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ABSTRACT OF THE THESIS

Restoration of Microglial Transporter Expression by Nrf2 Activation

By RACHEL NICOLE RITZAU

Thesis Director: Dr. Lauren Aleksunes

Activation of brain microglia can be both beneficial and detrimental during the
pathogenesis of neuroinflammation. Healthy microglia will propagate short-term
inflammation as a means of protecting the central nervous system (CNS) from
ensuing injury. However, when this process becomes dysregulated, chronic
neuroinflammation results, which further propagates injury to the neuroenvironment. Consequently, chronic neuroinflammation results in neuronal death
and loss of synapses, which will eventually culminate in neurodegeneration. The
principal aim of this dissertation research was to determine whether adaptive
changes in the expression of microglial efflux transporters during a neuroinflammatory state could be attenuated by activation of the antioxidant Nrf2
pathway. The primary function of efflux transporters is to remove both endogenous
and exogenous substrates from the cell. This efflux can prevent the accumulation
of toxic substrates and ensure proper cell-cell communication. Our laboratory has
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previously demonstrated that increasing concentrations of the bacterial endotoxin,
lipopolysaccharide (LPS), in immortalized mouse BV-2 microglial cells decreases
the expression and function of the multidrug resistance proteins 1a and 1b
(Mdr1a/1b) and the breast cancer resistance protein (Bcrp) transporter while
increasing the expression of several multidrug resistance-associated protein (Mrp)
efflux transporters. These findings were confirmed in the present study using the
same model of microglial activation. Further, studies were conducted to assess the
ability of a Nrf2 activator, dimethyl fumarate (DMF, TecfideraÒ), to mitigate the
down-regulation of efflux transporters in mouse microglial cells. Dose- and timecourse studies for LPS and DMF were performed in BV-2 cells. Activation of the
Nrf2 pathway was assessed by quantifying Nrf2 binding to a prototypical
antioxidant response element and the expression of the Nrf2 target genes,
NAD(P)H quinone oxidoreductase 1 (Nqo1) and heme oxygenase-1 (Ho-1).
Microglial cells were co-treated with both LPS and DMF for 12 and 24 hr and
profiled for expression of cytokines, Nrf2 targets and efflux transporters using
qPCR and western blotting. In general, the treatment of BV-2 cells with LPS
decreased the expression of Mdr1a, Mdr1b, and Bcrp. LPS treatment also upregulated the levels of Mrp1 and Mrp5 mRNAs. Co-treatment of DMF with LPS
prevented mRNA changes in cytokines and efflux transporters and, for Bcrp,
restored protein expression to that observed in vehicle-treated BV-2 cells.
Together, this research establishes a connection between neuroinflammation, Nrf2
activation,

and

efflux

transporter

expression

pharmacologically to restore microglial functions.
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1
INTRODUCTION

Brain
The brain is a complex network of cellular structures that is essential for
human functioning. The ability to remember important dates, make simple to lifechanging decisions and comprehend difficult concepts is enabled by a functioning
nervous system. Due to this complexity, scientists work to elucidate the biological
mechanisms behind thought and consciousness. However, at the most basic level
the nervous system operates as an information processor that collects and
processes internal and external data, and enacts an appropriate response (Haines
et al., 2013).
Organization: The nervous system consists of the central (CNS) and
peripheral nervous systems (PNS). The CNS contains the brain and spinal cord
while the PNS comprises of all the nerves that connect the CNS to other peripheral
structures. Connectors are referred to as the spinal and cranial nerves. Neural
tracts act to innervate muscles and glandular epithelium as well as transmit
sensory information (Haines, et al., 2013). The PNS is further divided into two
sections: the autonomic and somatic nervous systems. The somatic system
coordinates voluntary movements, while the autonomic system regulates the
involuntary functions such as respiration and heart rate (Powley, 2013; Swanson,
2013). In the somatic nervous system, sensory and motor neurons are connected
to the spinal cord allowing for rapid communication between the brain and other
body systems. Once the sensory information has been processed motor neurons
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of the spinal cord transmit the neuronal orders to the corresponding muscles
(Swanson, 2013). On the other hand, the autonomic nervous system is responsible
for processes such as heart contractions, circulation of the blood, and respiratory
and is divided into two separate divisions termed the sympathetic and
parasympathetic nervous systems. In general, the sympathetic system is activated
during “fight or flight” situations, while the parasympathetic system initiates during
periods of “rest and digest” (Powley, 2013).
The individual parts of the CNS include the spinal cord, brain stem,
cerebellum, thalamus and the cerebral hemispheres. As previously mentioned, the
spinal cord connects the brain and PNS through sensory fibers and motor neurons.
The spinal cord transmits sensory data from the body wall, extremities and
gastrointestinal tract to the brain while then allocating motor impulses back to the
consequent muscles. The brain stem consists of the medulla oblongata, pons and
the midbrain. The medulla oblongata is closely associated with the autonomic
nervous system because it contains essential connection points and nuclei
important for the regulation of respiration, heart rate and other visceral
occupations. While the pons functions as a neuronal connector between the
cerebral cortex and cerebellum. Similarly, the midbrain largely acts as a connection
point between the cerebral cortex and brain stem. The cerebellum is critical to the
production of smooth, uninterrupted movements by serving as the command
center for individual muscle groups involved in voluntary movement. Whereas the
thalamus is the essential collection point for all sensory information transferred to
the CNS. All sensory data except for olfaction pass through the thalamus where

3
the data are processed and distributed to the appropriate area of the cerebral
cortex. Lastly, the two cerebral hemispheres consist of three key subsections.
These regions include the outer-most layer the cerebral cortex, and the inner
layers: the subcortical white matter and basal nuclei (Haines, et al., 2013). The
cerebral cortex consists of elevated areas called gyri and depressions called sulci.
Collections of gyri and sulci are further divided into six lobes based upon their
functions, which include the frontal, occipital, temporal, parietal, limbic and insular
lobes (Haines and Mihailoff, 2013). The subcortical white matter contains networks
of myelinated axons that rapidly communicate with the cerebral cortex. The third
subsection, basal nuclei contains a collection of neuronal cell bodies that are
involved in motor processes (Haines, et al., 2013).
Cellular Structure: Neurons are the essential functional unit of the nervous
system and are maintained by glial cells. The basic structure of a neuron contains
one cell body that is connected to one axon and one dendrite. Axons and dendrites
are both branched processes that enable communication with surrounding
neurons and glia. Dendrites receive signals, while axons send out the responding
transmissions. The points of communication between neurons are called synapses
where the axon of the pre-synaptic neuron releases chemical messengers into the
dendritic space of the post-synaptic neuron. The neuronal chemical messengers
or neurotransmitters are packaged into synaptic vesicles and released out into the
synapse. There are a wide range of neurotransmitters that are used in this signal
transmission, some of which include glutamate, GABA, dopamine, serotonin and
glycine. Whether the message received by the post-synaptic neuron is inhibitory
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or excitatory is not decided by the neurotransmitter released, but by the specific
receptors the chemical messengers bind too. The post-synaptic receptor is
capable of regulating the signal type transmitted; therefore, neurons have
immense flexibility in the number of communicative combinations they can send
and receive (Bloom, 2013; Hof et al., 2013).
The other major cellular component of the nervous system are glial cells
that support and protect neurons. The three types of glial cells located in the CNS
include oligodendrocytes, astrocytes and microglia. While the fourth type of glial
cell, Schwann cells are located exclusively in the PNS. Oligodendrocytes and
Schwann cells enable rapid signaling between neurons through the creation of
myelin sheaths synthesized onto axons. Unlike oligodendrocytes, Schwann cells
only synthesize one myelin node on an axon, but they also further protect these
axons through the creation of a basal lamina sleeve covering the whole tract of this
communicator. Because the PNS only contains one glial cell type, Schwann cells
therefore must fulfill multiple critical functions to completely support and protect the
neurons in their care. Their responsibilities include synthesizing myelin,
responding to injuries, eliminating debris and producing growth factors. Whereas
the PNS has one multifunctional glial cell to perform the above-mentioned
functions, the CNS delegates these responsibilities between three cell types.
During brain development, oligodendrocytes form spaced sections of myelin along
neuronal axons by wrapping their plasma membrane spirally along each section.
Having spaced nodes of myelin along the axons enables the electrical signal or
action potential to transfer from one node to the other without exhausting essential
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energy during its transmission. Astrocytes accomplish multiple roles in the CNS
mainly involving homeostasis. These star-shaped cells interact with neurons,
oligodendrocytes and blood vessels using their foot-like projections. The
projections enable astrocytes to accomplish multiple functions in several areas.
Some of these occupations include the generation of growth factors, response to
injury, detoxification of neuroactive substances, as well as the regulation,
metabolism and inactivation of neurotransmitters. Lastly microglia are the resident
immune cells of the CNS. Therefore, microglia respond to both physical trauma
and various pathological assaults to the brain (Hof, et al., 2013).

