through attenuation of the NF-«B pathway [59]. The infarct size in rats that had received
DMF (10 mg/kg) was significantly smaller in comparison to vehicle-treated control rats,
suggesting the anti-necrotic effect of DMFE. Valen et al. described the detrimental role of
cardiac NF-«B in reperfusion and infarction [60]. The cardioprotection via NF-«B inhibition
limits myocardial infarct size during ischemia-reperfusion injury. In another study, the
modulation of cellular metabolism by DMF was found to protect against MI-induced cardiac
injury [61]. Adult male C57BL/6] mice were treated with DMF (10 mg/kg, 3-7 days) after
MI. DMF treatment was found to attenuate LV infarct wall thinning following MI, and to
decrease LV dilation and pulmonary congestion. Improved LV infarct collagen deposition,
myofibroblast activation, and angiogenesis were also seen with DMF treatment. DMF
reduced inflammatory markers and enhanced Nrf2 expression. DMF was also found to
affect macrophage metabolism by promoting mitochondrial oxidative phosphorylation in
macrophages and augmenting anti-inflammatory activities.

Sun et al. have demonstrated the inhibitory effect of DMF on dendritic cell maturation
and cytokine secretion. Dendritic cells play an important part in atherogenesis—particularly
in plaque rupture, which contributes to myocardial infarction [62]. DMF also inhibited
the expression of the costimulatory molecule CD86, the chemokine receptor CCR7, and
the C-X-C motif chemokine receptor 4 (CXCR4). DMF has also exhibited a protective
role in ischemic injury of organs such as the lungs, liver, and kidneys [63-65]. Timely
reperfusion and the inhibition of I/R injury are crucial for the management of myocardial
ischemia. Taking into consideration the protective effects of DMF in myocardial I/R injury,
DMF-mediated therapy could be of immense clinical significance.

2.4. Cardiovascular Complications Associated with Diabetes

Diabetes is a worldwide progressive metabolic disorder, and the associated compli-
cations can have severe effects on the quality and expectancy of life. Among the various
complications, diabetic cardiomyopathy significantly contributes to disease mortality. ROS-
mediated oxidative stress is considered to be one of the major causes of the pathogenesis of
this disease, leading to cardiomyocyte damage [66]. Studies have shown that the Nrf2/ARE
pathway protects against oxidative cardiac cell injury as well as diabetic complications [67].
DME, an Nrf2 activator with antioxidant and anti-inflammatory potential, can be considered
as a novel therapeutic agent for the treatment of diabetic cardiomyopathy.

DMF has exhibited significant beneficial effects in various animal models of diabetic
cardiomyopathy and associated vascular complications. Hu et al. investigated the effect of
DMF on the development of diabetic cardiomyopathy in animal models. Type 1 diabetes
in mice was established using multiple low doses of streptozotocin. The diabetic mice
were then treated with DMF (10 mg/kg, i.p.) for 3 months [68]. Administration of DMF
effectively attenuated inflammation and oxidative stress in diabetic hearts. DMF treatment
decreased the levels of pro-inflammatory cytokines and adhesion molecules. DMF also
inhibited myocardial dysfunction and cardiac fibrosis. In addition, activation of Nrf2 and its
downstream antioxidants (HO-1, SOD1, and catalase) was observed with DMF treatment,
which resulted in the cardioprotective response. These findings suggest that DMF could
prevent diabetes-induced myocardial tissue injury via activation of Nrf2 function.

DMF was also found to be beneficial in diabetes-associated vascular complications.

Amin et al. tested the effect of oral DMF treatment (25 mg/kg) on diabetic vascular
dysfunction. Treatment with DMF reduced aortic levels of ROS and NF-«B-65, and restored
aortic GSH, SOD, and Nrf2. This was accompanied by a reduced expression of inflammatory
mediators (e.g., IL-13, TNF-o, TGF-$3) in the vessel walls. DMF increased eNOS mRNA and
protein levels and increased bioavailable NO in diabetic aortas. Fibrous tissue proliferation
in aortic tunica media was also alleviated. The vasculoprotective effect of DMF on diabetic
aortas can be attributed to attenuation of the ROS-TXNIP-NLRP3 inflammasome pathway.
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Inhibition of TXNIP suppresses the activation of NF-«xB and its downstream inflammatory
genes [69].

Lu et al. reported the restoration of vascular BK channel function through activation
of Nrf2 by DMF. High-fat diet (HFD)-induced obese/diabetic mice were used for the study.
Increased oxidative stress in the diabetic vessels impairs BK channel function because of
the NF-kB-mediated protein degradation of its beta-1 (BK-31) subunits. BK channels are
critical for vasodilation, and DMF treatment (25 mg/kg) preserved BK-31 expression and
restored BK channel function in the coronary arteries [70]. Hence, Nrf2 activation by DMF
can inhibit cardiovascular diseases related to diabetes, as well as its vascular complications.

Vascular calcification is highly prevalent in patients with diabetes, metabolic syndrome,
atherosclerosis, hypertension, and chronic kidney disease. [71]. Prophylactic oral DMF
treatment (25 and 50 mg/kg) prevented vitamin-D3-induced calcification in mice, in a
dose-dependent manner. Studies of ex vivo ring cultures from rat common carotid artery
and murine thoracic aorta tissues showed decreased vascular calcification with DMF
treatment [72].

In addition to diabetic cardiomyopathy, Nrf2 plays a protective role in diabetic
nephropathy and diabetic retinopathy [31]. Lone et al. demonstrated the renoprotec-
tive potential of dimethyl fumarate in streptozotocin-induced diabetic nephropathy in
Wistar rats [73]. DMF was also reported to accelerate wound healing under diabetic condi-
tions, which is a common complication among patients with diabetes mellitus (DM) [74].
There is a consistent decrease in oxidative stress and inflammation with DMF treatment.
These studies are promising, and suggest that DMF could be broadly used in various
diabetic complications.

2.5. Hypertension

Inflammation, oxidative stress, and vascular dysfunction play a vital role in the patho-
genesis of hypertension [75,76]. Farooqui et al. reported that Nrf2 inhibition aggravated
oxidative stress and inflammation, thereby heavily contributing to the development of hy-
pertension [77]. Hsu et al. investigated the effects of maternal DMF therapy (50 mg/kg/day)
in adult rat offspring against dexamethasone and high-fat-diet-induced programmed hyper-
tension. Prenatal dexamethasone (DEX) exposure leads to hypertension in adult offspring,
which is aggravated by a postnatal high-fat (HF) diet. Maternal DMF therapy exhibited pro-
tective effects in the male offspring against the development of hypertension [78]. Treatment
with DMF reduced renal mRNA expression of RAS components (i.e., renin angiotensino-
gen, angiotensin converting enzyme-1, and angiotensin II typel receptor), resulting in
the downregulation of the renin—angiotensin system, and leading to the protective effects
of DME

DMEF also promoted Nrf2 mRNA expression. Simultaneously, a significant decrease in
ADMA plasma levels (asymmetric dimethylarginine), which are associated with adverse
effects on cardiovascular health, was also observed. The reduction in ADMA levels re-
stored the NO-ROS balance and increased NO bioavailability to prevent DEX+HF-induced
hypertension. Their findings also suggested that DMF stimulated autophagy and reduced
oxidative stress. An increase in the mRNA expression of autophagy-related genes—such
as UNC-51-like kinase-1 (Ulk1) and autophagy-related gene 5 (Atg5)—was observed in
the kidneys of the offspring. In a similar model of DEX+HF-induced hypertension, Lin
et al. reported that early postnatal treatment with DMF (50 mg/kg/day for 3 weeks after
weaning) protected against hypertension. DMF significantly reversed DEX+HF-induced
hypertension, increased levels of Nrf2, and protected against oxidative stress [79]. Fur-
ther analysis also showed that DMF decreased the plasma ADMA and SDMA levels, and
increased mRNA expression of the autophagy-related genes Ppargcla, Ulkl, and Atg5
in male offspring’s kidneys. Thus, DMF may be effective in preventing hypertension in
children exposed to antenatal corticosteroids and high postnatal intake of fats.

In another study, Grzegorzewska et al. reported the beneficial effects of DMF by
employing an experimental model of pulmonary arterial hypertension and lung fibro-
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sis. DMF was tested in a hypoxia model and a hypoxia/SU5416 mouse model. In the
hypoxia/SU5416 mouse model, mice were exposed to hypoxia for 3 weeks with weekly
injections of 20 mg/kg SU5416 (vascular endothelial growth factor receptor antagonist,
Sugen 5416). DMF treatment was found to be effective in reversing the hypertension-related
hemodynamic changes and decreasing inflammation, oxidative injury, and fibrosis. DMF
(90 mg/kg, i.p.) significantly improved pathological hemodynamics in hypoxic mice. It
was found to prevent and reverse elevated right ventricular systolic pressure and RV hyper-
trophy in the murine model. DMF inhibited the NF-kB and STAT pathways and reduced
expression of IL-6 in vitro, further confirming its antioxidative and anti-inflammatory ac-
tions [80]. The beneficial effects of DMF in hypertension are promising; however, further
preclinical and clinical studies are necessary to establish its clinical potential.

2.6. Other Cardiac Pathologies

DMEF has been tested following a prophylactic protocol in animal models of cardiac
hypertrophy [81]. In a murine model of isoproterenol (ISO)-induced cardiac hypertrophy;,
DMF (25 mg/kg, orally) was found to decrease heart rate and systolic and diastolic blood
pressure. A significant improvement was also observed in the ECG pattern and cardiac
rhythm. Cardiac troponin-I, creatine kinase-MB, and atrial natriuretic peptide levels de-
creased with DMF treatment. Pretreatment with DMF also reduced oxidative stress and
suppressed NF-kB and other pro-inflammatory cytokines.

DMF exerts its cardioprotective effects by disrupting the TLR-mediated inflammatory
process and the MAPK pathway. DMF decreased the levels of the TLR adaptor protein
MyD88, followed by reductions in NF-kB, TNF-«, IL-6, and p-ERK1/2 levels. However,
additional preclinical studies are required in order to develop DMF therapies for clin-
ical testing and implementation. Another common cardiac pathology is heart failure.
Since inflammation and oxidative stress play important roles in the development of heart
failure [82], future studies are essential to understand the potential therapeutic benefits
of DME

2.7. Aneurysm

Chronic inflammation in arterial walls because of hemodynamic stress leads to the
formation of intracranial aneurysm. Pascale et al. examined the protective role of DMF
in preventing the formation and rupture of intracranial aneurysm in vitro and in vivo.
DMEF (20, 50, 75, and 100 uM) was evaluated in vitro using TNF-a-treated vascular smooth
muscle cells, and in vivo using a murine-elastase-induced model of aneurysm [83]. The
mice were administered DMF (100 mg/kg, orally) for two weeks. DMF therapy was
shown to protect the cells by activating the Nrf2 pathway and decreasing the production of
pro-inflammatory cytokines and chemokines.

