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Iron and ER stress in neurodegenerative disease
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Abstract Neurodegenerative disease is a condition
in which subpopulations of neuronal cells of the brain
and spinal cord are selectively lost. A common event
in many neurodegenerative diseases is the increased
level of endoplasmic reticulum (ER) stress caused by
accumulation and deposits of inclusion bodies that
contain abnormal aggregated proteins. However, the
basis of how ER stress contributes to the selective
neuronal vulnerability and degeneration remain elu-
sive. Iron accumulation in the central nerve system is
consistently present in many neurodegenerative dis-
eases. In the past 5 years we have begun to show a
relationship between polymorphisms in the HFE (high
iron) gene and the risk of neurodegenerative disorders.
Recent findings have suggested a connection between
ER stress and iron metabolism and neurodegeneration.
Here we review how the different levels of chronic ER
stress contribute to the different fates of neurons,
namely the adaptive response and neuronal death.
And, we discuss the roles of iron and HFE genotype in
selective neuronal vulnerability and degeneration
through modifying the ER stress level.
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Introduction

The proper functioning of the endoplasmic reticulum
(ER) is critical for numerous aspects of cell physiol-
ogy. Accordingly, the ability to respond to perturba-
tions in ER function, called ER stress, is a
fundamentally important property of all cells. ER
stress includes the accumulation of unfolded, mis-
folded or excessive protein, alterations in calcium
storage, ER lipid or glycolipid imbalances, or changes
in the redox or ionic conditions of the ER Iumen (Ron
and Walter 2007). The ER responds to the accumu-
lation of unfolded proteins in its lumen by activating
intracellular signal transduction pathways, collec-
tively called the unfolded protein response (UPR).
UPR provokes a series of transcriptional activities to
increase protein folding capacity in the ER and to
reduce the protein load entering the ER. Although
UPR is usually a short-term homeostatic mechanism
and necessary for cell survival, prolonged ER stress
activates apoptotic cell death pathways (Lin et al.
2007). ER stress has been implicated in many
neurodegenerative diseases, such as Parkinson’s dis-
ease (PD), Alzheimer’s disease (AD), amyotrophic
lateral sclerosis (ALS), multiple sclerosis and prion
diseases. However, the exact contributions to and
casual effects of ER stress in neuron degeneration are
not clear (Lindholm et al. 2006). Furthermore, it is not
known why in the same subpopulation some neurons
are selectively vulnerable to cell death and others are
more resistant; even though they are harboring the
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same ER-stress-inducing mutations (Saxena and Ca-
roni 2011).

In addition to genetic influences, environmental
factors such as viral infection, hypoxia and drug
exposure can induce ER stress (Rutkowski and
Kaufman 2007). Metal ions available in the diet and
atmosphere are known to impact neurodegeneration.
We have previously reviewed the role of metal ions,
especially iron, copper and zinc in several neurode-
generative disorders (Zecca et al. 2004). Emerging
therapeutic interventions to limit neurodegeneration
have been developed by using chelating compounds to
alleviate or redistribute metal ions (Badrick and Jones
2011). A relationship between ER stress and iron
metabolism has been suggested including an effect of
mutations in a hemochromatosis protein (HFE) that is
involved in cellular iron uptake (de Almeida et al.
2007b; Liu et al. 2011). An increased frequency of
these HFE polymorphisms has been found in individ-
uals with neurodegenerative diseases (Nandar and
Connor 2011). In the light of these recent findings, a
new research area is developing around the roles of
iron and HFE in neurodegeneration and ER stress.
This relationship is significant because HFE polymor-
phisms are the most common gene variant in Cauca-
sians and the presence of the HFE mutant protein has
been shown to impact a range of cellular functions
such as glutamate release (Mitchell et al. 2011),
cholesterol metabolism (Ali-Rahmani et al. 2011), and
oxidative stress (Lee et al. 2007);all popular targets for
therapeutic strategies. ER stress is observed in cells
with HFE mutations and in animals with an HFE
mutation (Liu et al. 2011). Thus, it can be logically
predicted that ER stress and its role in neurodegener-
ative processes will be influenced by HFE genotype.
This review is designed to serve as an overview from
which to launch this new area of investigation.