Microglia

Overview: Microglia are the resident macrophages of the CNS and are
thus charged with its defense. They protect the brain from bacterial and parasitic
infections as well as aid in the repair of damaged neural tissues. Unlike the other
cells of the CNS, microglia do not originate from the neuroectoderm, but from
myeloid progenitor cells created in the yolk sac that subsequently migrate into the
CNS during early embryonic development. Following colonization of the brain,
microglia become isolated from the periphery of the body due to formation of the
blood-brain barrier (BBB). Microglia develop into a specialized autonomous cell
population separated from blood-derived monocytes. A larger number of microglia
are located in the gray matter compared to white matter of the brain. These
macrophages are also found more abundantly in the evolutionarily recent regions
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of the CNS such as the cerebral cortex and hippocampus compared to the older
regions including the cerebellum and brainstem (Trapp and Herrup, 2011). Like all
macrophages, microglia adapt to their environment. During periods of
homeostasis, microglia monitor surrounding parenchyma through the branching of
processes. These projections examine the surrounding extracellular fluid for
cellular distress signals (Naftel et al., 2013). Branching surveillance also enables
the microglia to detect and eliminate damaged or unnecessary components of the
CNS. This function is critical during brain development, thus initiating removal of
surplus neurons unable to form appropriate neuronal synapses. Not only do
microglia remove dysfunctional neurons, but they also participate in the pruning of
redundant synapses during synaptogenesis. A key function of microglia is to
secrete cytokines, immune mediators and growth factors that initiate immune
responses and provide nutritional support to neurons (Trapp and Herrup, 2011).
During periods of distress involving infection such as viral encephalitis, lead
encephalopathy or neurosyphilis, the morphology of microglia transforms into long
rod-shaped cells that migrate and surround the compromised neurons. These
actions prevent the spread of infection, enabling microglia to either rehabilitate or
eliminate the infected neurons (Trapp and Herrup, 2011). By comparison, during
situations involving direct tissue damage, infection, ischemia and inflammation,
microglia assume an ameboid-shape that permits them to proliferate, surround and
phagocytize the injured cells (Naftel, et al., 2013). Another neuroprotective
property of microglia encompasses the monitoring and remodeling of impaired
synapses (Kraft and Harry, 2011).
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Classification: Microglia exhibit a high degree of plasticity in response to
their environment leading to multiple different phenotypic states, each with different
features. These phenotypic states originate from the multiple interactions between
microglia and neurons, astrocytes, oligodendrocytes, neighboring macrophages
and cells outside the CNS. The simplest method of categorizing microglia is using
the classical macrophage defined M1/pro-inflammatory or M2/anti-inflammatory
states. Pro-inflammatory markers include the cytokines tumor necrosis factor
alpha (TNFa) and interleukin 1 beta (IL-1b), reactive oxygen species, and the
enzyme inducible nitric oxide synthase (iNOS). By comparison, anti-inflammatory
markers include transforming growth factor beta (TGF-b), mannose receptor
(CD206), arginase-1, and various other growth factors. This classification system
is hampered by the fact that pro-inflammatory microglia can also express antiinflammatory markers and vice versa (Biber et al., 2014). Therefore, unlike the
traditional M1/M2 macrophage classification system, microglia demonstrate a
further dynamic phenotype that sanctions the adaptability to their environment, and
accommodation to each unique situation (Kabba et al., 2017).
Neuroinflammation: The inflammatory response induced by microglia is
essential for brain defense. However, if this process becomes unregulated and/or
chronically stimulated, the surrounding neural environment may be adversely
affected. Not surprisingly, microglia have been implicated in the pathogenesis of a
number of neurodegenerative disorders including Parkinson’s and Alzheimer’s
disease. During neurodegenerative conditions, microglia contribute to the
underlying inflammatory state in the brain. Throughout acute inflammation,
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microglia produce a number of pro-inflammatory and cytotoxic factors as well as
assuming phagocytic properties to eliminate foreign pathogens, clear deleterious
debris and induce an additional immune response. Once the biological threat is
eliminated, microglia undertake an anti-inflammatory state and initiate repair
processes to stimulate the rehabilitation of the surrounding neuro-environment.
Research performed in Alzheimer’s patients and in transgenic mouse models have
revealed that microglia present in neurodegenerative states are less likely to
acquire anti-inflammatory features. These macrophages also demonstrate minimal
repair and nutritional supportive functions commonly observed in healthy microglia
(Block et al., 2007).
One of the first neurodegenerative diseases linked with microglial
dysfunction was Alzheimer’s disease. Alzheimer’s disease results in the
progressive impairment of memory and cognitive decline, which are directly
correlated to the widespread neuronal damage in the temporal and parietal lobes
of the cerebral cortex as well as the hippocampus and amygdala (Block, et al.,
2007). The molecular characteristics of Alzheimer’s include the cerebral
accumulation of amyloid-beta aggregates, the generation of neurofibrillary tangles
and large amounts of neuronal death (Kabba, et al., 2017). The key evidence
implicating microglial involvement in Alzheimer’s disease was the observation that
microglial activation increases with illness progression. The proposed mechanism
associated with the neurodegeneration originates from the microglial response to
amyloid-beta. Microglia detect amyloid-beta plaques as toxic protein aggregates
that require immediate removal. Therefore, these macrophages respond by
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surrounding and attempting to phagocytose the amyloid-beta plaques, generating
excessive amounts of neurotoxic factors in the process (Block, et al., 2007).
Initially, microglia are able to disassemble and phagocytose amyloid-beta as well
as clear out dying neurons (Fan et al., 2015). However, a constant state of
activation over time negatively impacts the ability to phagocytose less amyloidbeta, resulting in the excessive production of neurotoxic compounds, further
damaging the surrounding tissue and propagating enhanced inflammatory
signaling (Block, et al., 2007; Kabba, et al., 2017).
Parkinson’s disease is a second neurodegenerative disorder where
microglia have been implicated in the underlying pathogenesis. This disease is
characterized by the presence of alpha-synuclein containing Lewy bodies, the
destruction of the nigrostriatal ascending dopaminergic (DA) neurons, and overall
degeneration of the substantia nigra. In Parkinson’s patients, the corresponding
physical symptoms mainly present as various levels of motor dysfunction (Purisai
et al., 2007). DA neurons are more susceptible to inflammatory insult because of
their limited antioxidant capacity and their co-habitation with a large population of
microglia. One of the chief proposed microglial mechanism involved in Parkinson’s
disease primarily involves injured DA neurons releasing distress signals, which
then induce pro-inflammatory responses in the surrounding microglia population
(Block, et al., 2007). By comparison, another mechanism involves neuro-toxicant
induced stimulation of microglia subsequently leading to elevated levels of
oxidative stress, which negatively affect the surrounding DA neurons (Purisai, et
al., 2007). Alpha-synuclein either released by damaged neurons or from Lewy
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bodies have been shown to induce an inflammatory response in microglia
(Alvarez-Erviti et al., 2011; Fellner et al., 2013; Qin et al., 2016). Microglial
activation results in the generation of neurotoxic factors that cause additional
neuronal damage and necrosis, thus creating a self-sustained inflammatory cycle.
This cycle prevents microglia from aiding injured DA neurons and resolving the
inflammation.
Inclusively, these findings suggest that microglia, when over activated in the
pro-inflammatory state, have a prominent role in neurodegeneration by amplifying
neuronal damage through exposure to pathological stimuli and neurotoxins (Block,
et al., 2007). Therefore, without proper microglial function the brain suffers from
chronic inflammation, uncontrolled injury response and a deficient ability to
recuperate after each insult (Kabba, et al., 2017).

ABC Transporters: MDR1

Overview: Multidrug resistance protein (MDR1) or P-glycoprotein is a part
of the ATP binding cassette (ABC) protein family, which is characterized by three
conserved peptide motifs that consist of the Walker A and B sections as well as
the ‘ABC signature’ sequence found between the Walker sections. Members of
this family are active membrane transporters that translocate a broad range of
substrates from numerous compartments of the body (Varadi et al., 2002; Walker
et al., 1982). The corresponding ABCB1 gene consists of 29 exons and the protein
has a molecular weight of around 170-kDa (Chen et al., 1990). MDR1 is positioned
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in the plasma membrane on the apical surface of polarized epithelial cells enabling
them to eliminate compounds already in the cell or prevent them from
accumulating in the cell. The primary in vivo function of this transporter was
elucidated after much study and was best characterized in knockout mice lacking
P-gp expression (Schinkel et al., 1997; Schinkel et al., 1995). Researchers found
that the P-gp-null mice had a heightened sensitivity to ivermectin-induced toxicity
compared to mice with wild-type (WT) P-gp expression. Without functional P-gp,
the mice accumulated toxic amounts of ivermectin in their brains leading to
neurotoxicity (Lankas et al., 1997). Similar results were observed in a study
conducted in Mdr1-null and WT mice exposed to the antiparasitic drug,
emodepside. Mdr1-null mice demonstrated increased neurotoxicity when
compared to the control mice (Elmshauser et al., 2015). These data provided
empiric evidence that P-gp is a critical component of the BBB and protects against
neurotoxicity (Schinkel, et al., 1997).
Structure: Unfortunately, the X-ray crystal structure for the human P-gp
has yet to be determined and without this critical piece of the puzzle the complete
molecular mechanism of this transporter is still unknown. However, P-gp X-ray
crystal structures and models have been published from mouse, hamster ovary
cells, and bacteria, which help to provide a basis for proposals and hypothesizes
of this mechanism. From this data and other studies researchers have found that
MDR1 is made up of two transmembrane domains [TMD] containing 12
transmembrane segments and two nucleotide-binding domains [NBD] where ATP
binds powering the transport of substrates (Choudhuri and Klaassen, 2006;
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Rosenberg et al., 1997; Rosenberg et al., 2005; Sharom, 2014). Studies have
also detected the location of the P-gp-drug-binding pocket between the two TMD
halves. This central cavity contains aromatic and hydrophobic residues that are
implicated in the binding of substrates through differing molecular interactions
(Chufan et al., 2013; Sharom, 2014). Additionally, a study conducted using mouse
P-gp protein observed that the open and close structure conformation induces
surface alterations inside the binding pocket suggesting another possible
mechanism involved in P-gp transporter substrate recognition and interaction
(Esser et al., 2017).
Substrates:

P-gp transports a large spectrum of structurally and

functionally diverse compounds, which makes the definition of structure-activity
relationships rather difficult. Additionally, the fact that the specific mechanisms this
transporter utilizes to recognize their substrates are still largely unknown augments
the difficulty of this task (Ieiri et al., 2004). Evidence suggests that this protein has
multiple sub-binding sites located inside the binding pocket either used for
transport or allosteric-induced modifications. Studies have found that the major
substrate binding sites are located between/at areas 5 and 6 of TMD1 and areas
11 and 12 of TMD2. In general, MDR1 substrate preferences includes chemicals
that are hydrophobic, organic cations, existing at physiological pH, including one
or more aromatic rings or with a molecular weight greater than 400 kDa (Sharom,
2014; Shilling et al., 2006; Wang et al., 2003; Zhou, 2008). These criteria
generate an extensive list of substrates that include chemotherapy drugs,
antibacterials, antidepressants, antihistamines, steroids, immunosuppressants,
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cardiac agents, calcium channel blockers and HIV protease inhibitors (Fromm et
al., 1999; Ieiri, et al., 2004; Ito et al., 1997; Pauli-Magnus et al., 2000; Saeki et
al., 1993; Schuetz et al., 1998; Sparreboom et al., 1997; Ueda et al., 1992). Pgp can also be induced and inhibited by a large number of chemicals as well. One
of the main explanations behind P-gp’s promiscuity is the presence of several subbinding sites with differing molecular interactions enabling the transporter to
accommodate many structurally diverse compounds (Martin et al., 1997; Martin
et al., 2000a; Sharom, 2014).
Transport Mechanism: Because the exact transport mechanism for P-gp
is undetermined two main transport models have been proposed: the hydrophobic
vacuum cleaner and the flippase models. The fundamental transport mechanism
that these two models build upon first involves, the substrate binding to the inwardfacing conformation located on the cytosolic membrane side. Next, ATP hydrolysis
induces a conformational change from inward-facing to outward-facing state from
the extracellular side releasing the substrate (Sharom, 2014). The hydrophobic
vacuum cleaner model purports that the transporter can extract compounds from
the cytoplasmic leaflet of the plasma membrane into P-gp’s binding pocket and out
into the extracellular space. Thus, directing substrates right back out of the cell
similar to a vacuum cleaner. Lastly, in the flippase model substrates interact with
the transporter binding pocket while moving into the cytoplasmic leaflet. Once
bound, P-gp flips the substrate into the outer leaflet permitting the substrate to
diffuse through the membrane out into the extracellular space (Borst and Schinkel,
1997; Choudhuri and Klaassen, 2006; Higgins and Gottesman, 1992; Sharom,
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2014). Studies have shown that substrate interaction with binding sites are able to
increase the rate of ATP cleavage resulting in ‘drug-stimulated ATPase activity’,
such that once the substrate binds it can stimulate the energy generator required
for its own transport. Additionally it has been exhibited that one NBD binds ATP
for this purpose, while the other binds and hydrolyses ATP after transport in order
to undergo the conformational change needed to bring the protein to its previous
transport-ready state (Martin et al., 2000b; Sauna and Ambudkar, 2001; Sauna
and Ambudkar, 2000; Varadi, et al., 2002).
Locations: P-gp can be found highly expressed in cancer cells, however
it is also naturally found in multiple normal tissues throughout the body. For
instance, MDR1 can be located in the kidney, liver, intestines, pancreas, adrenal
gland, placenta and the BBB as well as in the blood-testes barrier. The fact that
this transporter can be found in the canalicular membrane of hepatocytes, the
apical membrane of enterocytes, proximal tubular cells and endothelial cells of
both blood barriers emphasizes its role in the excretion of potential toxic
compounds (Chin et al., 1989; Cordon-Cardo et al., 1989; Fojo et al., 1987;
Thiebaut et al., 1987). Additionally, P-gp is expressed in single cells including
lymphocytes, microglia, astrocytes and hematopoietic stem cells (Choudhuri and
Klaassen, 2006; Ishikawa et al., 2004; Svirnovski et al., 2009). Not only is this
transporter expressed in the endothelial cells of the BBB, but it is also found in the
choroid plexus epithelium where it prevents potential toxins from moving into the
blood stream and out of the cerebrospinal fluid (Rao et al., 1999). Overall P-gp
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serves as a major blockade between various tissues and potentially damaging
endogenous and exogenous compounds.
MDR1 and Inflammation:

Multiple studies have found evidence of

inflammation induced changes in Mdr1 expression and function. For example,
male CD-1 mice treated with the endotoxin lipopolysaccharide (LPS) displayed
diminished expression and function of hepatic P-gp 24 hr after treatment. In
contrast, LPS treatment induced up-regulation in the expression and function of
renal P-gp. These findings demonstrate inflammation-mediated P-gp regulation is
tissue-dependent (Hartmann et al., 2005). Similar findings have been found in
various in vitro studies investigating P-gp activity at the BBB. There has been little
investigation of the effect on P-gp expression and function in microglia exposed to
inflammation. Our laboratory has found that LPS treatment of immortalized mouse
BV-2 microglial cells reduces the expression and function of Mdr1 in a 24-hr period
(Gibson et al., 2012). Interestingly, researchers have also found that this
transporter is down-regulated at the BBB in acute inflammatory situations, but upregulated in more chronic inflammatory states. This is perfectly demonstrated by
Mdr1’s response to acute (1-6 hr) and long-term (24 to 48 hr) exposure to TNFa
in primary cultures of porcine or rat brain capillary endothelial cells (Hartz et al.,
2006; von Wedel-Parlow et al., 2009; Yu et al., 2008). For example, an in vitro
study using primary rat brain capillaries found that short exposure (1-3 hr) to TNFa
greatly reduced P-gp-mediated transport without affecting protein expression. But
with continuous TNFa exposure (6 hr) an up-regulation of both transporter activity
and expression was observed (Bauer et al., 2007). Another in vitro study
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conducted in immortalized human brain capillary endothelial cells (hCMEC/D3),
treated with TNFa for 72 hr observed a significant increase in P-gp mRNA and
protein expression (Poller et al., 2010). However, in general in vivo experiments
investigating acute and chronic inflammatory reactions have demonstrated
decreased expression and activity of P-gp at the BBB (Goralski et al., 2003;
Roberts and Goralski, 2008).
In neurodegenerative disorders such as Alzheimer’s and Parkinson’s
disease, Mdr1 expression and function appear to be diminished. This transporter
plays an important role in Alzheimer’s disease due to its ability to efflux b-amyloid
from the brain, thus decreasing the number of b-amyloid plaques formed (Cirrito
et al., 2005;