At higher doses, DMF increases apoptosis and protects the cells from inflammatory
necrotic cell death by suppressing the pro-proliferative action of TNF-«. Thus, experimental
models present preclinical data suggesting that DMF-treatment-mediated upregulation
of Nrf2 significantly reduces the aneurysm formation and rupture. These studies suggest
that DMF, with its inhibitory effects on oxidative stress, inflammation, and fibrosis in the
cerebrovascular region, can play a potential role as a therapeutic agent for patients at risk
of the formation and rupture of intracranial aneurysms; however, more preclinical studies
are required to establish its clinical role.

3. The Mechanisms of Action of DMF

The therapeutic effects of DMF are exerted through the modulation of cellular proteins
and their signaling pathways. These include the nuclear factor erythroid 2-related factor
2 (Nrf2) antioxidant pathway, the nuclear factor kappa B (NF-«B) pathway, GSH modu-
lation, inhibition of aerobic glycolysis, and agonism of hydroxycarboxylic acid receptor 2
(G-protein-coupled receptor 109A). Figure 2 describes the different DMF-mediated molec-
ular mechanisms and downstream targets. Table 2 summarizes the major mechanisms
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of action responsible for the therapeutic effects of DMFE. These targets, along with their
downstream interactions, are discussed in detail in this section.

Binds to Prevents nuclear
KEAPT translocation of NF-kB,
e allow NRF2 downregulation of
dissociation proinflammatory
cytokines

e GAPDH % (B;
v
KB NF-kB)
l Aerobic glycolys.'s

l Nucleus Oxidative
oM

stress
Immunosuppressive l L NRF2

responses

X
LL
& anti-inflammatory : e - F-kB
effects i iﬁa +
Cytokines

Antioxidant enzymes,
| ¥ 3

\ Inflammation &

Q CD &€& T damage
' GSH depletion
T LW‘J CaZ+ calmodulin

l ®—+

CAMKKZ

PCB IR DAG

@ Q B-arrestin
\ 4

-~ =
v

o

Inhibition of NF-kB

Figure 2. The different mechanisms of action of DMF and its downstream targets: (A) DMF reacts with
cysteine residues of Keap1, leading to dissociation of Nrf2 from Keap1l and nuclear translocation of
Nrf2. Nrf2 binds to the antioxidant response element (ARE) and drives the expression of antioxidant
target genes, promoting cell survival. (B) DMF prevents the nuclear translocation of NF-kB. Inhibition
of NF-«B leads to inhibition of pro-inflammatory cytokine production and inhibition of inflammation
and cellular damage. (C) MME, a potent agonist of the HCAR2 receptor, interacts with -arrestin
and inhibits NF-«B. Activation of HCAR2 upon MMEF binding also leads to the activation of AMP-
activated protein kinase (AMPK) by calcium/calmodulin-dependent protein kinase 2 (CaMKK2),
which further leads to the activation of the protein deacetylase sirtuin-1 (SIRT1), resulting in inhibition
of NF-kB signaling. (D) DMF induces a transient GSH depletion by forming DMF-GSH conjugates,
leading to HO-1 production. The initial depletion of GSH is followed by a rebound increase in GSH
concentrations, which facilitates GSH-dependent detoxification pathways. (E) DMF inhibits aerobic
glycolysis in immune cells, inhibiting the activation of immune cells and promoting the development
of anti-inflammatory immune cell subsets.



Pharmaceuticals 2022, 15, 497

12 of 22

Table 2. Summary of the main mechanisms of action ascribed to the therapeutic effects of DMF.

Mechanism of Action

Observed Effects References

Activation of Nrf2

Regulation of cellular antioxidant responses and activation of
cytoprotective and anti-inflammatory factors NQO1, HO-1, [47,52]
glutathione-S-transferase, and antioxidants

Downregulation of the pro-inflammatory cytokines; shifts production of

Inhibition of NF-«B T-helper (Th) cells from the Th1/17 subset to the Th2 type [37,59,69]
Inhibits immune cell infiltration, adhesion and chemotaxis,
Agonism of HCAR2 inhibits NF-kB, and reduces production of pro-inflammatory [84]
cytokines
Inhibition of Aerobic Glycolysis Inflammatory immune cell 51'1bsets deprived of aerobic glycolysis; [61]
decreased immune responses
Depletion of GSH Induces HO-1 and downregulates several inflammatory cytokines [85,86]

3.1. Nrf2 Antioxidant Pathway Activation

DMEF has been shown to be a potent activator of Nrf2 and its downstream targets. The
transcription factor Nrf2 is an endogenous cellular defense mechanism against oxidative
stress, and regulates the cellular redox homeostasis [87]. The role of Nrf2 has been impli-
cated in metabolic and cardiovascular diseases, neurodegenerative conditions, and cancer,
as well as respiratory disorders [12] The transcription factor Nrf2 can be pharmacologically
targeted, rendering it clinically significant for drug development and repurposing. It is
regulated by the Keap1-Nrf2 pathway. Under normal conditions, Nrf2 is maintained in the
cellular cytoplasm in its inactive form, bound to the repressor molecule Kelch-like ECH-
associated protein 1 (Keapl). Keapl serves as a substrate adaptor protein for Cullin3/Rbx1
ubiquitin ligase, facilitating Nrf2 ubiquitination. Keap1 sequesters and polyubiquitinates
Nrf2 in the cytosol, leading to its constitutive degradation. Under physiological condi-
tions, Nrf2 has a short half-life of only 20 min [88]. Under stressful conditions, oxidation
of cysteine residues in Keap1 disrupts the Keapl ubiquitination system, promoting the
dissociation of Nrf2 from its complex in the cytoplasm, followed by its translocation into
the nucleus [89].

Keapl is composed of a three-domain architecture, and consists of an N-terminal BTB
(broad complex, tramtrack, and bric-a-brac) domain, an intervening region (IVR) or BACK
domain, and a C-terminal Kelch repeat domain. The Kelch domain binds to the Neh2
domain of Nrf2 at two amino acid sequences: DLG and ETGE. Nrf2 activators are mostly
electrophilic molecules that covalently modify cysteine residues present in the thiol rich
Keap1 protein via oxidation or alkylation.

Two different conformations are adopted by the Nrf2/Keap1l complex, sequentially
alternating in a cycle in basal conditions. The open conformation is formed by binding of
newly synthesized Nrf2, through its high-affinity ETGE motif, to one Keap1 molecule of
the Keapl dimer. This prevents Nrf2 ubiquitination and protects Nrf2 from proteasomal
degradation. After a period in the open conformation, the cycle moves to form the closed
conformation [90]. In the next step, the low-affinity DLG motif of Nrf2 binds to the second
member of the Keapl dimer. Thus, the complex adopts a closed conformational state, which
predisposes Nrf2 to polyubiquitination and proteasomal degradation. The regenerated
free Keapl dimer is then able to bind to newly synthesized Nrf2, and the cycle begins
again. Nrf2 activators block the Nrf2/Keapl complex in the closed conformation through
modifications of cysteines in Keapl. Inhibition of the proteasomal degradation of Nrf2
blocks the cycle, leading to the accumulation of the Keap1-Nrf2 complex in the closed
conformation, and free Keapl1 is not regenerated at a sufficient rate. Hence, the mechanism
of Keap1 inhibition by Nrf2 activators includes sequestration in complexes with Nrf2 that
cannot be ubiquitinated. Therefore, transactivation of Nrf2 target genes is achieved by de
novo synthesized Nrf2, which escapes Keapl-mediated ubiquitination and degradation,
and translocates to the nucleus [91].
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Nrf2 activators also disrupt the interaction between Keap1 and Cullin3/Rbx1, result-
ing in clogging of Keapl in an Nrf2-bound conformation, and newly synthesized Nrf2
escapes ubiquitination [92]. Several (non-FAE-based) Nrf2 inducers have been developed
and tested in clinical trials in recent years (e.g., ursodiol, sulforaphane, etc.), and have
met with considerable success with regard to potential for clinical development [92]. After
its translocation into the nucleus, Nrf2 interacts with antioxidant response elements of
target genes and induces transcriptional activation of NAD(P)H quinone oxidoreductase
1 (NQO1), heme oxygenase-1 (HO-1), glutathione-S-transferase, and direct antioxidants
(e.g., superoxide dismutase (SOD), catalase, glutathione reductase and glutathione per-
oxidase) [93]. Many of the Nrf2-regulated enzymes are essential in the pathogenesis of
cardiovascular diseases [94,95].

Recent studies have shown that the mitogen-activated protein kinase (MAPK),
phosphatidylinositol-3 kinase (PI3K/Akt) signaling, and multiple epigenetic factors are
conducive to the activation of the Nrf2 signaling pathway. [96-98]. Nrf2 is able to amplify a
wide range of cellular defense mechanisms, enhancing the overall capacity of cells to detox-
ify potentially harmful substances. It can be targeted for alleviating oxidative stress and
associated diseases. The human Keap1 protein is a cysteine-rich protein that contains 27 cys-
teine residues, which constitute 4.33% of all amino acids, whereas the average content of
cysteines in human proteins is 2.26%, making it a strong electrophile trap. Keap1 cysteines
are highly reactive due to the surrounding positively charged, basic amino acids [91].

DMEF, due to its electrophilic moiety, causes conformational changes in the Keapl
protein by succination of its cysteine residues—particularly cysteine 151, located in the BTB
domain. DMF spontaneously reacts with cysteine (SH) residues in proteins via a Michael
addition reaction to form S-(2-succinyl) cysteine (25C), disrupting its interaction with Nrf2,
and resulting in stabilization and accumulation of nuclear Nrf2 [99,100]. Conclusively,
DMF promotes the translocation of Nrf2 into the nucleus, and upregulates the expression
of antioxidant genes [101]. All of the proteins or metabolites are not equally sensitive to
succination by DME. Succination by DMF is specific to particularly “sensitive” cysteine
residues. DMF mostly reacts with low pKa thiols, and their reactivity is also affected by
their accessibility within the protein. Fumarate concentration may be vital for accessing the
cysteine residues and subsequent succination [11].

3.2. NF-xB Pathway Inhibition

NF-«B is another intrinsic transcription factor regulated by DMF. NF-kB regulates the
coordinated expression of a diverse group of genes that include cytokines and adhesion
molecules implicated in the pathophysiology of myocardial ischemia—reperfusion injury,
ischemic preconditioning, apoptosis, atherosclerosis, unstable coronary syndromes, and
heart failure [60]. The NF-«kB family consists of the members p50, p52, p65 (RelA), c-Rel,
and RelB, which form various homo- and heterodimers. Amongst these, the most common
form is the active heterodimer of p50 or p52/RelA. The biological activity, the nucleocyto-
plasmic distribution, and the DNA binding activity of these proteins are, in turn, controlled
by a family of inhibitory proteins, termed IkB, to which NF-«kB proteins are bound under
unstimulated conditions. Under normal conditions, NF-«B is inactive, and remains as a
pair of dimers complexed with IkB in the cellular cytoplasm. During oxidative stress, the
IkB kinase (IKK) complex comprising IKKa and IKK{ mediates NF-«B activation by phos-
phorylating the inhibitor IkB. The phosphorylated IkB is then ubiquitinated and degraded
by the proteasome machinery, resulting in the release of NF-kB, which translocates to the
nucleus and stimulates gene transcription at the target sites [102].