Overview of ER stress

The ER stress response, UPR, is initiated when the
accumulation of misfolded proteins sequesters the ER
chaperon binding protein (BiP) away from the luminal
domain of three ER stress transducers and leads to
their activation (Bertolotti et al. 2000). Each activated
transducer, namely inositol-requiring  protein-
1(IRE1), protein kinase RNA-like ER kinase (PERK)
and activating transcription factor-6 (ATF6) defines a
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distinct branch of the UPR. IRE] is a transmembrane
kinase/endoribonuclease (RNase) that, upon activa-
tion, initiates the nonconventional splicing of X-box
binding protein 1 (XBP-1) mRNA (Calfon et al. 2002;
Yoshida et al. 2001). Spliced Xbp-1 (Xbp-1s) mRNA
encodes a transcription activator that drives transcrip-
tion of genes such as ER chaperones, whose products
directly participate in ER protein folding (Lee et al.
2003). Besides the survival effector XBP-1s, IRE
activates pro-apoptotic IRE1-TRAF2 (tumor necrosis
factor receptor associated factor 2)-JNK (Jun amion-
terminal kinase) pathway during prolonged ER stress
(Hetz et al. 2006; Urano et al. 2000; Ventura et al.
2006; Xia et al. 1995). IRE may also contribute to
degradation of membrane-associated mRNA through
RIDD (regulated IRE1 dependent decay), which may
lead to apoptosis in the setting of severe ER stress
(Hollien et al. 2009; Hollien and Weissman 2006). A
second branch is mediated by PERK, a transmembrane
kinase that phosphorylates the eukaryotic translation
initiation factor 2 subunit o (e[F2a), thereby reducing
protein synthesis and counteracting ER protein over-
load (Harding et al. 1999). eIF2a phosphorylation also
allows the selective translation of some mRNAs that
lead to the production of transcription activators such
as activating transcription factor-4 (ATF4) (Harding
et al. 2000). ATF4 increases the expression of its key
downstream target, C/EBP-homologous protein
(CHOP) which mediates ER-stress-induced apoptosis
by suppressing the pro-survival protein B-cell lym-
phoma 2 (Bcl-2) (McCullough et al. 2001) or increas-
ing the transcription of ER oxidase 1o (EROla)
(Marciniak et al. 2004). Other pro-apoptotic mecha-
nisms of CHOP pathway include up-regulation of
growth arrest and DNA-damage-inducible protein-34
(GADD34) and death receptor-5 (DRS5) (Tabas and
Ron 2011). A third branch involves the transcription
factor ATF6. Upon activation, the ATF6 cytoplasmic
domain (ATF6f) is liberated from its membrane
anchor by regulated proteolysis. ATF6 has a major
role in chaperone induction and can also transcrip-
tionally induce CHOP (Ye et al. 2000). The three
branches collaborate to activate UPR target genes to
control the cell’s response to ER stress, by promoting
both cell survival and pro-apoptotic pathways. Besides
the pro-apoptosis pathways of the UPR, the proteases
caspase family also plays an important role in ER-
induced-apoptosis. Some of them appear to be
relatively specific to ER stress, such as ER-localized
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caspase-12 or -4 (Nakagawa et al. 2000), and others
feed into general caspase cascade pathways. These
activated caspases in turn activate caspase-3, -6 and -7,
initiating degradation of vital elements and cell death
(Chowdhury et al. 2008; Malhi and Kaufman 2011).

During ER stress, all three branches of the UPR are
activated. Each branch promotes both pro-survival and
pro-apoptotic pathways. Thus, a central paradox of the
UPR is that it facilitates both cell protective and cell
death responses (Rutkowski and Kaufman 2007). How
does the UPR switch between the adaptive and cell
death fates? One of the mechanisms is that the timing
of activation can differ (DuRose et al. 2006). In
particular, prolonged ER stress leads to the sequential
deactivation of the IRE1, ATF6 and PERK pathways,
respectively. Down-regulation of IRE1, coupled with
maintenance of PERK signaling may drive the cell
death (Lin et al. 2007). Secondly, in a cell culture
system, adaption is favored during mild ER stress as a
consequence of the selective instability of pro-apop-
totic mRNAs and proteins. In this context, the
expression of ER chaperons, such as BiP is persistent
wherein CHOP expression is modest and transient
(Rutkowski et al. 20006).

ER stress can be acute or chronic in nature
(Kaufman 2002; Marciniak and Ron 2006). The
examples of acute stress include hypoxia and/or
ischemia, calcium depletion and glucose deprivation.
Cells need only to tolerate these acute insults for
relatively brief durations (on the order of minutes to
hours) and clear the ER of accumulated unfolded
proteins in that time by a rapid activation and readily
deactivation of the UPR (Rutkowski and Kaufman
2007). By contrast, chronic stresses require quasi-
permanent changes in ER function. Chronic stresses
that activate the UPR can encompass: genetic muta-
tions that lead to persistent ER perturbations; viral
infection; various neurodegenerative disorders of
protein aggregation; several liver diseases and the
normal physiological conditions in some cells, such as
immune cells, endocrine and paracrine cells, and
hepatocytes (Kaufman 2002; Malhi and Kaufman
2011). Chronic ER stress can be persistently tolerated
from days to years so that, even if cell death occurs to a
small extent, the majority of cells will ultimately
survive and adapt to the stress, a condition called
adaptive ER stress. Failure to adapt to chronic ER
stress can induce widespread pathologic apoptosis
(Kaufman 2002).