Hartz et al., 2010). This connection suggests that the reduced

functionality of P-gp might have a role in the pathogenesis of this disorder. To
further demonstrate this association, multiple studies have found that stimulating
P-gp expression through known inducers like, rifampicin, caffeine, verapamil
(Abuznait et al., 2011), and St. John’s wort (Brenn et al., 2014) resulted in reduction
of b-amyloid accumulation in cellular and mouse models of Alzheimer’s disease
(Abuznait, et al., 2011; Brenn, et al., 2014; Qosa et al., 2012). However, it is
unclear whether declines in P-gp expression are due to aging or the
neuroinflammatory environment itself or a combination of both (Abuznait, et al.,
2011;

Brenn, et al., 2014;

Deo et al., 2014). In Parkinson’s disease, the

connection with P-gp is less established. One of the main hypothesizes behind the
cause of this disease involves chronic over exposure to neurotoxic substances,
resulting in enhanced neuronal damage and augmented neuroinflammation.
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Because P-gp’s primary function is to eliminate these neurotoxic compounds from
the brain, it suggests that Mdr1 may be dysfunctional or reduced in Parkinson’s
patients allowing for the increased accumulation of harmful compounds (Kortekaas
et al., 2005; Lacher et al., 2015; Roberts and Goralski, 2008).

ABC Transporters: BCRP

Structure: Another member of the ABC transporter family is the Breast
Cancer Resistance Protein (BCRP) or the ABCG2 gene, which consists of 663
amino acids and was originally simultaneously discovered in a breast cancer cell
line (Doyle et al., 1998) as well as the placenta (Blazquez et al., 2012). Unlike
MDR1 and the MRPs, BCRP is a half-transporter embedded in the plasma
membrane. BCRP is also unique among other known half-transporters due to its
localization in the plasma membrane; other half transporters instead traffic to the
intracellular membranes of mitochondria, endoplasmic reticulum and peroxisomes
(Rocchi et al., 2000). The BCRP half-transporter has one (NBD) and (MSD)
containing 6 transmembrane sections. In order to become functionally active,
BCRP forms homodimers or homotetramers allowing for substrate translocation
across the plasma membrane. To date, only in vitro studies have suggested that
BCRP can form higher level complexes; little is known from in vivo tissues. Without
a complete X-ray crystal structure of the human BCRP transporter, investigations
into the structure of the half-transporter alone or in dimers/oligomers and in turn,
the mechanism involved in efflux are hampered. Although, what has been
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discovered so far is that Bcrp contains multiple drug binding sites, which
demonstrate basal levels of ATPase activity that is lesser than the activity
observed in P-gp (Ni et al., 2010).
Substrates:

BCRP can transport both hydrophobic and hydrophilic

conjugated organic anions. A wide range of compounds are transported by BCRP
including chemotherapeutic drugs, dietary flavonoids, porphyrins, estrogens and
the carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). Other
drugs translocated by BCRP include prazosin, glyburide, nitrofurantoin, cimetidine
and statins (Ni, et al., 2010).
Locations and Functions: The placenta contains the highest amounts of
endogenous BCRP protein within the human body indicating that this efflux
transporter most likely plays an important role in the maternal-fetal blood barrier
(Xiao et al., 2015). Supporting this premise, an in vivo pregnancy study in mice
found that the gestational diabetes drug, glyburide, is a substrate for Bcrp in the
placenta. The fetal accumulation of glyburide was elevated in Bcrp knockout
pregnant mice compared to wild-type mice (Zhou et al., 2008). Similar results in
wild-type and Bcrp knockout pregnant mice have been observed for the antibiotic
and BCRP substrate, nitrofurantoin (Zhang et al., 2007). Other tissues within the
body also express BCRP including the small intestine, colon, liver, breast and in
the endothelium of veins and capillaries. In all cases, BCRP is located on the apical
side of the plasma membrane of polarized cells (Maliepaard et al., 2001).
Bcrp was also found in the BBB and brain. Specifically, Bcrp
immunostaining has been detected in endothelial cells, neurons, astrocytes and

19
microglia of humans, rats and mice (Doyle and Ross, 2003; Lee et al., 2007). Even
though Bcrp has a widespread brain distribution, most studies in this area have
been more focused on the expression and functional Bcrp at the BBB rather than
in specific parts or cell types of the brain. Experiments performed on Bcrp knockout
mice treated with Bcrp specific substrates such as dantrolene or genistein have
shown increased brain accumulation utilizing either continuous infusion for 120150 mins or oral administration of both compounds compared to wild-type mice
(Enokizono et al., 2008;

Enokizono et al., 2007). Therefore, these findings

demonstrate that Bcrp/BCRP is involved in efflux transport at the BBB to some
extent, but that substrates that overlap with P-gp/MDR1, may have redundant
pathways for extrusion from the brain (Enokizono, et al., 2008; Enokizono, et al.,
2007; Meyer zu Schwabedissen and Kroemer, 2011).
Not only does BCRP protect the body from exogenous toxins, it is also
involved in the handling of endogenous molecules such as porphyrins. Bcrp-null
mice that were fed a diet containing the chlorophyll catabolite phenophorbide a,
which caused the mice to exhibit signs of both protoporphyria and diet-dependent
phototoxicity (Jonker et al., 2002). Under normal conditions, BCRP limits the
number of plant-derived compounds absorbed from ingested foods, but in the
absence of Bcrp function, increased levels of phenophorbide a are able to interfere
with the balance of porphyrins in the body, resulting in increased skin
photosensitivity (Jonker, et al., 2002). Overall BCRP functions to defend tissues
against endogenous toxins and xenobiotics and regulate cellular homeostasis for
endogenous substrates (Ni, et al., 2010).
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Neuroinflammation: Overall, the existing literature on the role of Bcrp in
neuroinflammation are minimal; studies have instead focused largely on Bcrp
efflux at the BBB. Two in vitro studies have demonstrated that pro-inflammatory
cytokines reduced Bcrp mRNA and protein expression in the BBB (Poller, et al.,
2010; von Wedel-Parlow, et al., 2009). For example, in hCMEC/D3 cells, BCRP
mRNA and protein levels as well as function determined by Mitoxantrone
accumulation, were decreased with exposures to IL-1beta, IL-6, and TNF-alpha
(Poller, et al., 2010). Our laboratory previously demonstrated in the immortalized
mouse microglia BV-2 cell line that stimulation of inflammation using the bacterial
cell wall component lipopolysaccharide (LPS) caused reductions in both the
expression and function of Bcrp using Hoechst 33342 as a substrate (Gibson, et
al., 2012). The above evidence suggests that direct and indirect neuroinflammation
results in decreased Bcrp expression and function, suggesting that this half
transporter may be altered in neurodegeneration conditions.

ABC Transporter: MRPs

Overview:

The C subfamily of ATP-binding cassette (ABC)

transporter superfamily consists of nine multidrug resistance-associated proteins
(MRPs/ABCC). These transporters are ATP-dependent efflux pumps embedded
in plasma membranes that transport a variety of different endogenous and
xenobiotic anionic substrates (Keppler, 2011). Similar to other ABC transporters,
the MRPs contain two NBDs and two MSDs that each consist of six
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transmembrane sections (Cole and Deeley, 2006). The only MRPs significantly
detected in human, mouse and rat brain tissue are MRP1, 4 and 5 (Dallas et al.,
2003; Dauchy et al., 2008; Hirrlinger et al., 2002; Nies et al., 2004).
Mrp1: The most well-known and studied MRP transporter is the multidrug
resistance-associated protein 1 (MRP1/ABCC1). The ABCC1 gene encodes a 190
kDa membrane glycoprotein that was discovered in lung cancer cells
demonstrating a multidrug resistance phenotype in the absence of P-gp
(Krishnamachary and Center, 1993). MRP1 contains the usual four-domain core
structure of ABC transporters, but also has an additional MSD formed by five
transmembrane sections (Cole and Deeley, 2006). This transporter is found in
many cell types and tissues, but the highest expression levels are located in the
lung, testis, kidney, skeletal and cardiac muscles, as well as in the placenta and
macrophages. MRP1 is also found in blood-tissue barriers such as the choroid
plexus and BBB (Keppler, 2011). MRP1 substrates are usually amphiphilic organic
anions, endogenous conjugated metabolites as well as glutathione (GSH)-,
glucuronide- and sulfate-conjugated compounds of phase II xenobiotic
metabolism. Some specific examples of MRP1 substrates include, cysteinyl
leukotriene (LTC4), prostaglandin GSH-conjugates, glutathione disulfide (GSSG),
aflatoxin B1, 4-nitroquinoline-1oxide and GSH conjugates of antineoplastic agents,
herbicides and pesticides. This substrate list indicates that MRP1 plays an
important role in the detoxification and elimination of both endogenous and
xenobiotic substances, which if left to accumulate in tissues could lead to harmful
effects (Cole and Deeley, 2006).
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One unique characteristic of the MRP1 transporter is the protein’s
relationship with GSH. GSH by itself is not a suitable substrate for MRP1, but when
this molecule is paired with certain xenobiotics such as, verapamil or dietary
flavonoids, GSH can be readily transported by MRP1. For example, in a study
performed by Rappa et al, wild-type cells treated with either etoposide or sodium
arsenite for 1 hr caused an increase in GSH efflux from the cell, which correlated
with a simultaneous decrease in the intracellular GSH concentrations (Rappa et
al., 1997). However, when the researchers used a MRP knockout cell line, no
changes in GSH concentrations were observed. It was concluded that MRP cotransports GSH along with certain substrates (Rappa, et al., 1997). GSH can also
act as an enhancer of MRP1-directed transport when interacting with
glucuronidated and sulfated conjugated compounds (Keppler, 2011). In a study
investigating the efflux of the carcinogen aflatoxin B1, it was demonstrated that the
MRP transporter was responsible for the movement of this toxin and its conjugates
from the cells. MRP was capable of transporting the original form of the aflatoxin
and that this efflux was augmented by the presence of GSH (Loe et al., 1997).
Unfortunately, the exact mechanism behind MRP1-mediated transport and how it
recognizes specific substrates is still unclear, due mostly to the lack of a
mammalian 3D crystal structure of this transporter. Although researchers
hypothesize that GSH binds to and induces a conformational change in the MRP1
protein; in turn, this could allow binding of co-substrates with higher affinity and
enhanced efflux (Cole and Deeley, 2006). MRP1 demonstrates a cellular
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protective function by the efflux of harmful organic anion conjugates from the cell
and thus aiding in their detoxification and excretion from the body.
Mrp4: The multidrug resistance-associated protein 4 (MRP4/ABCC4) is
located in the prostate, kidney, BBB, liver, pancreas and choroid plexus. This
transporter has also been found in erythrocytes, astrocytes, adrenal glands and in
dendritic cells (Keppler, 2011). Unlike other members of the MRP family, MRP4
exhibits variable subcellular localization depending upon the cell type. For
example, MRP4 localizes to the apical side of renal proximal tubules and brain
endothelial cells. However, MRP4 also traffics to the basolateral side of both the
choroid plexus ependymal cells and the hepatocytes (Belinsky et al., 2007;
Leggas et al., 2004). The substrates of MRP4 include nucleoside-based anticancer
drugs, and antiviral nucleotide analogues, cyclic AMP and GMP as well as
monoanionic bile acids. Similar to MRP1, MRP4 transports GSH conjugates and
requires the presence of GSH in order to move certain substrates across cellular
membranes (Belinsky, et al., 2007; Keppler, 2011). A study performed in Mrp4
knockout

mice

treated

with

the

antiviral

nucleotide

analogue

9’-(2’-

phosphonylmethoxyethyl)-adenine (PMEA) illustrated the ability of the Mrp4
transporter to act as an endogenous cellular protector (Belinsky, et al., 2007). Mrp4
knockout mice treated with PMEA exhibited pronounced toxicity in multiple tissues
including the bone marrow, spleen, thymus, and gastrointestinal tract as well as
increased PMEA brain concentrations compared with wild-type mice. It was
concluded that MRP4 is an important efflux protein in a number of tissues including
the brain (Belinsky, et al., 2007).
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Mrp5: The multidrug resistance-associated protein 5 (MRP5/ABCC5) has
been found in the heart, placenta, brain and in smooth and skeletal muscles
(Dallas et al., 2006). MRP5 is found specifically in pyramidal neurons and glia cells
of the brain as well as in the BBB (Hirrlinger, et al., 2002). In most tissues this
transporter appears to be located on the basolateral plasma membrane, but in the
capillary endothelial cells of the brain Mrp5 resides on the apical side of the
membrane (Jansen et al., 2015). This protein transports multiple nucleoside
analogs, glutamate conjugates (Jansen, et al., 2015), glutathione conjugates, as
well as cyclic GMP and AMP (Ritter et al., 2005). A lack of evidence exists
corresponding to the physiological role of Mrp5, since Mrp5 knockout mice appear
to be healthy and fertile. Although according to one study, the brains of Mrp5
knockout mice retain higher amounts of glutamate conjugates and changed gene
expression, suggesting that the Mrp5 knockout mice could display a lesser
neurological phenotype that is not easily recognizable in rodents (Jansen, et al.,
2015).
Neuroinflammation:

Our

laboratory

has

demonstrated

that

neuroinflammation as modeled by treatment of BV-2 microglia with LPS results in
an increase in Mrp1 and Mrp5 expression, but a possible decrease in transporter
function as illustrated by greater retention of the substrate calcein AM in activated
microglia compared to control cells. This finding seems contradictive due to the
fact that increased protein expression should result in an increase in function as
well. However, this may be due to a change in membrane trafficking, limited
availability of glutathione or the increase in protein could be a compensatory
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reaction to dysfunctional transporters (Gibson, et al., 2012; Rudd et al., 2011).
Another study performed in Alzheimer’s patients analyzing their hippocampal brain
samples, and found that Mrp1 protein was slightly increased in Alzheimer’s
samples compared to control brain samples. Together, in vitro and human studies
indicate that the Mrp transporters may be up-regulated in chronic cases of
neuroinflammation as well (Dallas, et al., 2006).

Nrf2

Overview: The Nuclear Factor-E2 related factor 2 (Nrf2) pathway is the
cell’s most prominent defense against oxidative stress. This pathway becomes
activated in the presence of oxidative stressors, such as damaging endogenous
substances, toxicants and radiation. Nrf2 contains six highly conserved regions
named Neh1 to Neh6. In the first domain, the Cap’n’Collar (CNC) and basicleucine zipper regions are found (Itoh et al., 1999). Being able to handle oxidative
and chemical stress is an essential survival tool utilized by all animal species.
Basic Nrf2-like systems have been observed in the budding yeast, fruit fly,
laboratory worm and in zebrafish. For example, the Yap family proteins of budding
yeast are basic leucine zipper type transcription factors, which are activated with
oxidative stress, translocate into the nucleus and up-regulate the transcription of
antioxidant target genes that contain the antioxidant response element (ARE) in
their promoters. The fruit fly displays an antioxidant stress system that is
phylogenetically similar to the Nrf2 pathway in humans. Instead of Nrf2, flies
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possess a Cap’n’collar C (CncC) protein that is stimulated during oxidative stress.
Then CncC translocates to the nucleus and heterodimerizes with Drosophila small
Maf proteins and induces the transcription of antioxidant proteins. This evidence
demonstrates the possibility that the mammalian Keap1-Nrf2 pathway evolved
from a common ancestral system needed for species survival (Fuse and
Kobayashi, 2017).
Mechanistic Pathway: During basal cellular states, the Kelch-like ECHassociated protein 1 (KEAP1) binds to the Neh2 region of Nrf2 keeping the protein
inactive and sequestered in the cytoplasm. Keap1 functions as a restraint by
forming a homodimer and binding with actin filaments. This localization allows the
Keap1 dimer to catch Nrf2 proteins heading for the nucleus and keep them
tethered in the cytoplasm until either Keap1 is forced to release Nrf2 or aid in its
degradation. Studies have shown that Keap1 binding to actin filaments and forming
a dimer are essential for Keap1 to repress Nrf2 activity (Kang et al., 2004; Zipper
and Mulcahy, 2002).
Nrf2 is released from Keap1 in the presence of oxidative stressors, which
are normally electrophilic in nature with the tendency to react with sulfhydryl
groups. This observation suggests that the electrophiles react with specific
cysteine residues in Keap1 which cause a structural modification to the Keap1Nrf2 complex releasing Nrf2. The Keap1 cysteine residue C151 is involved in the
release of Nrf2 from Keap1 after exposure to sulforaphane and tert-butyl
hydroxyquinone (tBHQ). This was shown by substituting the cysteine residue at
151 to a serine residue, which completely blocked the release of Nrf2 by
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sulforaphane or tBHQ (Zhang and Hannink, 2003). Another possible Nrf2 release
mechanism involves the phosphorylation of the Nrf2 protein by a protein kinase.
Similarly, to the above study, researchers mutated a serine at position 40 and
substituted it for an alanine. Protein kinase C (PKC) phosphorylated Nrf2 at
position S40, which increased its dissociation from Keap1. This dissociation was
negated after the S40 residue was mutated to alanine, demonstrating a correlation
between Nrf2 phosphorylation and release from Keap1 (Huang et al., 2002).
In addition to sequestering Nrf2, Keap1 regulates its degradation and
turnover by acting as a substrate adaptor, recruiting Nrf2 proteins for targeting to
the ubiquitin proteasome system (UPS). Keap1 binds to the scaffolding protein
Cullin 3 (Cul3), which forms a ligase complex with Rbx1 and ubiquitin tagged E2.
Once Nedd8 conjugates onto the ligase the Nrf2-Cul3-Keap1-E3 complex is ready
for ubiquitination. When cellular oxidative stress is triggered, this ligase complex is
inhibited allowing Nrf2 to be released from Keap1 and translocate to the nucleus
in order to initiate gene transcription (Kobayashi et al., 2004; McMahon et al.,
2003; Villeneuve et al., 2010; Zhang et al., 2004).
In the nucleus, Nrf2 heterodimerizes with small Maf, Jun or another
unknown factor, which enables the complex to bind and activate the transcription
of Antioxidant Response Element (ARE)-containing genes (Itoh et al., 1997; Itoh,
et al., 1999). This activation is enhanced when the Nrf2 heterodimer also interacts
with CREB-binding protein (CBP) (Loboda et al., 2016). Transcription of ARE
genes leads to the production of a network of anti-oxidative stress enzymes,
proteins and transporters. Specific examples include the detoxifying enzymes
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NAD(P)H:quinone oxidoreductase 1 (NQO1) (Loboda, et al., 2016) and heme
oxygenase 1 (HO-1) (Alam et al., 1999), the antioxidant proteins glutathione
peroxidase and glutathione reductase, as well as various ubiquitination enzymes
(Chan et al., 2001; Itoh, et al., 1999; Loboda, et al., 2016). Xenobiotic transporters
regulated by Nrf2 include the MRPs (Maher et al., 2007). Collectively, a battery of
Nrf2-ARE genes participate in the detoxification, degradation and excretion of
damaging proteins and compounds (Loboda, et al., 2016).
Nrf2 Target Genes:

HO-1 catalyzes the rate-limiting step in heme

degradation with the aid of the NADPH cytochrome P450 enzymes. This reaction
produces equal amounts of iron ions, biliverdin and carbon monoxide (CO). Both
biliverdin and CO act as antioxidants, while the iron ions produced by HO-1 lead
to the induction of the chaperone ferritin (Alam, et al., 1999; Loboda, et al., 2016).
By increasing intracellular levels of ferritin and thus decreasing the levels of free
iron ions, HO-1 greatly inhibits the ability of iron to catalyze damaging reactions
such as lipid peroxidation and the generation of hydroxyl radicals through the
Fenton reaction (Loboda, et al., 2016). Biliverdin is quickly transformed into
another antioxidant bilirubin by biliverdin reductase (Alam, et al., 1999). The third
product of HO-1 CO, mainly modulates mitochondria functions, glucose
metabolism and serves to potentiate cytoprotective signaling in the cell. In the
brain, CO has been observed increasing the oxygen consumption rate, which
leads to both a decrease in glucose consumption and lactate generation (Wegiel
et al., 2014).
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NQO1 is another detoxification enzyme induced through the Nrf2 pathway.
This FAD-dependent flavoprotein catalyzes the reduction of multiple harmful
reactive compounds such as, quinones, quinoneimines, nitroaromatics and azo
dyes. NQO1 participates in the reduction of these quinone electrophiles, which
prevents them from reacting with other molecules and causing the depletion of
sulfhydryl groups or generating even more reactive products. The resulting
hydroquinone products of NQO1 can be further metabolized to glucuronide and
sulfate conjugates enabling their rapid removal from the body. Additionally, this
flavoprotein has been indicated in the reduction of both estrogen and dopamine
quinone derivatives as well as acting as a scavenger of superoxide (DinkovaKostova and Talalay, 2010).
Nrf2 is not an essential factor for life, through the use of Nrf2-null mice,
which were able to survive to adult-hood (Chan et al., 1996). Nonetheless, Nrf2
knockout mice have a heightened sensitivity to various disease pathologies and
chemical toxicities. Researchers observed that the Nrf2-null mice are more
vulnerable to toxicity produced by acetaminophen, cigarette smoke, and
pentachlorophenol (Chan, et al., 2001; Enomoto et al., 2001; Iizuka et al., 2005;
Rangasamy et al., 2005; Umemura et al., 2006) For example, Nrf2 knockout mice
were treated with acetaminophen (APAP, 300 mg/kg) either died or exhibited
increased signs of liver damage compared to wild-type mice and pointed to Nrf2
having an important role in protecting from APAP-induced toxicity (Enomoto, et al.,
2001). Another study performed in Nrf2 knockout rats treated with aflatoxin B1
showed increased hepatotoxicity compared to wild-type rats. The Nrf2 knockout
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rats were unable to detoxify the carcinogen evidenced by the decrease in
detoxification enzymes and the elevated number of DNA adducts found in the rat
livers (Taguchi et al., 2016). Consistent with these findings, researchers have
observed that increased activation of Nrf2 causes beneficial effects. For example,
deletion of Keap1 gene in hepatocytes enabled the activation of the Nrf2 pathway
and protected hepatocytes against APAP toxicity (Okawa et al., 2006). Another
study in rats exposed to aflatoxin B1 and an analogue of oleanolic acid (CDDO-Im)
demonstrated the protective effects of inducing Nrf2 activity (Yates et al., 2006). It
was observed that using this Nrf2 activity inducer was able to inhibit both aflatoxininduced DNA adduct production and liver tumorigenesis. CDDO-Im treatment was
also able to enhance the expression of genes involved in the metabolism of
aflatoxin, ensuring the quick excretion of this carcinogen (Yates, et al., 2006). On
the other hand, un-regulated over-activation of Nrf2 in vivo has been shown to
result in rather damaging effects, which has been demonstrated in a study done
on Keap1-deficient mice (Wakabayashi et al., 2003). These mice died within three
weeks after their birth due to severe hyperkeratosis in the esophagus and
forestomach. This caused the constriction of their esophagus and cardia, leaving
these mice unable to get the nourishment needed to survive. Through this
observation, the researchers found that Nrf2 also induces genes used in the
squamous cell epithelia response to mechanical stress. This study demonstrates
how important regulating Nrf2 functions are and how essential Keap1 is to this
process (Wakabayashi, et al., 2003).
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Nrf2 Activators: In recent years, more focus has been placed on
investigating the therapeutic effects of Nrf2 activators in neurodegenerative
diseases, due to the heavy involvement of oxidative stress in the pathogenesis of
these disorders. A number of studies have shown that induction of Nrf2 in the brain
provides neuroprotection and improves neurodegenerative states, whereas its
inhibition enhances neurodegenerative markers. One of the most promising
pharmacological Nrf2 activators already on the market is dimethyl fumarate (DMF,
TecfideraÒ), which was approved in 2013 by the U.S. Food and Drug
Administration for the treatment of multiple sclerosis (MS). DMF is metabolized in
the gastrointestinal tract by esterases resulting in the formation of its active
metabolite, monomethyl fumarate (MMF) (Bomprezzi, 2015; Dibbert et al., 2013).
DMF is a strong Nrf2 activator, suppressing oxidative stress and the
resulting inflammation, as well as promoting neurological recovery in MS and in
various other in vivo models of neurodegenerative disorders. The mechanism of
action for this drug is not completely understood. However, research suggests that
DMF not only activates the Nrf2 pathway, but is also involved with a number of
other cellular processes including the P53 (Brennan et al., 2017), NF-kB (Gillard
et al., 2015; Kastrati et al., 2016), HCA2 (Parodi et al., 2015) and the ERK1/2
(McGuire et al., 2016) pathways. Yet, through the use of Nrf2 knockout mice,
neurological benefits have been largely found to be Nrf2-dependent (Ahuja et al.,
2016). Research suggests that DMF activates the Nrf2 pathway indirectly by
generating oxidative stress through the binding and depletion of cellular GSH. A
study showed that this GSH reduction was restored after 24 hr, suggesting a Nrf2-
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dependent role in its recovery. DMF also acts by disrupting the Keap1-Nrf2
structure, thus allowing increased Nrf2 translocation into the nucleus. As further
evidence, DMF is a member of the a, b carboxylic acid unsaturated ester chemical
family and therefore is able to react with cysteine residues found on both GSH and
Keap1 (Brennan, et al., 2017). A study conducted by Ahuja et al., showed that
DMF reacts with the cysteine residues on Keap1, thus inhibiting the ubiquitindependent proteasomal degradation of Nrf2, resulting in the activation of the Nrf2
pathway (Ahuja, et al., 2016). A correlation between DMF treatment and nuclear
export of the Nrf2 repressor Bach1 was observed (Ahuja, et al., 2016). Specifically,
in microglia DMF treatment demonstrates reduction in cytokine inflammatory
markers resulting from Nrf2 activation (Wilms et al., 2010).