The NF-kB pathway is activated mostly by the stimulation of pro-inflammatory recep-
tors, such as the TNF receptor superfamily, the toll-like receptor family (TLRs), and cytokine
receptors [103]. The TLR-mediated NF-kB activation and subsequent pro-inflammatory
cytokine production involve both myeloid differentiation factor 88 (MyD88)-dependent
and MyD88-independent pathways. DMF has been shown to suppress extracellular signal-
regulated kinases 1 and 2 (ERK1/2), thereby negatively regulating its downstream target—
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mitogen stress-activated kinase 1 (MSK1). The activity of the transcription factor p65
subunit, which is associated with the formation of NF-kB heterodimers, is hindered via
MSK1-mediated suppression, resulting in decreased p65 phosphorylation (at serine 276).
DMF activity was further shown to inhibit the nuclear translocation of p65 [104]. TLRs
have been found to play an important role in the inflammatory process in cardiovascular
diseases [105].

McGuire et al. demonstrated DMF-mediated inhibition of NF-kB and MAPK/ERK1/2
activation in response to TLR agonists [106]. This shows that DMF might interact with
TLR-mediated inflammatory processes, the MAPK pathway, and the resultant loss of pro-
inflammatory cytokine production. The interaction between the NF-«B signaling and Nrf2
pathways has also been extensively studied [107,108]. The activation of the Nrf2 pathway
has been found to attenuate the NF-kB-mediated inflammatory response [109]. NF-«B p65
has been found to negatively regulate the Nrf2 antioxidant response element signaling
pathway by competing with Nrf2 for binding to the transcriptional coactivator CREB-
binding protein [110]. However, Gillard et al. demonstrated the inhibitory effect of DMF on
NF-«B and NF-kB-driven downstream production of pro-inflammatory cytokines, as well
as translocation of NF-«B to the nucleus independent of the Nrf2 pathway [111]. Inhibition
of NF-kB by DMF leads to a decrease in the production of pro-inflammatory cytokines,
distorts the function of antigen-presenting cells, and shifts the cytokine production pattern
from type 1 and type 17 (Th1/Th17) to the anti-inflammatory type 2 subset (Th2) [112].

3.3. HCAR?2 Activation

Numerous studies have implicated MMF—the active metabolite of DMF—as being
an agonist of the G-protein-coupled receptor, HCAR?2 (hydroxycarboxylic acid receptor 2,
GPR109A). This receptor is expressed in adipocytes, neutrophils, monocytes, dendritic cells,
macrophages, epidermal Langerhans cells, and microglial cells; however, lymphocytes
lack the receptor. The receptor mediates the lipid-modifying and anti-atherosclerotic
effects of the drug nicotinic acid [113]. HCAR2 receptor activation and its downstream
targets induce a strong anti-inflammatory response, and reduce neutrophil infiltration,
adhesion, and chemotaxis. G protein oi and Gf3 subunits are involved in HCAR2 signaling
pathways. Upon dissociation, Gf3 subunits activate protein kinase C and ERK1/2. ERK1/2
are implicated in the expression of ATP-binding cassette transporter A1, which mediates
cholesterol efflux. HCAR2 receptors also bind to (3-arrestin, which can interact with
IkB, and prevent NF-«B activation [114]. DMF modulates the HCAR2 receptor signaling
independently from the Nrf2 pathway [115].

In a study by Chen et al, the DMF treatment regimen in the experimental model
of autoimmune encephalomyelitis reduced neurological deficit and other pathological
features in WT mice; however, these effects were not observed in HCAR2-deficient mice,
showing the significant effects of DMF mediated through the HCAR?2 signaling path-
way [84]. Using the same HCAR2-mediated pathway, MMF has been shown to activate
the microglial AMPK/SIRT1 signaling pathway. Activation of HCAR2 upon MMF binding
leads to the activation of phospholipase C, thereby elevating intracellular Ca?* levels. The
increase in Ca2* levels results in the activation of AMP-activated protein kinase (AMPK)
by calcium/calmodulin-dependent protein kinase 2 (CaMKK?2), which further leads to
the activation of the protein deacetylase sirtuin-1 (SIRT1). This results in inhibition of
NF-kB signaling, thereby reducing the synthesis of pro-inflammatory cytokines [116]. The
activation of the HCAR2 receptor has also shown to induce apoptosis via decreasing cyclic
AMP. Flushing—a side effect observed with DMF treatment—results from the interaction
of MMF with HCAR? via the release of prostaglandin 2 [117].

3.4. Modulation of Glutathione

Glutathione (GSH) serves as an endogenous antioxidant and protects from oxidative
damage. DMF interacts with thiol groups and forms conjugates, thereby impacting GSH's
availability and production. DMF maintains a delicate control of the glutathione levels
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for its antioxidant effects. The initial depletion of GSH induces heme oxygenase 1 (HO-1)
production, which downregulates several inflammatory cytokines, contributing to its
immunosuppressive and anti-inflammatory responses [118]. Brennan et al. observed
that treatment with DMF initially depleted intra- and extracellular GSH levels in human
astrocytes, followed by a gradual increase in GSH levels after 10 h, while MMEF increased
GSH levels after 24 h of treatment [101].

The GSH concentration is maintained by a controlled modulation between its depletion
and formation. The activation of the Nrf2 pathway by DMF induces antioxidative enzymes
such as superoxide dismutase, glutathione peroxidase, and glutathione reductase, as well as
NADPH-regenerating enzymes, which promote GSH formation [115,117]. Hence, the initial
depletion of GSH is followed by a rebound increase in GSH concentrations, facilitating
GSH-dependent detoxification pathways. The interaction of DMF with GSH also leads
to the inhibition of NF-«B and decreased expression of NF-«B target genes that regulate
inflammatory cytokines [11].

3.5. GAPDH and Glycolysis Modulation

Glycolysis and oxidative phosphorylation are major metabolic pathways that pro-
vide energy to the cells. Glycolysis involves a sequence of metabolic reactions for the
conversion of glucose to pyruvate to generate energy. Glycolytic metabolism is oxygen-
independent, and is less efficient compared to oxidative phosphorylation for ATP synthesis.
The main metabolic pathway in pro-inflammatory immune cells is glycolysis, which gen-
erates metabolic intermediates that are required for their activation, proliferation, and
immune functions [114].

In contrast, differentiation and functions of anti-inflammatory phenotypes are driven
by oxidative phosphorylation. DMF succinates the active thiols Cys150 (murine) and
Cys152 (human), leading to the inactivation of the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase [119]. This downregulates aerobic glycolysis in myeloid and
lymphoid cells, mediating anti-inflammatory effects. DMF and MMEF inhibit the function
and production of T cells (e.g., Th1l, Th17) and macrophages (M1), instead promoting
the development of anti-inflammatory immune cell subsets of Th2, Treg, and M2 pheno-

types [120].

4. Pharmacokinetics of DMF

Upon oral administration, DMF is reported to undergo rapid first-pass metabolism
where it is bioactivated by the intestinal esterases and the alkaline pH of the small intestine
to its biologically active metabolite MMF. DMF thus has a half-life of approximately 12 min,
while its metabolite MMF has a half-life of 36 h [121]. DMF is a BCS Class I drug, showing
very good water solubility, with high membrane permeability. Phase I pharmacokinetic
studies were conducted in 10 healthy subjects receiving DMF and calcium MEF (120 mg
plus 95 mg) under fasting conditions. MMEF transiently increased to a median maximal
plasma concentration of 0.84 mg/L, and disappeared from the plasma with a median
elimination half-life of 44 min. DMF could not be detected in the plasma, which could be
due to its rapid hydrolysis to MME. In another study involving three psoriasis patients
being treated with the approved FAE mixture, peak MMF concentrations of 1.2-1.8 mg/L
were observed after 3.5-4.0 h, and declined with a half-life of 31-71 min, with no detectable
levels of DMF in the plasma [122]. Once liberated, MMF does not undergo degradation in
the intestine, and is absorbed in the systemic circulation because its ionizable carboxylic
acid moiety prevents further hydrolysis [114]. MMF reaches its peak plasma concentrations
after 5-6 h, and is subsequently metabolized via the tricarboxylic acid cycle to fumaric
acid, water, and carbon dioxide, and is mainly excreted through the pulmonary route via
exhalation [121].

Recent studies have further shown that DMF is not completely hydrolyzed to MMF—a
significant part of the dose administered also interacts with GSH and forms GSH conjugates,
which are further metabolized to mercapturic acid and excreted via the kidneys [118,123].



Pharmaceuticals 2022, 15, 497

16 of 22

A small portion of DMF that might escape hydrolysis in the small intestine enters the
blood circulation via the portal vein, to be subsequently metabolized into MMF by the
esterases present in the circulation. Presumably, the clearance process remains the same
in blood and other tissues as well, resulting in the formation of MMF [124]. Patients with
renal impairment do not need dose adjustments with DMF, as kidney /urinary excretion
plays a minor role in its metabolism [122]. Furthermore, administration with food has been
found to interfere with the intestinal absorption and metabolism of DMF, delaying the peak
concentration of MMF [125]. Thus, the majority of the DMF administered reaches the liver
in its monoester MMF form.

From pharmacokinetic data of Tecfidera GR capsules obtained in subjects with multiple
sclerosis, the Tmax of MMF was found to be between 2 and 2.5 h. Following administration
of 240 mg DMF twice a day with food, the median peak (Cmax) was 1.72 mg/L, and the
overall area under the curve exposure was 8.02 h.mg/L, in subjects with multiple sclerosis.
The apparent volume of distribution varied between 60 L and 90 L after oral administration
of 240 mg of DME. The plasma protein binding of monomethyl fumarate ranges between
27% and 40%. The pharmacokinetics of Tecfidera in the adolescent patients with RRMS
aged 13 to 17 years (n = 21) were consistent with the findings observed in adult patients
(Crax: 2.00 £ 1.29 mg/L; AUCq 192 3.62 + 1.16 h.mg/L, which corresponds to an overall
AUC of 7.24 h.mg/L) [126].

Based on hepatic metabolism studies, further metabolism of MMF in the liver pro-
duces methanol and fumaric acid [114]. Additionally, there is no evidence for the inter-
action of DMF and its metabolite MMF with human cytochrome P450 enzymes and the
P-glycoprotein drug transporters [127]. Hence, DMF has very limited drug interactions.
However, multiple metabolic processes could lead to variation in its biodistribution pro-
file, thereby impacting its mechanism and therapeutic efficacy. The physiologically active
concentrations of DMF are reported between 5.5 and 50 uM, whereas MMF is found to be
active at concentrations ranging between 50 and 150 uM [117]. DMF and MMF have been
investigated in different preclinical studies for the treatment of new clinical indications.

5. Conclusions and Future Perspectives

Despite the extensive research and development of new chemical entities and thera-
peutic strategies, cardiovascular diseases and their complications remain the leading cause
of death and disability worldwide. Drug repurposing, also known as drug repositioning, is
a viable therapeutic strategy for hastening drug discovery by identifying new therapeutic
indications for already-established drug products. Repurposing of drugs lowers costs,
requires shorter time for approval, and provides an opportunity to extend pharmacological
tools. Such therapeutic agents have already been tested for dose tolerance and safety in
humans, with detailed information being available about their formulations, pharmacology,
and potential adverse effects. Drug repurposing has achieved tremendous success with
several pharmaceutical agents (e.g., for Viagra, thalidomide, metformin, raloxifene, mi-
noxidil etc.). Oxidative stress and inflammation work together and potentiate one another.
Several experimental studies strongly suggest the central role of inflammation in the onset
and progression of cardiovascular disorders. Drug repurposing can help to identify safe
and effective drugs for cardiovascular diseases. For instance, anti-inflammatory agents
such as colchicine and methotrexate are being evaluated in clinical trials for the treatment
of cardiovascular diseases.