Iron and ER stress

Suggestive evidence for crosstalk between iron
metabolism and ER stress has been emerging. By
gene expression screening, increased levels of ER
chaperons BiP and calreticulin (CRT) was found in
iron-burdened astrocytoma (Ye and Connor 2000).
Proteomic analysis revealed an increased hepatic BiP
expression in dietary iron-loaded mice (Petrak et al.
2007). ER stress might be underlie the down-regula-
tion of haptoglobin, a glycoprotein produced mainly
by the liver and secreted into the circulation in mice
fed on an iron enriched diet for 3 weeks. These studies
raise a possible link between dietary intake of iron and
iron-induced ER stress (Faye et al. 2007). Free or
unbound iron can serve as a pro-oxidant. Ferrous iron
(Fe*™) catalyzes the conversion of reactive oxygen
species to highly reactive hydroxyl radical ("OH) via
Fenton reaction, while ferric iron (Fe3+) can react with
superoxide (037) and generates Fe*", leading to *OH
formation via the Haber—Weiss reaction. Excess iron
can induce oxidative stress by protein peroxidation,
lipid peroxidation, and DNA oxidation (Salvador
2010; Salvador and Oteiza 2010). The antioxidant
quercetin effectively blocked iron-induced increase in
CRT expression (Nunez et al. 2001). Thus, concurrent
hypotheses propose that iron overload increases
oxidative stress which in turn activates ER stress by
releasing CRT and other ER proteins (Oliveira et al.
2011). Moreover, ER stress may in turn modulate iron
metabolism as down regulation of the iron mobilizing
protein transferrin as reported in stable transfectants of
CHOP, an apoptotic ER stress marker (You et al.
2003). Two recent papers corroborated the relation-
ship of iron and ER stress by showing that both in
hepatocyte-derived cells and in mouse liver, ER stress
inducers reshaped the expression of iron-related
genes, namely ferroprotein and ferritin H, through
induction of hepcidin, which controls plasma iron
levels and perhaps innate immunity (Oliveira et al.
2009; Vecchi et al. 2009). ER stress impairs the
processing of cell surface proteins, including histo-
compatibility complex class 1 (MHC-1) proteins of
which HFE is a member (Feder et al. 1998), from the
ER to cell surface (de Almeida et al. 2007a; Granados
et al. 2009). Thus once initiated it is clear to envision a
cycle of ER stress and iron dys-homeostasis which
would include interfering with the assembly and cell
surface expression of HFE protein. In addition to iron,
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other metal ions, such as copper and lead have been
reported to induce ER stress in the cancer cell lines
(Gandin et al. 2012; Shinkai et al. 2011). The evidence
for copper and ER stress has had limited investigations.

HFE and ER stress

HFE is a major MHC-I protein and mutations in the
protein are associated with cellular iron overload.
However, unlike other MHC-1 proteins, the HFE
protein does not function as an antigen-presenting
molecule (Feder et al. 1996). The major function of the
HFE protein is to regulate iron homeostasis. The HFE
protein interacts with f, microglobulin (f,m) in the
ER and is transported to the plasma membrane (Feder
et al. 1998; Feder et al. 1997; Waheed et al. 1997)
where the HFE protein forms a stable complex with
the transferrin receptor (TfR) (Feder et al. 1998). HFE
binds to TR at or near the Fe- holotransferrin (i.e. Fe—
Tf) binding site where it can competitively inhibit Tf
binding to the TfR (Lebron et al. 1999). Therefore, the
HFE protein functions in the regulation of iron
homeostasis by binding to the TfR and reducing the
transport of Fe-Tf molecules.