Methods and Materials

Chemicals: Unless otherwise noted, chemicals were obtained from Sigma-Aldrich
(St. Louis, MO).

Cell Culture: The immortalized mouse (C57BL/6) microglia BV-2 cell line was
provided by Dr. Bin Liu (University of Florida) and used for all experiments. BV-2
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin and 1% glutamax
(Invitrogen, Carlsbad CA). BV-2 cells were maintained at 37°C with 5% CO2. For
all treatments, 1% fetal bovine serum was used.
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LPS Dose-Response Study: BV-2 cells were treated with LPS from Salmonella
abortus equi (Enzo Life Sciences, Inc., Farmingdale NY, ALX-581-009-L001) for
6, 12 or 24 hr. LPS was dissolved in distilled water. At each time point, cells (1 x
106/well) were treated in triplicate using LPS concentrations of 0, 10, 50 and 100
ng/ml.

DMF Dose-Response Study: Dimethyl fumarate (DMF) was dissolved in DMSO
(final concentration of DMSO was 0.1%) BV-2 cells (1 x 106/well) were treated with
DMF at 0, 5, 10, and 20 μM for 12 and 24 hr.

LPS-DMF Co-treatment Study: BV-2 cells were seeded (1 x 106/well) in six-well
plates and treated with DMSO vehicle (final concentration of 0.1%), LPS (100
ng/ml) alone, DMF (20 μM) alone or a combination of LPS (100 ng/mL) and DMF
(20μM) for either 12 or 24 hr. For western blot analysis, BV-2 cells were treated for
only 30 hr. Two different combinations were performed: pre-treatment with either
LPS or DMF for 30 mins. After the pre-treatment, the media was replaced with
fresh media containing both LPS (100 ng/ml) and DMF (20μM).

RNA Isolation and Real-Time Quantitative PCR: Cells were treated according
to one of the three experimental design paradigms described above. For the LPS
dose response study, total RNA was isolated using the RNeasy mini kit (Qiagen,
Frederick, MD). For all other RNA isolations, RNAzol RT reagent was used to
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collect total RNA. RNAzol RT reagent was added directly to BV-2 cells and the
lysate was homogenized through up-down pipetting. Next, DNA and proteins were
precipitated with 400 μl RNAse-free water and 12,000 x g for 15 mins
centrifugation. Then, total RNA was precipitated out with isopropanol overnight and
the RNA pellet was collected through centrifugation for 10 mins at 12,000 x g. Next,
the pellet was washed twice with 75% ethanol and finally dissolved in 20 μl RNAsefree water. RNA concentrations and purity were determined using both the 260/280
and 260/230 ratios from the Nanodrop 1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). cDNA was produced with the High Capacity cDNA
Synthesis kit (Applied Biosystems, Foster City, CA). RNA samples were diluted in
RNAse-free water to reach a concentration of 1 μg RNA. Next reverse transcription
master mix was added to the diluted RNA samples, after which the reverse
transcription reaction was performed in a thermal cycler (MultiGene OptiMax,
Labnet International, Inc., Edison, NJ), yielding single-stranded cDNA. For qPCR,
specific mRNA primers (Integrated DNA Technologies, Inc., Coralville, IA) for each
gene were added to 1 μg of cDNA. The resulting messenger RNA expression was
evaluated through real-time qPCR, using the SYBR Green-based method (Applied
Biosystems). Amplified products were detected in the 384-well plate format using
the ViiA7 Real Time PCR machine (Life Technologies, Grand Island, NY). Delta
delta Ct values were generated from converted Ct values adjusted to a reference
gene (Gapdh) (Livak and Schmittgen, 2001). Specific forward and reverse primer
sequences used are listed in Table 1.
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Alamar Blue Assay: The Alamar Blue assay was performed to determine cell
viability based upon the reduction potential of metabolically active cells (Life
Technologies). BV-2 cells (6 x 103/well) were seeded into a black clear-bottom 96well plate and incubated with increasing concentrations of DMF (0-1000 μM). After
24 hr, 100 μl AlamarBlue reagent (Invitrogen) was pipetted into each well and
incubated for 3 hr at 37°C. Finally, the fluorescence values were quantified at 570
nm excitation and 585 nm emission wavelengths using a SpectraMax M3
microplate reader (Molecular Devices, Sunnyvale, CA).

Western Blot Analysis: BV-2 cells were seeded onto either 60-mm cell culture
dishes (5 x 106/dish) or 6-well plates (1 x 106/well) and incubated overnight. Cells
were treated according to the LPS-DMF co-treatment design. BV-2 cells were
washed once with cold PBS and then treated with 2-5 ml of trypsin to induce
detachment. The cell pellet was then collected by centrifugation at 500 x g for 5
mins and washed with cold PBS. Cells were centrifuged again and the supernatant
was removed, allowing the cell pellet to be re-suspended in 100 μl cell lysis buffer
containing 1% protease inhibitors. This cell lysate was then centrifuged for 15 mins
at max speed and the protein-containing supernatant was collected in a new
Eppendorf tube. Protein concentrations of lysates were determined using the
Bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL). Western blot
analysis of target proteins was performed using 40 μg of protein homogenate per
well by SDS-polyacrylamide gel electrophoresis on NuPage 8% gels (Invitrogen).
Proteins were transferred overnight to a polyvinylidene fluoride membrane.
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Membranes were blocked using a 5% nonfat dry milk solution containing PBS with
0.5% Tween 20. Primary antibodies were diluted in a 2% nonfat dry milk solution
either overnight at 4°C or for 2 hr at room temperature. Primary antibodies were
probed by using species-appropriate secondary antibodies and then detected
using the SuperSignal West Dura blotting reagents (Thermo Fisher Scientific). The
primary antibodies were used at the following concentrations: 1:1000 for Mdr1a/b
(C219; Novus Biologicals, Inc., Littleton, CO), 1:2000 for Mrp1 (MRPr1; Enzo Life
Sciences, Inc.), 1:2000 for Mrp4 (M4I-10; Enzo Life Sciences, Inc.), 1:500 for Mrp5
(M5I-10; Abnova, Walnut, CA), 1:5000 for Bcrp (BXP-53; Enzo Life Sciences, Inc.),
1:10,000 for Nqo1 (Abcam, Cambridge, MA) and 1:2000 for Gapdh (Abcam). The
detection and semi-quantification of protein bands was performed by a FluorChem
imager (ProteinSimple, Santa Clara, CA).

Nrf2 ELISA: Nuclear extracts were prepared using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific). Nrf2 nuclear
accumulation was determined using the TransAM Nrf2 kit (Active Motif, Carlsbad,
CA) and the assay was performed following the manufacturer’s instructions.
Briefly, diluted nuclear extract samples were added to the eight-well strips and then
the strips were left to agitate for 1 hr. The wells were washed and the appropriate
antibody was added followed by a 1 hr incubation period and washing steps. Next,
100 µl developing solution containing 3,3’,5,5’-tetramethylbenzidine (TMB) was
added and the color change was monitored and stopped using sulfuric acid (1N)
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after 14 mins. The absorbance was determined at 450 nm using a SpectraMax M3
microplate reader (Molecular Devices).

Statistical Analysis: All statistical analysis was performed using GraphPad Prism
version 6 (GraphPad Software, Inc., La Jolla, CA). Statistical significance between
mean values of treatment groups was determined using a one-way ANOVA with
Newman-Keuls post-test. Data are presented as mean ± standard error of the
mean (SEM), with p<0.05 deemed statistically significant.
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Table 1. qPCR Primer Sequences
Target

Forward Primer (5’à3’)

Reverse Primer (5’à3’)