DMEF is a multimodal pharmaceutical agent with immunomodulatory, anti-inflammatory,
and antioxidative properties that has achieved remarkable clinical success with psoria-
sis and relapsing-remitting multiple sclerosis. Thus, the potential applications of DMF
therapy are numerous and extremely broad. The adverse effects associated with DMF
therapy are relatively mild, and the benefits undeniably outweigh the risks. However,
the vast majority of the efficacy data are still preclinical, and further experimental and
clinical studies are required for repurposing of DMF for the management of patients with
cardiovascular pathologies.
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As exemplified in the review, the dose and the routes of administration of DMF vary
in different preclinical animal models as well as in vitro investigations. Therefore, further
exploration of suitable administration routes, drug dosage and frequency, and treatment
duration are needed to find the most optimal and clinically significant treatment paradigms
for the different cardiac pathologies. These investigations should be accompanied by the
development of DMF-modified release formulations to impart significantly different phar-
macokinetic properties for dose reduction, reduced side effects, and further improvements
in therapeutic efficacy.

Randomized interventional clinical trials are currently ongoing with DMF as a monother-
apeutic agent, or as an adjuvant in patients with acute ischemic stroke and intracerebral
hemorrhage, and the results are anticipated with great interest. The results of the ongoing
trials will determine whether DMF can be successfully repurposed as a therapeutic option
for stroke.

DME, with its unique combination of anti-inflammatory and vasculoprotective effects,
has the potential to be repurposed as a therapeutic agent for patients with atherosclerotic
cardiovascular disease. The clinical studies mentioned in this review with respect to the
beneficial effects of DMF in atherosclerosis involve observations in patients with multiple
sclerosis and psoriasis in small cohorts and for short durations. The findings of these studies
will have to be verified in larger prospective clinical trials, ideally with a double-blind
randomized study design, investigating the effects on cardiovascular endpoints as well as
morbidity and mortality. The long-term impact of DMF therapy on cardiovascular diseases
also needs to be assessed. In conclusion, DMF plays a critical role in protecting against
CVDs, including atherosclerosis, M1, stroke, hypertension, and diabetic cardiomyopathy;,
and this may translate into considerable therapeutic promise. The molecular mechanisms
of action responsible for its preventive and therapeutic effects have been demonstrated,
ascribed to the favorable modulation of molecular pathways identified in numerous studies.
Thus, DMF, with its beneficial therapeutic effects and positive safety and efficacy profile,
can be extended to various other indications through drug repurposing strategies.

Author Contributions: Conceptualization, S.0.; Methodology, S.O. and S.D.T.; Formal Analysis,
S.D.T.; Investigation, S.D.T. and S.O.; Writing—Original Draft Preparation, S.D.T.; Scheme Drawn—
N.KJ. and S.D.T.; Writing—Review and Editing, S.0., N.K.J. and B.S.; Supervision, 5.0. and B.S.;
Funding Acquisition, B.S. and S.O. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors are thankful to the United Arab Emirates University for the research grants
and open access support for this publication.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: This is a review and majority of the article referred are cited appropri-
ately in the manuscript.

Acknowledgments: The authors are thankful to the United Arab Emirates University for the award
of the research grants (31R233 and 12M099 to Bassem Sadek) and (Research Grants # 12R121 and
12R104 to Shreesh Ojha).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Mrowietz, U.; Barker, J.; Boehncke, W.-H.; Iversen, L.; Kirby, B.; Naldi, L.; Reich, K.; Tanew, A.; van de Kerkhof, P.; Warren,
R. Clinical use of dimethyl fumarate in moderate-to-severe plaque-type psoriasis: A European expert consensus. J. Eur. Acad.
Dermatol. Venereol. 2018, 32, 3—-14. [CrossRef] [PubMed]

Xu, Z.; Zhang, F,; Sun, E; Gu, K,; Dong, S.; He, D. Dimethyl fumarate for multiple sclerosis. Cochrane Database Syst. Rev. 2015, 4,
1-47. [CrossRef] [PubMed]

Mrowietz, U.; Asadullah, K. Dimethylfumarate for psoriasis: More than a dietary curiosity. Trends Mol. Med. 2005, 11, 43—48.
[CrossRef] [PubMed]


http://doi.org/10.1111/jdv.15218
http://www.ncbi.nlm.nih.gov/pubmed/30238510
http://doi.org/10.1002/14651858.CD011076.pub2
http://www.ncbi.nlm.nih.gov/pubmed/25900414
http://doi.org/10.1016/j.molmed.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15649822

Pharmaceuticals 2022, 15, 497 18 of 22

10.
11.

12.

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Linker, R.A.; Lee, D.-H.; Ryan, S.; van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.; Buko, A.; Chollate, S.; et al.
Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of the Nrf2 antioxidant pathway. Brain 2011,
134, 678-692. [CrossRef] [PubMed]

Schulze-Topphoff, U.; Varrin-Doyer, M.; Pekarek, K.; Spencer, C.M.; Shetty, A.; Sagan, S.A.; Cree, B.A.C.; Sobel, R.A.; Wipke, B.T;
Steinman, L.; et al. Dimethyl fumarate treatment induces adaptive and innate immune modulation independent of Nrf2. Proc.
Natl. Acad. Sci. USA 2016, 113, 4777-4782. [CrossRef] [PubMed]

Kourakis, S.; Timpani, C.A.; de Haan, ].B.; Gueven, N.; Fischer, D.; Rybalka, E. Dimethyl Fumarate and Its Esters: A Drug with
Broad Clinical Utility? Pharmaceuticals 2020, 13, 306. [CrossRef] [PubMed]

Robles, L.; Vaziri, N.D.; Li, S.; Takasu, C.; Masuda, Y.; Vo, K; Farzaneh, S.H.; Stamos, M.].; Ichii, H. Dimethyl Fumarate
Ameliorates Acute Pancreatitis in Rodent. Pancreas 2015, 44, 441-447. [CrossRef]

Oey, O.; Rao, P; Luciuk, M.; Mannix, C.; Rogers, N.M.; Sagar, P.; Wong, A.; Rangan, G. Effect of dimethyl fumarate on renal
disease progression in a genetic ortholog of nephronophthisis. Exp. Biol. Med. 2018, 243, 428-436. [CrossRef]

Casili, G.; Lanza, M.; Filippone, A.; Campolo, M.; Paterniti, I.; Cuzzocrea, S.; Esposito, E. Dimethyl fumarate alleviates the
nitroglycerin (NTG)-induced migraine in mice. J. Neuroinflamm. 2020, 17, 59. [CrossRef]

Welcome—RECOVERY Trial. Available online: https://www.recoverytrial.net/ (accessed on 29 November 2021).

Saidu, N.E.B.; Kavian, N.; Leroy, K.; Jacob, C.; Nicco, C.; Batteux, F.; Alexandre, J. Dimethyl fumarate, a two-edged drug: Current
status and future directions. Med. Res. Rev. 2019, 39, 1923-1952. [CrossRef]

Cuadrado, A.; Manda, G.; Hassan, A.; Alcaraz, M.J.; Barbas, C.; Daiber, A.; Ghezzi, P.; Le6n, R.; Lopez, M.G.; Oliva, B.; et al.
Transcription Factor NRF2 as a Therapeutic Target for Chronic Diseases: A Systems Medicine Approach. Pharmacol. Rev. 2018, 70,
348-383. [CrossRef] [PubMed]

Nicolay, J.P; Albrecht, J.D.; Assaf, C.; Dippel, E.; Stadler, R.; Wehkamp, U.; Wobser, M.; Guelow, K.; Goerdt, S.; Krammer, P.H.
Dimethyl fumarate (DMF) therapy in CTCL: Results from a clinical phase II study. Eur. J. Cancer 2021, 156, S21-522. [CrossRef]
Braley, T.J.; Huber, P.AK,; Segal, B.; Kaplish, N.; Saban, B.R.; Washnock-Schmid, ].M.; Chervin, R.D. A randomized, subject and
rater-blinded, placebo-controlled trial of dimethyl fumarate for obstructive sleep apnea. Sleep 2018, 41. [CrossRef] [PubMed]
Al-Jaderi, Z.S.K.; Maghazachi, A.A. Utilization of Dimethyl Fumarate and Related Molecules for Treatment of Multiple Sclerosis,
Cancer, and Other Diseases. Front. Immunol. 2016, 7, 278. [CrossRef] [PubMed]

Jadeja, R.N.; Powell, EL.; Martin, PM. Repurposing fumaric acid esters to treat conditions of oxidative stress and inflammation:
A promising emerging approach with broad potential. In Drug Repurposing—Hypothesis, Molecular Aspects and Therapeutic
Applications; Badria, A.F,, Ed.; IntechOpen: London, UK, 2020; ISBN 978-1-83968-520-0.

Spagnoli, L.G.; Bonanno, E.; Sangiorgi, G.; Mauriello, A. Role of Inflammation in Atherosclerosis. J. Nucl. Med. 2007, 48, 1800-1815.
[CrossRef]

Weber, C.; Noels, H. Atherosclerosis: Current pathogenesis and therapeutic options. Nat. Med. 2011, 17, 1410-1422. [CrossRef]
Xu, S.; Pelisek, J.; Jin, Z.G. Atherosclerosis Is an Epigenetic Disease. Trends Endocrinol. Metab. 2018, 29, 739-742. [CrossRef]
Libby, P. Current Concepts of the Pathogenesis of the Acute Coronary Syndromes. Circulation 2001, 104, 365-372. [CrossRef]
Luo, M.,; Sun, Q.; Zhao, H.; Tao, J.; Yan, D. The Effects of Dimethyl Fumarate on Atherosclerosis in the Apolipoprotein E-
Deficient Mouse Model with Streptozotocin-Induced Hyperglycemia Mediated by the Nuclear Factor Erythroid 2-Related Factor
2/ Antioxidant Response Element (Nrf2/ARE) Signaling Pathway. Med Sci. Monit. 2019, 25, 7966-7975. [CrossRef]

Nour, O.A,; Shehatou, G.S.; Rahim, M.A; El-Awady, M.S.; Suddek, G.M. Antioxidant and anti-inflammatory effects of dimethyl
fumarate in hypercholesterolemic rabbits. EQypt. |. Basic Appl. Sci. 2017, 4, 153-159. [CrossRef]

Schmieder, A.; Poppe, M.; Hametner, C.; Meyer-Schraml, H.; Schaarschmidt, M.-L.; Findeisen, P.; Benoit, S.; Bauer, B.; Schmid, S.;
Goebeler, M.; et al. Impact of fumaric acid esters on cardiovascular risk factors and depression in psoriasis: A prospective pilot
study. Arch. Dermatol. Res. 2015, 307, 413-424. [CrossRef] [PubMed]