HFE protein has a wide tissue expression (Holm-
strom et al. 2003), including the brain (Zecca et al.
2004). The two most common polymorphisms are
known as C282Y and H63D (Feder et al. 1996). Both
C282Y and H63D mutations alter the HFE repressor
function for Tf-Fe uptake and could result in increased
cellular uptake of iron and iron deposition (Feder et al.
1998; Lee et al. 2007). The C282Y mutation prevents
the assembly of HFE protein with f,m and forms
protein aggregates in the ER (Waheed et al. 1997). In
cell lines over-expressing HFE C282Y, ER retention of
the mutant protein elicits UPR activation. Moreover,
chemical chaperons reducing ER stress can decrease
the mutant protein aggregating by facilitating its
degradation (de Almeida et al. 2007b). In an inducible
expression cell model developed from a human
neuronal cell line SH-SYS5Y, the other and more
common HFE mutant protein, H63D activates the
UPR. This response is followed by a persistent ER
stress, as the signals of UPR sensors attenuate, they are
followed by up-regulation of Caspase-3 cleavage and
activity. Furthermore, these in vitro findings are
recapitulated in a transgenic mouse model carrying
Hfe H67D, the mouse equivalent of the human H63D
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mutation. In this model, UPR activation is detected in
the lumbar spinal cord at 6-month then declines at
12-month in association with increased Caspase-3
cleavage (Liuetal. 2011). Itis worth noting that mutant
HFE H63D protein does not aggregate in the ER (Feder
et al. 1998; Liu et al. 2011), thus this mutant protein
itself does not causes ER stress as a mis-folded protein.
Instead, it may induce ER stress by perturbation of
calcium homeostasis (Mitchell et al. 2011) or distur-
bance in lipid metabolism (Schroder 2007). In addi-
tion, both HFE mutants are associated with a higher
level of oxidative stress in the cells (Lee et al. 2007),
which also could result in ER stress activation (Gre-
gersen and Bross 2010).

HFE is necessary for regulation of hepcidin
expression; a protein that is involved in regulation of
cellular iron export. Hepatocyte-specific expression of
HFE by recombinant adeno-associated virus in WT
and HFE knock-out mice both increased HFE and
hepcidin mRNA and lowered hepatic iron levels (Gao
et al. 2010). Studies are underway to examine the
effect of mutant HFE proteins on hepcidin expression
and explore the correlation among HFE, ER stress,
hepcidin and iron which should reveal the delicate
relationship between iron regulation and vital cellular
pathways.

ER Stress and neurodegenerative disease

ER stress has been reported in various neurodegener-
ative diseases. However, the exact contributions to and
casual effects of ER stress in neuron degeneration are
not clear (Lindholm et al. 2006). ER stress markers
have been observed in degenerating tissues, and it has
been proposed that an overloaded ER promotes cell
death (Marciniak and Ron 2006; Yang et al. 2001). In
ALS, for example, studies in familial ALS mutant
SOD1 mice have demonstrated that UPR is activated,
peaks and declines selectively in vulnerable motor
neurons prior to their denervation, suggesting ER
stress might be the early cause for motor neuron
degeneration (Saxena et al. 2009). On the other hand,
there are reports suggesting that ER stress could
protect against or delay the onset of neurodegenerative
diseases. For example, mild ER stress caused by a
mutation in an ER chaperon protects photoreceptor
neurons from various death stimuli in adult Drosoph-
ila (Mendes et al. 2009). The active-form of one ER
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stress marker XBP1 protein has protective effects
against cell death induced by 1-methyl-4-phenylpy-
ridinium (MPP+) and proteasome inhibitors. More-
over, the exogenous expression of the active-form
XBP1 protein by adenoviral vectors significantly
suppresses the degeneration of dopaminergic neurons
in the mouse model of PD (Sado et al. 2009). These
observations may suggest mild ER stress promotes cell
survival, representing an adaptive response (Rutkow-
ski et al. 2006), whereas ER stress at a higher, chronic
level may induce widespread pathologic apoptosis
(Kaufman 2002). Thus, in neurons, chronic but very
mild ER stress may be present and well-tolerated when
the adaptive response of UPR is favored. Physiolog-
ically or artificially increasing the high level of pro-
survival ER stress effectors, such as BiP, spliced
XBP1 may have a protective effect on neuron survival
(Mendes et al. 2009) and could be therapeutically
valuable. However, even at a modest level, chronic ER
stress can lead to increased neuronal vulnerability and
degeneration when present for many years in a
terminally differentiated cell such as a neuron. It is
our opinion that genetic and environmental influences,
or the combination of such influences that would occur
in the presence of an HFE mutation and iron exposure
through dietary and environment could combine over
a number of years to promote neuronal cell death
where individually they would be sub-lethal Thus, the
HFE genotype in combination with iron exposure
through diet (carnivores versus vegans) and environ-
ment (e.g. miners, etc.) could be prototypic model of
gene and environment interaction on neurodegenera-
tive processes.