TNFα

AGCCCACGTCGTAGCAAACCAC

AGGAGCACGTAGTCGGGGCA

IL-1β

GACCTTCCAGGATGAGGACA

AGCTCATATGGGTCCGACAG

IL-6

TCCATCCAGTTGCCTTCTTG

ATTGCCATTGCACAACTCTTTT

iNOS

GGCAGCCTGTGAGACCTTTG

TGAAGCGTTTCGGGATCTG

Gapdh

GTTCCTACCCCCAATGTGTC

GTTGAAGTCGCAGGAGACAA

Mdr1a/Abcb1a

TGCCCCACCAATTTGACACCCT

ATCCAGTGCGGCCTGAACCA

Mdr1b/Abcb1b

GTGTTAAAGGGGCGATGGGCG

AGGCTTGGCCAGACAACAGCTT

Mrp1/Abcc1

GCTGTGGTGGGCGCTGTCTA

CCCAGGCTCAGCCACAGGAA

Mrp4/Abcc4

CCAGACCCTCGTTGAAAGAC

TGAAGCCGATTCTCCCTTC

Mrp5/Abcc5

AGGGCAGCTTGTGCAGGTGG

TGCTGTTCCCGCTTCCTTGCT

Bcrp/Abcg2

GCGGAGGCAAGTCTTCGTTGC

TCTCTCACTGTCAGGGTGCCCA

Nqo1

GAGAGTGCTCGTAGCAGGAT

GCAGGATGCCACTCTGAATC

Ho-1

GGTGACAGAAGAGGCTAAGACCGC

GCAGTATCTTGCACCAGGCTAGCA
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Results
Activation of Microglia Using LPS: BV-2 microglia were activated to
stimulate an inflammatory reaction using LPS as evidenced by time-dependent
increases in the mRNA expression of acute phase cytokines namely, IL-1β, IL-6,
TNFα, and the cytokine-stimulated enzyme, iNOS (Figure 1). Both IL-1β and IL-6
showed significant mRNA level increases at all time points tested, with greatest
induction (30- and 50-fold) at 6 and 12 hr after LPS treatment. By 24 hr, IL-1β and
IL-6 mRNAs had decreased in LPS-treated groups, but were still higher than
control levels. TNFα mRNA levels peaked at 6 hr after LPS and steadily declined
at 12 hr with a return to control levels at 24 hr. iNOS mRNA levels began to
increase in response to LPS at 6 hr and were highest (20-fold) at 12 hr, while
displaying variable responses at 24 hr. Though up-regulation of cytokine and iNOS
mRNA levels exhibited time-dependent responses, most gene changes were not
dependent upon the concentration of LPS. At 24 hr, LPS-treated groups did exhibit
persistently elevated IL-6, IL-1β and iNOS mRNAs at either 50 or 100 ng/ml with
lesser changes at 10 ng/ml.
In parallel to changes in cytokine mRNA expression, up-regulation of
cellular and oxidative stress responsive genes, Ho-1 and Nqo1, were evaluated in
response to LPS treatment (Figure 2). In general, 50 ng/ml and 100 ng/ml LPS
provoked the greatest elevation in mRNA expression for both gene markers. Ho-1
up-regulation was highest in LPS-treated groups at 6 and 12 hr, and then returned
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to control levels at 24 hr. By comparison, Nqo1 mRNA expression was enhanced
2-fold in response to 10-100 ng/ml LPS at all time points.
Regulation of Efflux Transporters in Microglia Activated with LPS: In general,
microglia activated with LPS exhibited decreases in the mRNA expression of Bcrp
and Mdr1a/1b and increases in Mrp1 and 5 transporters (Figure 3). For Bcrp, LPS
treatment resulted in a significant 50% decrease in mRNA levels only at 24hr at
the two highest concentrations (50 and 100 ng/mL LPS). The Mdr1a and 1b
transporters also exhibited decreases in mRNA expression at 12 and 24hr as well.
Both Mdr1a and 1b mRNA expressions were reduced by about 50% when treated
with 100 ng/mL LPS. Contrary to Bcrp and Mdr1, Mrp1 mRNA expression was
significantly increased in BV-2 cells with increasing LPS concentrations at all time
points. Following treatment with 50 ng/mL of LPS, Mrp1 mRNA expression was
up-regulated up to 120% compared to control at 12 hr. Similarly, Mrp5 expression
increased 80% at the earliest time point (6 hr) at all LPS concentrations. No
significant mRNA changes were observed for Mrp4. No significant mRNA changes
were observed for either Mrp2 or Mrp3 as well (data not shown). Further
experiments excluded Mrp2 and 3, because a previous study confirmed the
absence of Mrp2 and 3 protein expression in BV-2 cells (Gibson, et al., 2012).
Pharmacological Activation of Nrf2 Signaling in Microglia Using
Dimethyl Fumarate (DMF): Recognizing the up-regulation of Nrf2 target genes,
Nqo1 and Ho-1, in BV-2 cells activated with LPS (Figure 2), the next set of studies
aimed to determine whether augmentation of this response using a
pharmacological Nrf2 activator could restore transporter expression in LPS-treated
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BV-2 cells. Using the Alamar blue assay, it was demonstrated that DMF did not
significantly impact cell viability at doses lower than 50 µM (Supplemental Figure
1). At 150 µM DMF cell viability was decreased by about 40%, and then by 90% at
500 µM DMF. Concentrations of DMF between 5 and 20 µM were selected for
subsequent experiments. To confirm that Nrf2 is activated in BV-2 cells by DMF
treatment, nuclear extracts from DMF-treated cells were analyzed for their
enrichment and binding to prototypical ARE sequence. At DMF concentrations of
10 and 20 µM, nuclear Nrf2 enrichment and binding in BV-2 cells increased by
200% compared to the vehicle-treated control cells (Figure 4). Nuclear
translocation of Nrf2 was achieved after 4 hr of DMF treatment. Next, the ability of
DMF to up-regulate the Nrf2 target gene, Nqo1, was assessed. The mRNA
expression of Nqo1 was significantly increased at all doses of DMF (5-20 µM) at
both 12 and 24 hr (Figure 5). The magnitude of Nqo1 induction was greater at 12
hr of DMF treatment, with a 500% elevation in mRNA expression compared to
100% at 24 hr. By comparison, the other Nrf2 target gene, Ho-1 only exhibited
slight up-regulation with DMF treatments at 12 and 24 hr (data not shown).
Regulation of Antioxidant, Inflammatory and Transporter Pathways in
Activated Microglia Treated with Dimethyl Fumarate: Two approaches were
used for the co-treatment of BV-2 cells with LPS and DMF: pre-exposure where
DMF was added for 30 min prior to addition of LPS or post-exposure where
addition of DMF was delayed for 30 min once LPS was added to BV-2 cells.
Activation of the Nrf2 pathway activation with DMF treatment was confirmed
through increased mRNA levels of both Nqo1 and Ho-1 (Figure 6A). Unexpectedly,
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Ho-1 displayed minimal change with DMF treatment at either time point. Instead,
LPS treatment induced a higher magnitude of Ho-1 expression (over 200%) at 24
hr, which was attenuated with pre- or post-treatment with DMF. Nqo1 was a more
sensitive marker of Nrf2 activation in this experiment and exhibited greater mRNA
induction at 12 hr compared to 24 hr with DMF alone. At 12 hr, DMF induced a
250% increase in Nqo1 mRNA levels compared to control. The DMF-LPS
treatments also induced Nqo1 mRNA levels compared to the control and LPS
groups by 230% and 170% respectively. Whereas at 24 hr, there were only
minimal increases to Nqo1 mRNA levels by 100% with DMF treatment compared
to controls, but significantly increased with LPS treatment (alone and in
combination with DMF). DMF treatment, both alone and in combination with LPS,
increased Nqo1 protein expression at 30 hr was increased by 1000% (Figure 6B).
There was also a trend for induction of Nqo1 protein expression (200%) in BV-2
cells treated with LPS, although it was not statistically significant.
Subsequent analysis assessed the ability of DMF to alter the up-regulation
of cytokines and nitrative enzymes by LPS treatment. Similar to Figure 1, LPS
increased the expression of IL-6, IL-1β, TNFα and iNOS mRNAs in BV-2 cells at
12 and 24 hr. The treatment of BV-2 cells with DMF alone had no effect on these
genes. The co-treatment of LPS and DMF (both pre- and post-treatment) reduced
the expression of IL-6, IL-1β, TNFα at 12 hr, but not at 24 hr. This decrease was
exhibited by an mRNA reduction of 500% for IL-6 and 160% for IL-1β. At 24 hr, the
co-treatment of DMF and LPS did not alter the LPS-mediated induction of IL-6, IL1β and TNFα mRNAs. However, iNOS expression decreased 330% with the co-
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treatment groups compared to LPS alone at 24 hr. Only the DMF pre-treated
combination group exhibited decreased iNOS mRNA levels at 12 hr.
Interestingly, DMF treatment was able to restore mRNA expression of efflux
transporters back to control levels (Figures 8 and 9). Similar to Figure 3, LPS
treatment decreased Bcrp (30%), Mdr1a (30%), and Mdr1b (50%) mRNA
expression and increased Mrp1 expression (40%) with no change in Mrp4 or Mrp5.
Treatment with DMF alone had little effect on transporter mRNA expression with
an exception of Mrp1, which was modestly up-regulated (Figure 9). Co-treatment
with LPS and DMF significantly restored Bcrp mRNA expression compared to the
LPS group at 24 hr, raising these levels near to basal expression. Similar results
were observed at 12 hr although not statistically significant. Likewise, Mdr1a and
1b decreased with LPS treatment, which was abrogated by DMF at both 12 and
24 hr. Co-treatment with LPS and DMF (pre-treatment) greatly enhanced Mdr1
mRNA levels by at least 50% compared to LPS alone at both 12 and 24 hr. This
mRNA elevation also rose slightly above control. In general, co-treatment with LPS
and DMF (both pre- and post-treatment) were capable of raising the Mdr1
expression levels at least back to control. By comparison, co-treatment of LPS and
DMF did not return Mrp1 mRNA levels back to control, but instead led to further
increases. At 12 hr, this mRNA elevation was significantly increased by 80%
compared to the control. While at 24 hr, Mrp1 mRNA was only slightly induced.
Against the LPS-induced Mrp1 mRNA levels, the DMF-LPS treatments caused a
slight increase at 12 hr, but no change at 24 hr. No significant changes were
observed for Mrp4 or Mrp5 with any treatment.
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By 30 hr, LPS treatment significantly decreased the protein expression of
Mdr1, Mrp4 and Bcrp by 46%, 53% and 30%, respectively (Figure 10). LPS did not
alter protein levels of Mrp1 or Mrp5. DMF treatment alone had minimal effects on
protein expression, except for Bcrp and Mrp4, which were significantly increased
20 to 40% compared to control BV-2 cells. Furthermore, for Bcrp and Mrp4
expression the combination DMF-LPS treatment produced a significant increase
in expression compared to the LPS stimulated BV-2 cells by 21% and 55%
respectively. While Mdr1 and Mrp1 displayed negligible changes in protein
expression with the combination treatment. Unexpectedly, Mrp5 expression
exhibited a 45% reduction under the co-treatment group.

Discussion
The primary aim of the present study was to characterize the effects of
dimethyl fumarate, a Nrf2 activator, on the expression of efflux drug transporters
Mdr1, Bcrp and Mrp1, 4 and 5 using a model of microglial activation. First, the
presence of an LPS-induced inflammatory response was confirmed, and
demonstrated by the increase in cytokine mRNA levels. Next, increasing LPS
concentrations resulted in the down-regulation of all efflux drug transporter
expressions, except for the Mrp transporters. These outcomes agree with what
was previously reported by Gibson et al. using the same BV-2 cell line and model
of activation, lending further confirmation to the differential effects inflammation
can have on efflux transporter expression and function in microglia (Gibson, et al.,
2012). In general, results of the current study demonstrate Nqo1’s ability to serve
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as a suitable marker of the Nrf2 pathway in microglia. Through activation of Nrf2,
the study revealed DMF’s ability to first decrease the LPS-induced cytokine mRNA
levels, and to restore efflux transporter expression, specifically for Bcrp, Mdr1a/1b
and Mrp4, in microglia stimulated by LPS.
The ability of DMF to activate the Nrf2 pathway was largely observed
through the elevated expression levels of Nqo1 and to some extent Ho-1 in
microglia. Even though both genes are considered Nrf2 pathway markers,
according to our study Nqo1 proved to be the more sensitive indicator of Nrf2
activation in microglial cells. Nqo1 displayed a greater magnitude of mRNA
elevation through DMF treatment within 12 hr, but diminished by 24 hr.
Consequentially, the Nqo1 protein expression at 30 hr showed strong induction
with only treatments containing DMF, while Nqo1 protein was slightly induced by
LPS at this time point. These findings suggest that DMF and LPS may stimulate
Nqo1 protein production through different mechanisms in BV-2 cells. An earlier
time point may display the up-regulation of Nqo1 protein with LPS treatment.
Similar mRNA results were observed in male C57B1/6 mice 8 weeks of age, dosed
orally with 10 µl/g DMF, researchers observed a peak in brain (cortex, cerebellum
and hippocampus) Nqo1 mRNA expression levels between 6 and 12 hr. After
administering a single oral dose of 100 mg/kg DMF to the Nrf2-null mice, Nqo1 upregulation was determined to be exclusively Nrf2-dependent in the hippocampus
(Brennan et al., 2016). This finding provides evidence that Nqo1 regulation via Nrf2
depends upon the specific brain region and likely cell type involved.
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Ho-1 is known to be regulated by a number of effectors and pathways other
than or in conjunction with Nrf2 such as, the BTB and CNC homolog 1 (Bach1)
repressor (Reichard et al., 2007; Shan et al., 2006), and the phosphatidylinositol
3-kinase (PI3K/Akt) (Martin et al., 2004), p38 mitogen-activated protein kinase
(p38 MAPK) (Chen et al., 2013) and the heme degradation pathways (Foresti et
al., 2013). In the current study, Ho-1 was greatly enhanced with LPS treatment,
but minimally with DMF. Ho-1 has also been shown to display a more acute
expression response with Nrf2 activation. Thus, while not greatly induced at 12 or
24 hr, Ho-1 mRNA expression may have been stimulated to a higher degree at 6
hr instead. This suggestion is supported by work from Brennan and colleagues
(Brennan, et al., 2016). As aforementioned, male C57B1/6 mice treated orally with
10 µl/g DMF, displayed Ho-1 mRNA levels that peaked substantially between 2
and 8 hr in the kidney and to a lesser degree in the liver and jejunum. Additionally,
Ho-1 expression appeared to be only partially Nrf2-dependent in the kidney, but
completely dependent upon Nrf2 in the jejunum. This dependence was
demonstrated utilizing Nrf2-null mice given a single dose of 100 kg/ml DMF orally.
Nrf2-null mouse kidneys displayed lower Ho-1 induction compared to the
enhanced levels observed in WT mice treated with DMF. However, this induction
was abolished in the jejunum of the Nrf2-null mice. These data show that Ho-1
expression is differentially regulated and tissue-dependent (Brennan, et al., 2016).
Another means of Ho-1 regulation is related to the transcription suppressor
Bach1 (Reichard, et al., 2007). Treatment of human keratinocytes with 25 µM
arsenite resulted in different cellular (nuclear vs cytosolic) distributions of NRF2
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and BACH1. Arsenite elevated levels of nuclear NRF2 3 hr after treatment, with
negligible amounts present in the cytosol, indicating rapid nuclear translocation of
NRF2. In contrast to NRF2, BACH1 displayed rapid nuclear export within the first
30 mins of arsenite treatment and by 3 hr resulted in maximal BACH1 cytosolic
accumulation. Consistent with this time-line HO-1 mRNA was shown to be quickly
induced 1 hr after treatment, most likely due to the absence of DNA-bound BACH1
enabling the present nuclear Nrf2 to bind and then stimulate HO-1 expression.
These results suggest that HO-1 transcription requires BACH1 inactivation in
parallel with NRF2 activation. To further prove this mechanism a chromatin
immunoprecipitation (ChIP) analysis was performed and resulted in the discovery
that BACH1 and NRF2 interact with the same two enhancer sites containing
multiple ARE motifs in the HO-1 promoter. After arsenite treatment, NRF2 binds to
both of these sites; however, in normal cells without arsenite BACH1 is bound to
them instead. In another experiment, it was observed that cells treated with the
proteasome inhibitor MG132 stimulated extensive nuclear NRF2 accumulation, but
no HO-1 mRNA induction. However, when treated with hemin the human
keratinocytes displayed increased BACH1 inactivation and nuclear export as well
as substantial HO-1 mRNA induction. Thus, BACH1 inactivation was found to be
more critical in the induction of HO-1 expression, when compared to NRF2
activation. According to these results, Nrf2 is capable of mediating Ho-1
transcription without an oxidative stress trigger so long as Bach1 is already
inactivated. This could also explain the presence of Ho-1 induction during normal
cellular states (Reichard, et al., 2007).
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The fact that LPS alone can activate the Nrf2 pathway and yet demonstrate
extensive pro-inflammatory effects when compared to the anti-inflammatory
properties displayed through DMF Nrf2 activation indicates the presence of a more
complex pathway system. The two systems most likely involved in the LPS
response of the current study are the Nrf2 and NF-kB pathways. The Nrf2 pathway
is implicated through the elevation of both Ho-1 and Nqo1 expression. While NFkB is a known regulator of cytokine expression and thus the main pathway involved
in the inflammatory effects induced through LPS (Rushworth et al., 2008).
Furthermore, there is evidence of cross-talk between these pathways
demonstrated by their ability to inhibit each other (Li et al., 2008). In the case of
LPS, it appears that the NF-kB pathway may overwhelm Nrf2 and diminish its’ antiinflammatory effects over time. Another possibility is that LPS may be capable of
initially activating the Nrf2 pathway, but is unable to sustain the anti-inflammatory
effects over time.
Studies performed in both primary human monocytes and the human
monocytic cell line (THP-1) demonstrated LPS’s ability to induce NQO1 and HO-1
expression and thus activate Nrf2 (Rushworth, et al., 2008). The NQO1 mRNA
expression was greatly increased at 4 and 8 hr, but steadily decreased by 12 hr.
Interestingly this study also showed that LPS induces Nrf2 not through the
destabilization of the Keap1-Nrf2 complex, but by synthesizing the protein de novo
(Rushworth, et al., 2008). These results give evidence towards the proposal that
LPS can initially activate Nrf2, but cannot sustain the Nrf2 response. For example,
it is possible that the newly transcribed LPS-generated Nrf2 protein is more
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unstable compared to the Nrf2 already apart of the Keap1 complex. This is due to
the fact that LPS only generated more Nrf2 protein without disabling the
proteasomal degradation mediated by Keap1, meaning that large numbers of the
Nrf2 protein could be disassembled minutes after their creation (Reichard, et al.,
2007). Furthermore, the appearance of increased Nrf2 cytosolic concentrations
may trigger a feedback loop in place to prevent Nrf2 over-activation.
The present study was able to demonstrate DMF’s anti-inflammatory
functions by completely mitigating the LPS-induced mRNA cytokine response at
12 hr, but was unable to at 24 hr. This may either indicate that DMF has a shorter
activity window in in vitro settings or that LPS was able to induce longer-acting
effects that became more evident with lessening DMF activity. This enhanced
cytokine response may be mitigated with a second dose of DMF after 12 hr to
determine whether this result is due to the shorter activity period of DMF or whether
there is a secondary mechanism that activates after a certain time period that
down-regulates Nrf2 pathway activation. The ability of Nrf2 activators such as,
DMF (Peng et al., 2016; Scannevin et al., 2012; Wilms, et al., 2010), sulforaphane
(SF) (Brandenburg et al., 2010;