Kan, S.B.; Staun-Ram, E.; Golan, D.; Miller, A. HDL-cholesterol elevation associated with fingolimod and dimethyl fumarate
therapies in multiple sclerosis. Mult. Scler. ]. Exp. Transl. Clin. 2019, 5, 2055217319882720. [CrossRef]

Holzer, G.; Hoke, M.; Sabeti-Sandor, S.; Perkmann, T.; Rauscher, A.; Strassegger, B.; Radakovic, S.; Tanew, A. Disparate effects of
adalimumab and fumaric acid esters on cardiovascular risk factors in psoriasis patients: Results from a prospective, randomized,
observer-blinded head-to-head trial. J. Eur. Acad. Dermatol. Venereol. 2021, 35, 441-449. [CrossRef]

Sitia, S.; Tomasoni, L.; Atzeni, F.; Ambrosio, G.; Cordiano, C.; Catapano, A.L.; Tramontana, S.; Perticone, F.; Naccarato, P.; Camici,
P; et al. From endothelial dysfunction to atherosclerosis. Autoimmun. Rev. 2010, 9, 830-834. [CrossRef] [PubMed]

Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:
Harms and Benefits for Human Health. Oxidative Med. Cell. Longev. 2017, 2017, 8416763. [CrossRef] [PubMed]

Bahoran, T.; Soobrattee, M.A.; Luximon-Ramma, V.; Aruoma, O.1. Free Radicals and Antioxidants in Cardiovascular Health and
Disease. Internet |. Med. Updat. EfOURNAL 2007, 1, 25-41. [CrossRef]

Oh, CJ.; Park, S.; Kim, J.-Y,; Kim, H.-].; Jeoung, N.H.; Choi, Y.-K; Go, Y.; Park, K.-G.; Lee, I.-K. Dimethylfumarate attenuates
restenosis after acute vascular injury by cell-specific and Nrf2-dependent mechanisms. Redox Biol. 2014, 2, 855-864. [CrossRef]
Wojcik, T.; Szczesny, E.; Chlopicki, S. Detrimental effects of chemotherapeutics and other drugs on the endothelium: A call for
endothelial toxicity profiling. Pharmacol. Rep. 2015, 67, 811-817. [CrossRef]

Zhou, S.; Jin, J.; Bai, T.; Sachleben, L.R.; Cai, L.; Zheng, Y. Potential drugs which activate nuclear factor E2-related factor 2 signaling
to prevent diabetic cardiovascular complications: A focus on fumaric acid esters. Life Sci. 2015, 134, 56—62. [CrossRef]


http://doi.org/10.1093/brain/awq386
http://www.ncbi.nlm.nih.gov/pubmed/21354971
http://doi.org/10.1073/pnas.1603907113
http://www.ncbi.nlm.nih.gov/pubmed/27078105
http://doi.org/10.3390/ph13100306
http://www.ncbi.nlm.nih.gov/pubmed/33066228
http://doi.org/10.1097/MPA.0000000000000275
http://doi.org/10.1177/1535370218759313
http://doi.org/10.1186/s12974-020-01736-1
https://www.recoverytrial.net/
http://doi.org/10.1002/med.21567
http://doi.org/10.1124/pr.117.014753
http://www.ncbi.nlm.nih.gov/pubmed/29507103
http://doi.org/10.1016/S0959-8049(21)00666-3
http://doi.org/10.1093/sleep/zsy109
http://www.ncbi.nlm.nih.gov/pubmed/29800466
http://doi.org/10.3389/fimmu.2016.00278
http://www.ncbi.nlm.nih.gov/pubmed/27499754
http://doi.org/10.2967/jnumed.107.038661
http://doi.org/10.1038/nm.2538
http://doi.org/10.1016/j.tem.2018.04.007
http://doi.org/10.1161/01.CIR.104.3.365
http://doi.org/10.12659/msm.918951
http://doi.org/10.1016/j.ejbas.2017.07.003
http://doi.org/10.1007/s00403-015-1541-7
http://www.ncbi.nlm.nih.gov/pubmed/25648959
http://doi.org/10.1177/2055217319882720
http://doi.org/10.1111/jdv.16635
http://doi.org/10.1016/j.autrev.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/20678595
http://doi.org/10.1155/2017/8416763
http://www.ncbi.nlm.nih.gov/pubmed/28819546
http://doi.org/10.4314/ijmu.v1i2.39839
http://doi.org/10.1016/j.redox.2014.06.003
http://doi.org/10.1016/j.pharep.2015.03.022
http://doi.org/10.1016/j.lfs.2015.05.015

Pharmaceuticals 2022, 15, 497 19 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

Szczesny-Malysiak, E.; Stojak, M.; Campagna, R.; Grosicki, M.; Jamrozik, M.; Kaczara, P.; Chlopicki, S. Bardoxolone Methyl
Displays Detrimental Effects on Endothelial Bioenergetics, Suppresses Endothelial ET-1 Release, and Increases Endothelial
Permeability in Human Microvascular Endothelium. Oxidative Med. Cell. Longev. 2020, 2020, 4678252. [CrossRef]

Baird, L.; Yamamoto, M. The molecular mechanisms regulating the KEAP1-NRF2 pathway. Mol. Cell. Biol. 2020, 40, €00099-20.
[CrossRef] [PubMed]

Vandermeeren, M.; Janssens, S.; Borgers, M.; Geysen, J. Dimethylfumarate Is an Inhibitor of Cytokine-Induced E-Selectin,
VCAM-1, and ICAM-1 Expression in Human Endothelial Cells. Biochem. Biophys. Res. Commun. 1997, 234, 19-23. [CrossRef]
[PubMed]

De Martin, R.; Mrowietz, U.; Wiegrebe, W.; Jirovsky, D.; Loewe, R.; Pillinger, M.; Groger, M.; Holnthoner, W.; Wolff, K.; Petzelbauer,
P. Dimethylfumarate Inhibits Tumor-Necrosis-Factor-Induced CD62E Expression in an NF-kB-Dependent Manner. J. Investig.
Dermatol. 2001, 117, 1363-1368. [CrossRef] [PubMed]

Wallbrecht, K.; Drick, N.; Hund, A.-C.; Schén, M.P. Downregulation of endothelial adhesion molecules by dimethylfumarate,
but not monomethylfumarate, and impairment of dynamic lymphocyte-endothelial cell interactions: Fumaric Acid Esters and
Endothelial Functions. Exp. Dermatol. 2011, 20, 980-985. [CrossRef] [PubMed]

Loewe, R.; Holnthoner, W.; Groger, M.; Pillinger, M.; Gruber, E; Mechtcheriakova, D.; Hofer, E.; Wolff, K.; Petzelbauer, P.
Dimethylfumarate Inhibits TNF-Induced Nuclear Entry of NF-kB/p65 in Human Endothelial Cells. . Immunol. 2002, 168,
4781-4787. [CrossRef]

Garcia-Caballero, M.; Mari-Beffa, M.; Medina, M.A.; Quesada, A.R. Dimethylfumarate Inhibits Angiogenesis In Vitro and In Vivo:
A Possible Role for Its Antipsoriatic Effect? J. Investig. Dermatol. 2011, 131, 1347-1355. [CrossRef]

Meissner, M.; Doll, M.; Hrgovic, I.; Reichenbach, G.; Konig, V.; Hailemariam-Jahn, T.; Gille, J.; Kaufmann, R. Suppression of
VEGFR2 Expression in Human Endothelial Cells by Dimethylfumarate Treatment: Evidence for Anti-Angiogenic Action. J.
Investig. Dermatol. 2011, 131, 1356-1364. [CrossRef]

Gerhardt, S.; Konig, V.; Doll, M.; Hailemariam-Jahn, T.; Hrgovic, I.; Zoller, N.; Kaufmann, R.; Kippenberger, S.; Meissner, M.
Dimethylfumarate protects against TNF-x-induced secretion of inflammatory cytokines in human endothelial cells. J. Inflamm.
2015, 12, 49. [CrossRef]

Kuriakose, D.; Xiao, Z. Pathophysiology and Treatment of Stroke: Present Status and Future Perspectives. Int. J. Mol. Sci. 2020, 21,
7609. [CrossRef]

Lin, R,; Cai, J.; Kostuk, E.W.; Rosenwasser, R.; lacovitti, L. Fumarate modulates the immune/inflammatory response and rescues
nerve cells and neurological function after stroke in rats. J. Neuroinflamm. 2016, 13, 269. [CrossRef]

Yao, Y,; Miao, W,; Liu, Z.; Han, W.; Shi, K; Shen, Y.; Li, H.; Liu, Q.; Fu, Y,; Huang, D.; et al. Dimethyl Fumarate and Monomethyl
Fumarate Promote Post-Ischemic Recovery in Mice. Transl. Stroke Res. 2016, 7, 535-547. [CrossRef] [PubMed]

Hatware, K.V.; Annapurna, A.; Sharma, S.; Karri, S. Studies on cerebroprotective activity and establishment of probable mechanism
of action of dimethyl fumarate (dmf) against the ischemia and reperfusion induced cerebral injury in wistar rats. Int. J. Med. Res.
Pharm. Sci. 2017, 4, 70-80. [CrossRef]

Safari, A.; Badeli-Sarkala, H.; Namavar, M.R.; Kargar-Abarghouei, E.; Anssari, N.; Izadi, S.; Borhani-Haghighi, A. Neuroprotective
effect of dimethyl fumarate in stroke: The role of nuclear factor erythroid 2-related factor 2. Curr. J. Neurol. 2019, 18, 108-113.
[CrossRef]

Hou, X,; Xu, H.; Chen, W.; Zhang, N.; Zhao, Z.; Fang, X.; Zhang, X.; Chen, H.; Xu, Y. Neuroprotective effect of dimethyl fumarate
on cognitive impairment induced by ischemic stroke. Ann. Transl. Med. 2020, 8, 375. [CrossRef]

Lin-Holderer, J.; Li, L.; Gruneberg, D.; Marti, H.H.; Kunze, R. Fumaric acid esters promote neuronal survival upon ischemic stress
through activation of the Nrf2 but not HIF-1 signaling pathway. Neuropharmacology 2016, 105, 228-240. [CrossRef]

Kunze, R. Dimethyl fumarate for ischemic stroke. Oncotarget 2017, 8, 14281-14282. [CrossRef]

Kunze, R.; Urrutia, A.; Hoffmann, A.; Liu, H.; Helluy, X.; Pham, M.; Reischl, S.; Korff, T.; Marti, H.H. Dimethyl fumarate
attenuates cerebral edema formation by protecting the blood-brain barrier integrity. Exp. Neurol. 2015, 266, 99-111. [CrossRef]
Liu, Y;; Qiu, J.; Wang, Z.; You, W.; Wu, L.; Ji, C.; Chen, G. Dimethylfumarate alleviates early brain injury and secondary cognitive
deficits after experimental subarachnoid hemorrhage via activation of Keap1-Nrf2-ARE system. J. Neurosurg. 2015, 123, 915-923.
[CrossRef]

Zhao, X.; Sun, G.; Zhang, J.; Ting, S.-M.; Gonzales, N.; Aronowski, J. Dimethyl Fumarate Protects Brain from Damage Produced
by Intracerebral Hemorrhage by Mechanism Involving Nrf2. Stroke 2015, 46, 1923-1928. [CrossRef]

Iniaghe, L.O.; Krafft, PR.; Klebe, D.W.; Omogpbai, E.K.; Zhang, ].H.; Tang, ]. Dimethyl fumarate confers neuroprotection by casein
kinase 2 phosphorylation of Nrf2 in murine intracerebral hemorrhage. Neurobiol. Dis. 2015, 82, 349-358. [CrossRef]

Khatri, R.; McKinney, A.M.; Swenson, B.; Janardhan, V. Blood-brain barrier, reperfusion injury, and hemorrhagic transformation
in acute ischemic stroke. Neurology 2012, 79, S52-5S57. [CrossRef] [PubMed]

Collard, C.D. Pathophysiology, Clinical Manifestations, and Prevention of Ischemia—Reperfusion Injury. Anesthesiology 2001, 94,
6. [CrossRef] [PubMed]

Fraccarollo, D.; Galuppo, P; Bauersachs, J. Novel therapeutic approaches to post-infarction remodelling. Cardiovasc. Res. 2012, 94,
293-303. [CrossRef] [PubMed]

Ashrafian, H.; Czibik, G.; Bellahcene, M.; Aksentijevi¢, D.; Smith, A.C.; Mitchell, S.J.; Dodd, M.S,; Kirwan, J.; Byrne, J.J.; Ludwig,
C.; et al. Fumarate Is Cardioprotective via Activation of the Nrf2 Antioxidant Pathway. Cell Metab. 2012, 15, 361-371. [CrossRef]


http://doi.org/10.1155/2020/4678252
http://doi.org/10.1128/MCB.00099-20
http://www.ncbi.nlm.nih.gov/pubmed/32284348
http://doi.org/10.1006/bbrc.1997.6570
http://www.ncbi.nlm.nih.gov/pubmed/9168952
http://doi.org/10.1046/j.0022-202x.2001.01576.x
http://www.ncbi.nlm.nih.gov/pubmed/11886496
http://doi.org/10.1111/j.1600-0625.2011.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/21995308
http://doi.org/10.4049/jimmunol.168.9.4781
http://doi.org/10.1038/jid.2010.416
http://doi.org/10.1038/jid.2011.46
http://doi.org/10.1186/s12950-015-0094-z
http://doi.org/10.3390/ijms21207609
http://doi.org/10.1186/s12974-016-0733-1
http://doi.org/10.1007/s12975-016-0496-0
http://www.ncbi.nlm.nih.gov/pubmed/27614618
http://doi.org/10.5281/ZENODO.582772
http://doi.org/10.18502/ijnl.v18i3.1633
http://doi.org/10.21037/atm.2020.02.10
http://doi.org/10.1016/j.neuropharm.2016.01.023
http://doi.org/10.18632/oncotarget.15357
http://doi.org/10.1016/j.expneurol.2015.02.022
http://doi.org/10.3171/2014.11.JNS132348
http://doi.org/10.1161/STROKEAHA.115.009398
http://doi.org/10.1016/j.nbd.2015.07.001
http://doi.org/10.1212/WNL.0b013e3182697e70
http://www.ncbi.nlm.nih.gov/pubmed/23008413
http://doi.org/10.1097/00000542-200106000-00030
http://www.ncbi.nlm.nih.gov/pubmed/11465607
http://doi.org/10.1093/cvr/cvs109
http://www.ncbi.nlm.nih.gov/pubmed/22387461
http://doi.org/10.1016/j.cmet.2012.01.017

Pharmaceuticals 2022, 15, 497 20 of 22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kuang, Y.; Zhang, Y.; Xiao, Z.; Xu, L.; Wang, P.; Ma, Q. Protective effect of dimethyl fumarate on oxidative damage and signaling
in cardiomyocytes. Mol. Med. Rep. 2020, 22, 2783-2790. [CrossRef]

Zhao, J.; Cheng, Z.; Quan, X ; Xie, Z.; Zhang, L.; Ding, Z. Dimethyl fumarate protects cardiomyocytes against oxygen-glucose
deprivation/reperfusion (OGD/R)-induced inflammatory response and damages via inhibition of Egr-1. Int. Immunopharmacol.
2020, 86, 106733. [CrossRef]

Meili-Butz, S.; Niermann, T.; Fasler-Kan, E.; Barbosa, V.; Butz, N.; John, D.; Brink, M.; Buser, P.T.; Zaugg, C.E. Dimethyl fumarate,
a small molecule drug for psoriasis, inhibits Nuclear Factor-«B and reduces myocardial infarct size in rats. Eur. J. Pharmacol. 2008,
586,251-258. [CrossRef]

Valen, G.; Yan, Z.-Q.; Hansson, G.K. Nuclear factor kappa-B and the heart. . Am. Coll. Cardiol. 2001, 38, 307-314. [CrossRef]
Mouton, AJ.; Flynn, ER.; Moak, S.P; Aitken, N.M.; Omoto, A.C.; Li, X.; da Silva, A.A.; Wang, Z.; do Carmo, J.M.; Hall,
J.E. Dimethyl fumarate preserves left ventricular infarct integrity following myocardial infarction via modulation of cardiac
macrophage and fibroblast oxidative metabolism. . Mol. Cell. Cardiol. 2021, 158, 38-48. [CrossRef]

Sun, Z.; Liu, X,; Liu, Y.; Zhao, X.; Zang, X.; Wang, F. Inmunosuppressive effects of dimethyl fumarate on dendritic cell maturation
and migration: A potent protector for coronary heart disease. Immunopharmacol. Immunotoxicol. 2022, 44, 178-185. [CrossRef]
Ibrahim, S.G.; El-Emam, S.Z.; Mohamed, E.A.; Abd Ellah, M.E. Dimethyl fumarate and curcumin attenuate hepatic is-
chemia/reperfusion injury via Nrf2/HO-1 activation and anti-inflammatory properties. Int. Immunopharmacol. 2020, 80, 106131.
[CrossRef] [PubMed]

Gendy, A.; Soubh, A.; Al-Mokaddem, A.; Kotb El-Sayed, M.K. Dimethyl fumarate protects against intestinal ischemia/reperfusion
lesion: Participation of Nrf2/HO-1, GSK-33 and Wnt/ 3-catenin pathway. Biomed. Pharmacother. 2021, 134, 111130. [CrossRef]
[PubMed]

Zhen, X,; Jindong, L.; Yang, Z.; Yashi, R.; Wei, G.; Wei, J.; Wei, Z.; Sudong, L. Activation of Nrf2 Pathway by Dimethyl Fumarate
Attenuates Renal Ischemia-Reperfusion Injury. Transplant. Proc. 2021, 53, 2133-2139. [CrossRef] [PubMed]

Liu, Q.; Wang, S.; Cai, L. Diabetic cardiomyopathy and its mechanisms: Role of oxidative stress and damage. ]. Diabetes Investig.
2014, 5, 623-634. [CrossRef] [PubMed]

Ge, Z.-D.; Lian, Q.; Mao, X.; Xia, Z. Current Status and Challenges of NRF2 as a Potential Therapeutic Target for Diabetic
Cardiomyopathy. Int. Heart J. 2019, 60, 512-520. [CrossRef] [PubMed]

Hu, X.; Rajesh, M.; Zhang, J.; Zhou, S.; Wang, S.; Sun, J.; Tan, Y.; Zheng, Y.; Cai, L. Protection by dimethyl fumarate against
diabetic cardiomyopathy in type 1 diabetic mice likely via activation of nuclear factor erythroid-2 related factor 2. Toxicol. Lett.
2018, 287, 131-141. [CrossRef] [PubMed]

Amin, EM.; Abdelaziz, R.R.; Hamed, M.E; Nader, M.A.; Shehatou, G.S. Dimethyl fumarate ameliorates diabetes-associated
vascular complications through ROS-TXNIP-NLRP3 inflammasome pathway. Life Sci. 2020, 256, 117887. [CrossRef]

Lu, T; Sun, X,; Li, Y.; Chai, Q.; Wang, X.-L.; Lee, H.-C. Role of Nrf2 Signaling in the Regulation of Vascular BK Channel 31 Subunit
Expression and BK Channel Function in High-Fat Diet-Induced Diabetic Mice. Diabetes 2017, 66, 2681-2690. [CrossRef]
Hayden, M.R;; Tyagi, S.C.; Kolb, L.; Sowers, ].R.; Khanna, R. Vascular ossification—Calcification in metabolic syndrome, type
2 diabetes mellitus, chronic kidney disease, and calciphylaxis—Calcific uremic arteriolopathy: The emerging role of sodium
thiosulfate. Cardiovasc. Diabetol. 2005, 4, 4. [CrossRef]

Ha, C.-M,; Park, S.; Choi, Y.-K.; Jeong, ].-Y.; Oh, C.J.; Bae, K.-H.; Lee, S.J.; Kim, J.-H.; Park, K.-G.; Jun, D.Y,; et al. Activation of Nrf2
by dimethyl fumarate improves vascular calcification. Vasc. Pharmacol. 2014, 63, 29-36. [CrossRef]

Lone, A,; Behl, T.; Kumar, A.; Makkar, R.; Nijhawan, P; Redhu, S.; Sharma, H.; Jaglan, D.; Goyal, A. Renoprotective potential of
dimethyl fumarate in streptozotocin induced diabetic nephropathy in Wistar rats. Obes. Med. 2020, 18, 100237. [CrossRef]

Li, Y.; Ma, F; Li, H.; Song, Y.; Zhang, H.; Jiang, Z.; Wu, H. Dimethyl fumarate accelerates wound healing under diabetic conditions.
J. Mol. Endocrinol. 2018, 61, 163-172. [CrossRef] [PubMed]

Crowley, S.D. The Cooperative Roles of Inflammation and Oxidative Stress in the Pathogenesis of Hypertension. Antioxidants
Redox Signal. 2014, 20, 102-120. [CrossRef] [PubMed]

Dinh, Q.N.; Drummond, G.; Sobey, C.G.; Chrissobolis, S. Roles of Inflammation, Oxidative Stress, and Vascular Dysfunction in
Hypertension. BioMed Res. Int. 2014, 2014, 406960. [CrossRef]

Farooqui, Z.; Mohammad, R.S.; Lokhandwala, M.F.; Banday, A.A. Nrf2 inhibition induces oxidative stress, renal inflammation
and hypertension in mice. Clin. Exp. Hypertens. 2021, 43, 175-180. [CrossRef]

Hsu, C.-N,; Lin, Y.-J.; Yu, H.-R,; Lin, I.-C.; Sheen, J.-M.; Huang, L.-T.; Tain, Y.-L. Protection of Male Rat Offspring against
Hypertension Programmed by Prenatal Dexamethasone Administration and Postnatal High-Fat Diet with the Nrf2 Activator
Dimethyl Fumarate during Pregnancy. Int. J. Mol. Sci. 2019, 20, 3957. [CrossRef]