Townsend and Johnson, 2016), tert-butyl

hydroquinone (tBHQ) (Koh et al., 2009), licochalcone E (Kim et al., 2012), lutein
(Wu et al., 2015) and melatonin (Shah et al., 2017) to down-regulate inflammatory
markers has been demonstrated in multiple studies. For example, a study
conducted by Brandenburg et al., observed that SF was capable of nullifying the
LPS-stimulated inflammatory response in microglial cells (Brandenburg, et al.,
2010). Both primary rat microglia and BV-2 cells were treated with a co-treatment
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of 1 µM SF and 100 ng/ml LPS (pre-treated 30 mins with SF) for a range of time
points (0-24 hr). mRNA expression of the cytokines, IL-1b, IL-6 and TNFa were all
increased with LPS treatment. However, the co-treatment with SF attenuated
TNFa, IL-6 and IL-1b mRNA induction maximally at 6 hr for TNFa and 12 hr for
both IL-6 and IL-1b (Brandenburg, et al., 2010). Another study, using primary rat
microglia treated with DMF, demonstrated similar anti-inflammatory results.
Microglia were co-treated with 10 µM DMF and 10 ng/ml LPS (pre-treated 30 mins
with DMF) for 6 to 24 hr. After 6 hr, the researchers observed significant decreases
to mRNA levels of all inflammatory target genes (IL-1b, IL-6, iNOS and TNFa)
tested compared to LPS alone (Wilms, et al., 2010). Both of these studies also
demonstrated the ability of their chosen activator to induce Nrf2 protein expression,
indicating the function of the Nrf2 pathway in the down-regulation of microglial
inflammatory responses (Brandenburg, et al., 2010; Wilms, et al., 2010).
Discrepancies were observed in DMF’s ability to completely restore efflux
transporter expression back to basal levels. Bcrp was the only transporter that
showed complete restoration in both their mRNA and protein levels with DMF
treatment. Additionally, this study showed that DMF treatment alone was capable
of significantly enhancing Bcrp protein expression, but not mRNA expression.
There are multiple explanations for this difference in DMF-induced Bcrp protein
and mRNA expression. For instance, the optimal time point for the mRNA induction
might have occurred at 6 hr or earlier. Another mechanism may involve DMFinducing Bcrp protein stabilization, allowing for extended Bcrp transporter
accumulation, with lessened or normal levels of mRNA transcription. DMF
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concentrations were not expected to have much effect on Bcrp expression due to
the fact that until now, a direct transcriptional connection between Bcrp and Nrf2
has not been established. The only somewhat relevant study found was performed
in rat brain capillaries treated with SF (Wang et al., 2014). When treated with 10
mg/kg SF, Bcrp protein expression was significantly enhanced along with the Nrf2
target gene Ho-1. In order to investigate whether Nrf2 and p53 activation was
necessary for Bcrp expression, the researchers co-treated the brain capillaries with
both SF and a p53 inhibitor, pifithrin. Bcrp expression was down-regulated with
pifithrin co-treatment, demonstrating the involvement of p53 in Bcrp induction.
Thus, the study concluded that Nrf2 and p53 activity were required for Bcrp
transporter elevation at the BBB (Wang, et al., 2014). Further studies will need to
be performed to investigate the possible influence of the Nrf2 pathway on Bcrp
expression and function in microglia.
LPS alone stimulated consistent reductions in both mRNA and protein
expression of the Mdr1a and 1b transporters. Mdr1 mRNA, but not protein
expression was restored with DMF co-treatments. In contrast to Bcrp, Mdr1 has
been shown to be regulated by a number of different factors such as, prostaglandin
E2 (Mesev et al., 2017), NF-kB (Gibson, et al., 2012; Thevenod et al., 2000;
Wang, et al., 2014), Nrf2 (Wang, et al., 2014), heat-shock transcription factor 1
(HSF1) (Vilaboa et al., 2000), p53 (Johnson et al., 2005; Wang, et al., 2014),
pregnane X receptor (PXR) (Jain et al., 2014), which can explain the results
observed in this study. In the only other study performed in LPS-stimulated
microglia, investigating efflux transporter expression and function, researchers
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found a relationship between NF-kB inhibition, Nrf2 activation and Mdr1a
expression. Utilizing the same microglial activation model as in the current study,
LPS-induced down-regulation of Mdr1a mRNA expression was attenuated with
treatment from the NF-kB inhibitor, BAY 11-7082 (Gibson, et al., 2012). Nrf2
pathway involvement was implicated through the induction of Nqo1 mRNA with
BAY 11-7082 treatment alone. Overall these results suggest the involvement of
both NF-kB and Nrf2 pathways in the restoration of Mdr1a mRNA expression
(Gibson, et al., 2012).
In the same study that connected Nrf2, p53 and Bcrp expression, Wang and
colleagues also investigated P-gp expression and function at the rat and mouse
BBB (Wang, et al., 2014). Rat brain capillaries were treated with 10 mg/kg SF,
resulting in the enhancement of P-gp protein expression. P-gp transport was
significantly increased with SF and another Nrf2 activator, tBHQ treatment
demonstrated in an in situ brain perfusion method, measuring the buildup of [3H]
verapamil in rat brains. To further prove the role of Nrf2 in altering P-gp expression
and function, brain capillaries from C57BL/6 WT and Nrf2-null mice were used.
While P-gp transport function was increased with either SF or tBHQ treatment in
WT mice, no enhancement of transport activity was observed in the Nrf2-null mice,
giving a strong indication for Nrf2 modulation of P-gp transport. The researchers
also determined that the Nrf2 signaling worked in concert with p53, p38 MAPK and
NF-kB pathways. This was discovered first by co-treating rat brain capillaries with
SF and the p53 inhibitor, pifithrin, which resulted in the nullification of SF-induced
enhancement of protein expression and transport activity. The same experiment
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using brain capillaries was performed, except the co-treatment consisted of SF and
a specific p38 MAPK inhibitor, SB203580, resulted in similar results. Next, WT and
p53-null mice were treated with SF, resulting in increased P-gp transport activity
in WT mice, but this increase was not observed in the p53-null mice. Furthermore,
in brain capillaries, SF treatment was found to translocate Nrf2, p53 and NF-kB
into the nucleus, utilizing an electrophoresis mobility shift assay. Inclusively, the
study concluded that p53, p38 MAPK, and NF-kB activation were required for Nrf2
up-regulation of P-gp expression and function at the rodent BBB (Wang, et al.,
2014). From these two studies, it is evident that Mdr1 regulation involves multiple
different regulatory elements creating a complex signaling system that varies
depending upon cell-type and tissue. For instance, in mouse microglia, it appears
that NF-kB inhibition and possible Nrf2 activation are involved in the up-regulation
of Mdr1a expression in an inflammatory environment. While at the rodent BBB,
multiple signaling pathways including NF-kB activation are required for Nrf2mediated up-regulation of Mdr1 expression and function.
Contrary to this pattern, Mrp1 mRNA expression was significantly increased
with LPS treatment, but no differences in expression differences were observed at
the protein level in BV-2 cells. The DMF-LPS co-treatments displayed elevated
Mrp1 mRNA levels at 12 hr that were reduced at 24 hr. Similar LPS-mediated upregulation in Mrp1 expression and function was observed in the mouse
macrophage cell line (RAW 264.7). Regrettably, the researchers did not perform
further experiments to discover the possible mechanism behind this result,
although they did implicate Nrf2 pathway involvement in the discussion (Silverstein
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et al., 2010). From these results and studies found in the scientific literature, it is
difficult to decide whether Mrp1 expression is Nrf2-dependent or not. Multiple
studies have connected Mrp1 regulation with Nrf2 activation (Gum and Cho, 2013;
Hayashi et al., 2003; Ibbotson et al., 2017; Udasin et al., 2016; Wang et al.,
2017); however, some studies disagree (Aleksunes et al., 2008; Ghanem et al.,
2015). In fact, the Mrp1 gene promoter contains 2 AREs first located between -66
and -57 base pairs, while the second site is located at -499 to -490 bp, implicating
a role for Nrf2-mediated regulation of Mrp1 (Ji et al., 2013; Udasin, et al., 2016).
But whether these AREs are available for Nrf2 binding or already bound like Bach1
in HO-1, reveals another factor in Mrp1 regulation, which could explain the
discrepancies between studies. It is evident that like Mdr1, Mrp1 regulation differs
depending on the cell-type observed and treatment used. For example, in primary
and PAM212 mouse keratinocytes exposed to 3 µM SF, Mrp1 expression and
function were up-regulated (Udasin, et al., 2016). To determine whether this upregulation was Nrf2-dependent, researchers used primary keratinocytes isolated
from Nrf2-null mice treated with SF, which resulted in the elimination of the SFinduced up-regulation in Mrp1 expression and function (Udasin, et al., 2016).
Similar to Mrp1 mRNA expression, LPS induced elevated Mrp5 mRNA expression
significantly at 6 hr, but with only slight induction at 12 and 24 hr. Mrp5 protein
expression was also slightly induced with LPS, but was not statistically significant.
Interestingly, it appears that DMF down-regulates Mrp5 protein expression and
significantly enhances this decrease when combined with LPS. In the experiments
performed by Gibson et al., BV-2 cells treated with LPS resulted in enhanced Mrp1
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and 5 expression levels, which did indicate a possible role of Nrf2 in this transporter
mRNA enhancement, thus in agreement with the results found in the present study
(Gibson, et al., 2012).
In the present study, Mrp4 mRNA levels showed no significant changes.
However, at the Mrp4 protein level DMF stimulated significant increases in
expression, while LPS induced significant protein reduction. Similarly, to Bcrp, the
DMF-LPS co-treatment stimulated a significant recovery of protein expression
compared to the LPS treatment. These results demonstrate that Mrp4 expression
may be regulated by Nrf2 in microglia. Indeed, this relationship between Mrp4 and
Nrf2 was confirmed in a study performed on the livers of Nrf2-null mice treated with
Nrf2 activators. The stimulation of Mrp4 transporter expression was Nrf2dependent and discovered through further study that Nrf2 is capable of directly
binding to the ARE located on the Mrp4 gene (Maher, et al., 2007; Okada et al.,
2008). Similarly, another study performed in C57BL/6J mice treated with a single
dose of 400 mg/kg acetaminophen (APAP) exhibited enhanced brain Mrp4
expression levels (Ghanem, et al., 2015). Previous studies in livers of Nrf2-null
mice have indicated that toxic APAP doses can activate the Nrf2 pathway and that
Mrp4 elevated expression levels were correlated with Nrf2 activation (Aleksunes,
et al., 2008). Therefore Nrf2-null mice were utilized to investigate whether the brain
Mrp4 induction was Nrf2-dependent. Indeed, brains from Nrf2-null mice
demonstrated significantly down-regulated Mrp4 expression compared to the WT
mice. This study provides further evidence that Mrp4 expression is regulated
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through the Nrf2 pathway consistently in two different organ systems (Ghanem, et
al., 2015).
Differences in target expression levels between time points may involve
DMF possibly undergoing cellular metabolism producing its’ primary metabolite
MMF. Researchers have demonstrated functional differences between these two
compounds (Ahuja, et al., 2016;