Lin, Y.-J,; Lin, I-C.; Yu, H.-R,; Sheen, J.-M.; Huang, L.-T.; Tain, Y.-L. Early Postweaning Treatment with Dimethyl Fumarate
Prevents Prenatal Dexamethasone- and Postnatal High-Fat Diet-Induced Programmed Hypertension in Male Rat Offspring.
Oxidative Med. Cell. Longev. 2018, 2018, 5343462. [CrossRef]

Grzegorzewska, A.P.; Seta, F.; Han, R.; Czajka, C.A.; Makino, K.; Stawski, L.; Isenberg, J.S.; Browning, J.L.; Trojanowska, M.
Dimethyl Fumarate ameliorates pulmonary arterial hypertension and lung fibrosis by targeting multiple pathways. Sci. Rep.
2017, 7, 41605. [CrossRef]

Ahmed, A.A.; Ahmed, A.A ; El Morsy, EM.; Nofal, S. Dimethyl fumarate interferes with MyD88-dependent toll-like receptor
signalling pathway in isoproterenol-induced cardiac hypertrophy model. . Pharm. Pharmacol. 2018, 70, 1521-1530. [CrossRef]


http://doi.org/10.3892/mmr.2020.11342
http://doi.org/10.1016/j.intimp.2020.106733
http://doi.org/10.1016/j.ejphar.2008.02.038
http://doi.org/10.1016/S0735-1097(01)01377-8
http://doi.org/10.1016/j.yjmcc.2021.05.008
http://doi.org/10.1080/08923973.2021.2025245
http://doi.org/10.1016/j.intimp.2019.106131
http://www.ncbi.nlm.nih.gov/pubmed/31981960
http://doi.org/10.1016/j.biopha.2020.111130
http://www.ncbi.nlm.nih.gov/pubmed/33348309
http://doi.org/10.1016/j.transproceed.2021.07.017
http://www.ncbi.nlm.nih.gov/pubmed/34426023
http://doi.org/10.1111/jdi.12250
http://www.ncbi.nlm.nih.gov/pubmed/25422760
http://doi.org/10.1536/ihj.18-476
http://www.ncbi.nlm.nih.gov/pubmed/30971629
http://doi.org/10.1016/j.toxlet.2018.01.020
http://www.ncbi.nlm.nih.gov/pubmed/29408448
http://doi.org/10.1016/j.lfs.2020.117887
http://doi.org/10.2337/db17-0181
http://doi.org/10.1186/1475-2840-4-4
http://doi.org/10.1016/j.vph.2014.06.007
http://doi.org/10.1016/j.obmed.2020.100237
http://doi.org/10.1530/JME-18-0102
http://www.ncbi.nlm.nih.gov/pubmed/30038053
http://doi.org/10.1089/ars.2013.5258
http://www.ncbi.nlm.nih.gov/pubmed/23472597
http://doi.org/10.1155/2014/406960
http://doi.org/10.1080/10641963.2020.1836191
http://doi.org/10.3390/ijms20163957
http://doi.org/10.1155/2018/5343462
http://doi.org/10.1038/srep41605
http://doi.org/10.1111/jphp.13000

Pharmaceuticals 2022, 15, 497 21 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Aimo, A.; Castiglione, V.; Borrelli, C.; Saccaro, L.F; Franzini, M.; Masi, S.; Emdin, M.; Giannoni, A. Oxidative stress and
inflammation in the evolution of heart failure: From pathophysiology to therapeutic strategies. Eur. J. Prev. Cardiol. 2020, 27,
494-510. [CrossRef]

Pascale, C.L.; Martinez, A.N.; Carr, C.; Sawyer, D.M.; Ribeiro-Alves, M.; Chen, M.; O’Donnell, D.B.; Guidry, ].J.; Amenta, P.S,;
Dumont, A.S. Treatment with dimethyl fumarate reduces the formation and rupture of intracranial aneurysms: Role of Nrf2
activation. J. Cereb. Blood Flow Metab. 2020, 40, 1077-1089. [CrossRef] [PubMed]

Chen, H.; Assmann, J.; Krenz, A.; Rahman, M.; Grimm, M.; Karsten, C.M.; Koehl, J.; Offermanns, S.; Wettschureck, N.;
Schwaninger, M. Hydroxycarboxylic acid receptor 2 mediates dimethyl fumarate’s protective effect in EAE. J. Clin. Investig. 2014,
124,2188-2192. [CrossRef] [PubMed]

Ghoreschi, K.; Briick, J.; Kellerer, C.; Deng, C.; Peng, H.; Rothfuss, O.; Hussain, R.Z.; Gocke, A.R.; Respa, A.; Glocova, L; et al.
Fumarates improve psoriasis and multiple sclerosis by inducing type II dendritic cells. J. Exp. Med. 2011, 208, 2291-2303.
[CrossRef] [PubMed]

Lehmann, J.C.; Listopad, ].J.; Rentzsch, C.U.; Igney, EH.; Von Bonin, A.; Hennekes, H.H.; Asadullah, K.; Docke, W.-D.F.
Dimethylfumarate Induces Immunosuppression via Glutathione Depletion and Subsequent Induction of Heme Oxygenase 1. J.
Investig. Dermatol. 2007, 127, 835-845. [CrossRef] [PubMed]

Battino, M.; Giampieri, F.; Pistollato, F.; Sureda, A.; de Oliveira, M.R; Pittala, V.; Fallarino, E; Nabavi, S.F,; Atanasov, A.G.; Nabavi,
S.M. Nrf2 as regulator of innate immunity: A molecular Swiss army knife! Biotechnol. Adv. 2018, 36, 358-370. [CrossRef]
Kobayashi, A.; Kang, M.-I.; Okawa, H.; Ohtsuji, M.; Zenke, Y.; Chiba, T.; Igarashi, K.; Yamamoto, M. Oxidative Stress Sensor
Keap1 Functions as an Adaptor for Cul3-Based E3 Ligase to Regulate Proteasomal Degradation of Nrf2. Mol. Cell. Biol. 2004, 24,
7130-7139. [CrossRef]

Smith, R.E.; Tran, K.; Smith, C.C.; McDonald, M.; Shejwalkar, P.; Hara, K. The Role of the Nrf2/ARE Antioxidant System in
Preventing Cardiovascular Diseases. Diseases 2016, 4, 34. [CrossRef]

Baird, L.; Lleres, D.; Swift, S.; Dinkova-Kostova, A.T. Regulatory flexibility in the Nrf2-mediated stress response is conferred by
conformational cycling of the Keap1-Nrf2 protein complex. Proc. Natl. Acad. Sci. USA 2013, 110, 15259-15264. [CrossRef]
Kopacz, A.; Kloska, D.; Forman, H.J.; Jozkowicz, A.; Grochot-Przeczek, A. Beyond repression of Nrf2: An update on Keapl. Free
Radic. Biol. Med. 2020, 157, 63-74. [CrossRef]

Robledinos-Anton, N.; Fernandez-Ginés, R.; Manda, G.; Cuadrado, A. Activators and Inhibitors of NRF2: A Review of Their
Potential for Clinical Development. Oxidative Med. Cell. Longev. 2019, 2019, 9372182. [CrossRef]

Chen, Q.M.; Maltagliati, A.J. Nrf2 at the heart of oxidative stress and cardiac protection. Physiol. Genom. 2018, 50, 77-97.
[CrossRef] [PubMed]

Zhu, H,; Itoh, K.; Yamamoto, M.; Zweier, J.L.; Li, Y. Role of Nrf2 signaling in regulation of antioxidants and phase 2 enzymes in
cardiac fibroblasts: Protection against reactive oxygen and nitrogen species-induced cell injury. FEBS Lett. 2005, 579, 3029-3036.
[CrossRef] [PubMed]

Howden, R. Nrf2and Cardiovascular Defense. Oxidative Med. Cell. Longev. 2013, 2013, 104308. [CrossRef] [PubMed]
Hybertson, B.M.; Gao, B.; Bose, S.K.; McCord, ].M. Oxidative stress in health and disease: The therapeutic potential of Nrf2
activation. Mol. Asp. Med. 2011, 32, 234-246. [CrossRef]

Mishra, M.; Zhong, Q.; Kowluru, R.A. Epigenetic Modifications of Keapl Regulate Its Interaction with the Protective Factor Nrf2
in the Development of Diabetic Retinopathy. Investig. Opthalmology Vis. Sci. 2014, 55, 7256-7265. [CrossRef]

Rizvi, F; Shukla, S.; Kakkar, P. Essential role of PH domain and leucine-rich repeat protein phosphatase 2 in Nrf2 suppression via
modulation of Akt/GSK3[/Fyn kinase axis during oxidative hepatocellular toxicity. Cell Death Dis. 2014, 5, €1153. [CrossRef]
Ahuja, M.; Kaidery, N.A.; Yang, L.; Calingasan, N.; Smirnova, N.; Gaisin, A.; Gaisina, I.N.; Gazaryan, I.; Hushpulian, D.M.;
Kaddour-Djebbar, L; et al. Distinct Nrf2 Signaling Mechanisms of Fumaric Acid Esters and Their Role in Neuroprotection against
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine-Induced Experimental Parkinson’s-Like Disease. . Neurosci. 2016, 36, 6332-6351.
[CrossRef]

Saidu, N.; Noé, G.; Cerles, O.; Cabel, L.; Kavian-Tessler, N.; Chouzenoux, S.; Bahuaud, M.; Chéreau, C.; Nicco, C.; Leroy, K,; et al.
Dimethyl Fumarate Controls the NRF2/DJ-1 Axis in Cancer Cells: Therapeutic Applications. Mol. Cancer Ther. 2017, 16, 529-539.
[CrossRef]

Brennan, M.S.; Matos, M.E; Li, B.; Hronowski, X.; Gao, B.; Juhasz, P.; Rhodes, K.J.; Scannevin, R.H. Dimethyl Fumarate and
Monoethyl Fumarate Exhibit Differential Effects on KEAP1, NRF2 Activation, and Glutathione Depletion In Vitro. PLoS ONE
2015, 10, e0120254. [CrossRef]

Takada, Y,; Singh, S.; Aggarwal, B.B. Identification of a p65 Peptide That Selectively Inhibits NF-k B Activation Induced by Various
Inflammatory Stimuli and Its Role in Down-regulation of NF-kB-mediated Gene Expression and Up-regulation of Apoptosis. J.
Biol. Chem. 2004, 279, 15096-15104. [CrossRef]

Morgan, M.].; Liu, Z.-G. Crosstalk of reactive oxygen species and NF-«B signaling. Cell Res. 2011, 21, 103-115. [CrossRef]
[PubMed]