Gillard, et al., 2015;

Peng, et al., 2016;

Scannevin, et al., 2012). For example, primary mouse microglia were treated with
DMF, MMF or co-treated with either DMF or MMF and LPS + interferon-g (IFN-g)
(Peng, et al., 2016). Through microarray analysis, the study observed that DMF
induced around 1800 genes in control cells and about 2700 genes in activated
microglia. In contrast, MMF only induced around 200 genes and 16 genes in
control and activated microglia respectively. This striking difference in gene
induction, suggests that DMF influences a large number of cellular functions
compared to MMF. Another key gene induction difference between DMF and MMF
was the fact that only DMF altered genes involved with NF-kB, suggesting that
DMF, not MMF is responsible for the reduction of pro-inflammatory markers
observed with DMF treatment (Peng, et al., 2016). Unfortunately, none of the
studies have focused on efflux drug transporters, but on the effects to Nrf2
activation and cellular functional changes. The differences between the outcomes
of DMF and MMF are critical in in vivo situations since experimental data has
proven that most of the initial DMF dose is rapidly metabolized to MMF, which has
been more detectable in blood and tissues compared to DMF (Dibbert, et al.,
2013). In fact, most research suggests that MMF is responsible for the anti-
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inflammatory characteristics of DMF, due to the slight if barely detectable presence
of DMF in the body. However, other studies have detected GSH-conjugated forms
of DMF both in blood and brain of rats, suggesting that some form of parental DMF
may still transfer into the CNS and achieve pharmacological effect (Peng, et al.,
2016).
Unfortunately, the current study could not discern whether the results
observed were primarily due to DMF, MMF, a mixture of the two or from a DMFconjugated form. In future studies, it would be prudent to use both DMF and its’
primary metabolite to determine whether both chemical forms demonstrate similar
effects on efflux transporter expression and function. Another two experimental
parameters to consider would be to either conduct an assay assessing the
esterase activity of BV-2 cells or determine the concentrations of DMF and MMF
in the treatment media after 12 and 24 hr using an analytical procedure such as
HPLC-MS. The esterase activity assay would be an indirect method of determining
the possible presence of MMF, since DMF is metabolized through esterases. In
comparison, using an analytical method would directly asses the concentrations of
DMF and MMF over the treatment duration. Additionally, an indirect method could
be utilized involving the substitution of fetal bovine serum (FBS) for heatinactivated FBS in the treatment media. This heat-inactivation will denature any
present esterases in the FBS eliminating the possible metabolism of DMF during
the experiments which could prove or disprove whether the observed effects were
mediated exclusively by DMF.
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The future directions of this project would be to first determine the functional
effects of DMF on efflux transporters. The expression results primarily for Bcrp and
Mrp4 display DMF-induced restoration at the protein level which would usually
translate over to a similar effect observed in transporter function. However, these
proteins might be present, but dysfunctional in some way that could involve being
improperly incorporated into the plasma membrane or be functionally inhibited by
another mechanism. Therefore, it is essential that these study results are
confirmed through functional transport assays to determine the continuation of the
project. The next step would be to conduct similar experiments using primary
mouse and possibly human microglia to assess whether DMF would have similar
effects in a more biologically natural cell type compared to the immortalized BV-2
microglia cells. A mouse study would be most definitive to demonstrate DMF’s
restorative effects on efflux transporters in an in vivo neuroinflammatory situation.
The mice would be dosed in a similar treatment regimen as utilized in the in vitro
studies. To further understand the mechanisms involved in Nrf2-modulation of
efflux transporters in activated microglia, Nrf2-null mice and cellular Nrf2 knockout
methods should be utilized in the future.
The present study still raises many questions regarding inflammatory
effects on microglial drug transporters and their purpose in the inflammatory
response. Indeed, Bcrp, Mdr1 and even Mrp4 appear to be down-regulated with
LPS treatment suggesting that activated microglia have reduced efflux transporter
expression. However, Mrp1 and Mrp5 are seemingly up-regulated in this scenario.
The most likely reason is because these two groups of transporters are regulated
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through different pathways. Is it possible that there is a beneficial effect to having
Bcrp and Mdr1 down-regulated during inflammatory conditions? Or is this a
detrimental product of microglial over-activation? Another influential factor involves
the difference between acute and chronic inflammation and the impact of these
states on efflux transporters. Therefore, in the present study the microglial
activation model used and its effects on efflux drug transporters may apply more
to acute inflammatory response than the detrimental chronic inflammatory state.
Consequently, the reduction to Bcrp, Mdr1 and Mrp4 may in fact be beneficial,
because acute inflammatory reactions are most commonly utilized as a microglial
protective mechanism allowing for the elimination of foreign pathogens. Therefore,
another in vitro study must be performed using an activated microglia model that
more closely resembles chronic inflammatory conditions, instead of LPS to
investigate the possible differential effects that acute vs chronic inflammation has
on microglial efflux drug transporters. This is critical for furthering the
understanding of microglial functions during chronic inflammatory states and thus
neurodegeneration. Additionally, through better understanding novel drug targets
and treatment options can be discovered to mitigate and one day cure
neurodegenerative disease.
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Figure 1. Quantification of Microglial Activation Model. BV-2 cell activation
was analyzed through the relative mRNA expression of pro-inflammatory cytokines
and one cytokine-stimulated enzyme. Microglia were exposed to 6, 12 and 24 hr
periods of LPS treatment. Data were normalized to Gapdh mRNA and presented
as mean relative mRNA expression ± SEM (n=3) compared to 0 ng/ml LPS.
Asterisks (*) represent statistically significant differences (p < 0.05) compared to 0
ng/ml LPS.
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Figure 2. mRNA Expression of Nrf2 Target Genes in Activated Microglia.
Relative mRNA expression of Nrf2 target genes, Ho-1 and Nqo1 were determined
after 6, 12 and 24 hr incubations with LPS. Data were normalized to Gapdh mRNA
and presented as mean relative mRNA expression ± SEM (n=3) compared to 0
ng/ml LPS. Asterisks (*) represent statistically significant differences (p < 0.05)
compared to 0 ng/ml LPS.
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Figure 3. mRNA Expression of Efflux Transporters in Activated Microglia.
Relative efflux transporter mRNA expression was quantified after 6, 12 and 24 hr
incubations with LPS. Data were normalized to Gapdh mRNA and presented as
mean relative mRNA expression ± SEM (n=3) compared to 0 ng/ml LPS. Asterisks
(*) represent statistically significant differences (p < 0.05) compared to 0 ng/ml
LPS.

24

r

r

h

r

12
Time (hr)
12

h
4
2

h

1

6

6h

r

24

r

12
Time (hr)
2

r

6

h

h
4
2

h

1

r

24

r

12
Time (hr)
2

h

r

6

6

0 .0
6

Relative mRNA Expression
(Normalized to Gapdh)

Bcrp

*

63

Nrf2 Activation
0 .8

*

OD450nm

0 .6

*

0 .4

0 .2

0 .0

DMF 20 μM
M

u
0
(2
F

F

C

(1

o

0

n

u

tr

M

o

)

)

DMF 10 μM

l

Control

M

D

D

M

FIGURE 4
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Figure 7. mRNA Expression of Pro-inflammatory Target Genes Following
Nrf2 Activation. BV-2 cells were treated with DMF (20 µM) and LPS (100 ng/ml)
alone as well as co-treated with LPS and DMF (30 mins pre- and post-DMF
exposure). Relative mRNA expression of inflammatory cytokines and nitrative
enzyme were determined after 12 and 24 hr incubations with the appropriate
treatment. Data were normalized to Gapdh mRNA and presented as mean relative
mRNA expression ± SEM (n=3) compared to control (no LPS or DMF). Asterisks
(*) represent statistically significant differences (p < 0.05) compared to control (no
LPS or DMF). Single dagger (†) indicates statistically significant differences (p <
0.05) compared to LPS-treated cells (no DMF).
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Figure 8.

mRNA Expression of Efflux Transporters Following Nrf2

Activation. BV-2 cells were treated with DMF (20 µM) and LPS (100 ng/ml) alone
as well as co-treated with LPS and DMF (30 mins pre- and post-DMF exposure).
Relative mRNA expression of efflux transporters was determined after 12 and 24
hr incubations with the appropriate treatment. Data were normalized to Gapdh
mRNA and presented as mean relative mRNA expression ± SEM (n=3) compared
to control (no LPS or DMF). Dotted line at Y=1 represents control expression.
Asterisks (*) represent statistically significant differences (p < 0.05) compared to
control (no LPS or DMF). Single dagger (†) indicates statistically significant
differences (p < 0.05) compared to LPS-treated cells (no DMF).
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Figure 9. mRNA Expression of Efflux Transporters Following Nrf2 Activation.
BV-2 cells were treated with DMF (20 µM) and LPS (100 ng/ml) alone as well as
co-treated with LPS and DMF (30 mins pre- and post-DMF exposure). Relative
mRNA expression of efflux transporters was determined after 12 and 24 hr
incubations with the appropriate treatment. Data were normalized to Gapdh mRNA
and presented as mean relative mRNA expression ± SEM (n=3) compared to
control (no LPS or DMF). Dotted line at Y=1 represents control expression.
Asterisks (*) represent statistically significant differences (p < 0.05) compared to
control (no LPS or DMF). Single dagger (†) indicates statistically significant
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Supplemental Figure 1. Quantification of BV-2 Cell Viability. BV-2 cell viability
was assessed through the Alamar Blue assay. Cells were treated with a range (0
- 1000 µM) of DMF concentrations for 24 hr. Cell viability was measured by relative
fluorescent values. Increased fluorescence indicates the presence of viable cells.
Data were subtracted from negative control and presented as mean fluorescent
units ± SEM (n=8). Asterisks (*) represent statistically significant differences (p <
0.05) compared to control (no DMF).
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