Peng, H.; Guerau-De-Arellano, M.; Mehta, V.B; Yang, Y.; Huss, D.]J.; Papenfuss, T.L.; Lovett-Racke, A.E.; Racke, M.K. Dimethyl
Fumarate Inhibits Dendritic Cell Maturation via Nuclear Factor kB (NF-«kB) and Extracellular Signal-regulated Kinase 1 and 2
(ERK1/2) and Mitogen Stress-activated Kinase 1 (MSK1) Signaling. . Biol. Chem. 2012, 287, 28017-28026. [CrossRef]


http://doi.org/10.1177/2047487319870344
http://doi.org/10.1177/0271678X19858888
http://www.ncbi.nlm.nih.gov/pubmed/31220996
http://doi.org/10.1172/JCI72151
http://www.ncbi.nlm.nih.gov/pubmed/24691444
http://doi.org/10.1084/jem.20100977
http://www.ncbi.nlm.nih.gov/pubmed/21987655
http://doi.org/10.1038/sj.jid.5700686
http://www.ncbi.nlm.nih.gov/pubmed/17235328
http://doi.org/10.1016/j.biotechadv.2017.12.012
http://doi.org/10.1128/MCB.24.16.7130-7139.2004
http://doi.org/10.3390/diseases4040034
http://doi.org/10.1073/pnas.1305687110
http://doi.org/10.1016/j.freeradbiomed.2020.03.023
http://doi.org/10.1155/2019/9372182
http://doi.org/10.1152/physiolgenomics.00041.2017
http://www.ncbi.nlm.nih.gov/pubmed/29187515
http://doi.org/10.1016/j.febslet.2005.04.058
http://www.ncbi.nlm.nih.gov/pubmed/15896789
http://doi.org/10.1155/2013/104308
http://www.ncbi.nlm.nih.gov/pubmed/23691261
http://doi.org/10.1016/j.mam.2011.10.006
http://doi.org/10.1167/iovs.14-15193
http://doi.org/10.1038/cddis.2014.118
http://doi.org/10.1523/JNEUROSCI.0426-16.2016
http://doi.org/10.1158/1535-7163.MCT-16-0405
http://doi.org/10.1371/journal.pone.0120254
http://doi.org/10.1074/jbc.M311192200
http://doi.org/10.1038/cr.2010.178
http://www.ncbi.nlm.nih.gov/pubmed/21187859
http://doi.org/10.1074/jbc.M112.383380

Pharmaceuticals 2022, 15, 497 22 of 22

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.
121.

122.

123.

124.

125.

126.

127.

Yang, Y,; Lv, J; Jiang, S.; Ma, Z.; Wang, D.; Hu, W.; Deng, C.; Fan, C.; Dj, S.; Sun, Y.; et al. The emerging role of Toll-like receptor 4
in myocardial inflammation. Cell Death Dis. 2016, 7, €2234. [CrossRef] [PubMed]

McGuire, V.A.; Diez, TR.-Z.; Emmerich, C.H.; Strickson, S.; Ritorto, M.S.; Sutavani, R.V.; Weif3, A.; Houslay, K.E; Knebel, A.;
Meakin, PJ.; et al. Dimethyl fumarate blocks pro-inflammatory cytokine production via inhibition of TLR induced M1 and K63
ubiquitin chain formation. Sci. Rep. 2016, 6, 31159. [CrossRef]

Nair, S.; Doh, S.T.; Chan, ].Y.; Kong, A.-N.; Cai, L. Regulatory potential for concerted modulation of Nrf2- and Nfkb1l-mediated
gene expression in inflammation and carcinogenesis. Br. ]. Cancer 2008, 99, 2070-2082. [CrossRef] [PubMed]

Lee, D.-F,; Kuo, H.-P,; Liu, M.; Chou, C.-K.; Xia, W.; Du, Y.; Shen, J.; Chen, C.-T.; Huo, L.; Hsu, M.-C.; et al. KEAP1 E3
Ligase-Mediated Downregulation of NF-«B Signaling by Targeting IKK. Mol. Cell 2009, 36, 131-140. [CrossRef] [PubMed]

Li, W.; Khor, T.O.; Xu, C; Shen, G.; Jeong, W.-S.; Yu, S.; Kong, A.-N. Activation of Nrf2-antioxidant signaling attenuates
NFkB-inflammatory response and elicits apoptosis. Biochem. Pharmacol. 2008, 76, 1485-1489. [CrossRef]

Liu, G.-H.; Qu, J.; Shen, X. NF-kB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating recruitment
of HDACS3 to MafK. Biochim. Biophys. Acta 2008, 1783, 713-727. [CrossRef]

Gillard, G.O.; Collette, B.; Anderson, J.; Chao, J.; Scannevin, R.; Huss, D.].; Fontenot, J.D. DMF, but not other fumarates, inhibits
NF-«B activity in vitro in an Nrf2-independent manner. J. Neuroimmunol. 2015, 283, 74-85. [CrossRef]

Timpani, C.A.; Rybalka, E. Calming the (Cytokine) Storm: Dimethyl Fumarate as a Therapeutic Candidate for COVID-19.
Pharmaceuticals 2020, 14, 15. [CrossRef]

Ahmed, K. Biological Roles and Therapeutic Potential of Hydroxy-Carboxylic Acid Receptors. Front. Endocrinol. 2011, 2, 51.
[CrossRef] [PubMed]

Hoogendoorn, A.; Avery, T.D,; Li, J.; Bursill, C.; Abell, A.; Grace, PM. Emerging Therapeutic Applications for Fumarates. Trends
Pharmacol. Sci. 2021, 42, 239-254. [CrossRef] [PubMed]

Rosito, M.; Testi, C.; Parisi, G.; Cortese, B.; Baiocco, P.; Di Angelantonio, S. Exploring the Use of Dimethyl Fumarate as Microglia
Modulator for Neurodegenerative Diseases Treatment. Antioxidants 2020, 9, 700. [CrossRef] [PubMed]

Parodi, B.; Rossi, S.; Morando, S.; Cordano, C.; Bragoni, A.; Motta, C.; Usai, C.; Wipke, B.T.; Scannevin, R.H.; Mancardi, G.L.;
et al. Fumarates modulate microglia activation through a novel HCAR2 signaling pathway and rescue synaptic dysregulation in
inflamed CNS. Acta Neuropathol. 2015, 130, 279-295. [CrossRef]

Diaz, G.M.; Hupperts, R.; Fraussen, J.; Somers, V. Dimethyl fumarate treatment in multiple sclerosis: Recent advances in clinical
and immunological studies. Autoimmun. Rev. 2018, 17, 1240-1250. [CrossRef]

Kees, F. Dimethyl fumarate: A Janus-faced substance? Expert Opin. Pharmacother. 2013, 14, 1559-1567. [CrossRef]

Kornberg, M.D.; Bhargava, P.; Kim, PM.; Putluri, V.; Snowman, A.M.; Putluri, N.; Calabresi, P.A.; Snyder, S.H. Dimethyl fumarate
targets GAPDH and aerobic glycolysis to modulate immunity. Science 2018, 360, 449-453. [CrossRef]

Angiari, S.; O’Neill, L. Dimethyl fumarate: Targeting glycolysis to treat MS. Cell Res. 2018, 28, 613-615. [CrossRef]

Landeck, L.; Asadullah, K.; Amasuno, A.; Pau-Charles, I.; Mrowietz, U. Dimethyl fumarate (DMF) vs. monoethyl fumarate (MEF)
salts for the treatment of plaque psoriasis: A review of clinical data. Arch. Dermatol. Res. 2018, 310, 475-483. [CrossRef]

Briick, J.; Dringen, R.; Amasuno, A.; Pau-Charles, I.; Ghoreschi, K. A review of the mechanisms of action of dimethylfumarate in
the treatment of psoriasis. Exp. Dermatol. 2018, 27, 611-624. [CrossRef]

Rostami-Yazdi, M.; Clement, B.; Schmidt, T.J.; Schinor, D.; Mrowietz, U. Detection of Metabolites of Fumaric Acid Esters in
Human Urine: Implications for Their Mode of Action. J. Investig. Dermatol. 2009, 129, 231-234. [CrossRef] [PubMed]
Rostami-Yazdi, M.; Clement, B.; Mrowietz, U. Pharmacokinetics of anti-psoriatic fumaric acid esters in psoriasis patients. Arch.
Dermatol. Res. 2010, 302, 531-538. [CrossRef] [PubMed]

Litjens, N.; Burggraaf, J.; van Strijen, E.; van Gulpen, C.; Mattie, H.; Schoemaker, R.C.; van Dissel, ].T.; Thio, H.B.; Nibbering, P.H.
Pharmacokinetics of oral fumarates in healthy subjects. Br. J. Clin. Pharmacol. 2004, 58, 429-432. [CrossRef] [PubMed]

Tecfidera 120 mg Gastro-Resistant Hard Capsules—Summary of Product Characteristics (SmPC)—(Emc). Available online:
https:/ /www.medicines.org.uk/emc/product/5256 /smpc (accessed on 27 March 2022).

Aubets, J.; Jansat, ].; Salva, M.; Birks, V.M.; Cole, R.J.; Lewis, J.; Pitcher, A.; Hall, M. No evidence for interactions of dimethyl-
fumarate (DMF) and its main metabolite monomethylfumarate (MMF) with human cytochrome P450 (CYP) enzymes and the
P-glycoprotein (P-gp) drug transporter. Pharmacol. Res. Perspect. 2019, 7, €00540. [CrossRef]


http://doi.org/10.1038/cddis.2016.140
http://www.ncbi.nlm.nih.gov/pubmed/27228349
http://doi.org/10.1038/srep31159
http://doi.org/10.1038/sj.bjc.6604703
http://www.ncbi.nlm.nih.gov/pubmed/19050705
http://doi.org/10.1016/j.molcel.2009.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19818716
http://doi.org/10.1016/j.bcp.2008.07.017
http://doi.org/10.1016/j.bbamcr.2008.01.002
http://doi.org/10.1016/j.jneuroim.2015.04.006
http://doi.org/10.3390/ph14010015
http://doi.org/10.3389/fendo.2011.00051
http://www.ncbi.nlm.nih.gov/pubmed/22654812
http://doi.org/10.1016/j.tips.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/33618840
http://doi.org/10.3390/antiox9080700
http://www.ncbi.nlm.nih.gov/pubmed/32756501
http://doi.org/10.1007/s00401-015-1422-3
http://doi.org/10.1016/j.autrev.2018.07.001
http://doi.org/10.1517/14656566.2013.804912
http://doi.org/10.1126/science.aan4665
http://doi.org/10.1038/s41422-018-0045-3
http://doi.org/10.1007/s00403-018-1825-9
http://doi.org/10.1111/exd.13548
http://doi.org/10.1038/jid.2008.197
http://www.ncbi.nlm.nih.gov/pubmed/18704112
http://doi.org/10.1007/s00403-010-1061-4
http://www.ncbi.nlm.nih.gov/pubmed/20574745
http://doi.org/10.1111/j.1365-2125.2004.02145.x
http://www.ncbi.nlm.nih.gov/pubmed/15373936
https://www.medicines.org.uk/emc/product/5256/smpc
http://doi.org/10.1002/prp2.540

	Introduction 
	Therapeutic Potential of DMF in Cardiovascular Diseases 
	Atherosclerosis 
	Stroke 
	Myocardial Infarction/Ischemia—Reperfusion Injury 
	Cardiovascular Complications Associated with Diabetes 
	Hypertension 
	Other Cardiac Pathologies 
	Aneurysm 

	The Mechanisms of Action of DMF 
	Nrf2 Antioxidant Pathway Activation 
	NF- Pathway Inhibition 
	HCAR2 Activation 
	Modulation of Glutathione 
	GAPDH and Glycolysis Modulation 

	Pharmacokinetics of DMF 
	Conclusions and Future Perspectives 
	References