Although different casual effects of ER stress in
neurodegeneration can be explained by the different
level of stress, this scenario seems to not fully explain
an important feature of neurodegenerative diseases—
selective neuronal vulnerability. Even in the same
subpopulation, some neurons are selectively vulnera-
ble to cell death and others are more resistant, though
they are harboring the same ER-stress-inducing
mutations (Saxena and Caroni 2011). This observation
suggests the neighboring non-neuronal cells play an
important role in neuron cell death, a process called
non-cell-autonomous toxicity (Ilieva et al. 2009). As a
means of integrating these observations, we propose a
model of ER stress combined with environmental
insults that can lead to selective neuronal death. The
model is that mild chronic ER stress still increases host

susceptibility to disease because over time, additional
insults from the external environment or from the
neighboring non-neuronal cells may integrate and
increase the ER stress level, transform the adaptive
ER stress response to an apoptotic process and
eventually lead to neurodegeneration. The selective
vulnerability of the particular neuronal subpopula-
tions depends on where and when the additional
insults occur. Using neuronal cells and mild pharma-
cological perturbation, we found a chronic and
adaptive ER stress response could be transformed to
apoptosis by non-ER-stress insults from the environ-
ment, at least partially through increased level of ER
stress (Liu and Connor, unpublished data). It would be
very interesting to examine whether iron overload
could increase the ER stress load to reach the
apoptosis threshold in the neurons harboring mild
ER stress (Fig. 1).

Persistent and mild, but chronic ER stress may be
encountered physiologically. One example is in our
HFE H63D expressing cells where prolonged ER
stress is observed without neuronal cell degeneration.
The Hfe H67D knock-in mice appear to grow normally
and are fertile, producing homozygous offspring in the
number expected (Tomatsu et al. 2003). No gross
behavior defects are detected in these mice, despite
selective activation of UPR in the lumbar spinal cord
at 6-month of age (Liu et al. 2011). This expression of
ER stress indicates this model can be used to study
chronic damage of affected neurons in neurodegener-
ative diseases. The model is consistent with the human
population studies where H63D is a genetic modifier
for ALS. The frequency of this polymorphism is as
high as 30 % in sporadic ALS patients compared to
14 % in the control populations (Connor and Lee
2006; Goodall et al. 2005; He et al. 2011; Restagno
et al. 2007; Sutedja et al. 2007; Wang et al. 2004). The
C282Y polymorphism has been linked to PD (Dekker
et al. 2003; Guerreiro et al. 2006) and multiple
sclerosis (Ristic et al. 2005). In AD, the data for HFE
and risk of disease are more mixed possibly reflecting
the gene/environment interaction (Connor and Lee
2006). When HFE mutations are considered along
with apoE4 mutations in AD, however, the data that
HFE genotype impacts AD is stronger (Alizadeh et al.
2009; Combarros et al. 2003; Pulliam et al. 2003).
These data are consistent with observations that HFE
genotype alters cholesterol and lipid status (Ali-
Rahmani et al. 2011).
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Fig. 1 Model of the roles of chronic ER stress, HFE mutations
and metal in neurodegeneration Chronic ER stress activates both
pro-survival and pro-apoptotic pathways in all neurons. It may
result in either adaptive response then cell survival fate, or
apoptosis and cell death fate, depends on the level of the stress.
We propose that selective neuronal vulnerability is the
consequences of two strikes of the insults that eventually lead
to neurodegeneration as indicated by gray arrows: genetic
mutations or disease related environment insults may set the
mild ER stress predispositions and can be well-tolerated in
neurons (/). Additional insults from the neighboring cells or the

Conclusion

Metal dysregulation, especially involving iron and
copper has been observed in various neurodegenera-
tive diseases (Zecca et al. 2004). Emerging evidence is
accumulating and compelling that implicates a cross-
talk between iron metabolism and ER stress. ER stress
is already under evaluation as a key contributor in
various neurodegenerative diseases (Lindholm et al.
2006). But, ER stress activates both cell survival and
cell death pathways. Therefore, chronic ER stress,
depending on its level, may result in adaption or
apoptosis (Rutkowski and Kaufman 2007; Tabas and
Ron 2011). Differences in host susceptibility can
occur because of genotypic differences that may
predispose neurons to stress because they harbor
disease-relevant mutations or insults that increase or
decrease susceptibility. Moreover, the different levels
of ER stress could lead to selective neuronal cell death
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Vulnerable Neurons

environment may increase the ER stress level and transform the
adaptive response to apoptosis (2) and cause neuron dysfunction
and death (3). The selective vulnerability of the particular
neuronal subpopulations depends on where and when the
additional insults occur. HFE mutations may help to establish an
intrinsic permissive ER stress in neurons or operate as an
additional insult to increase the ER stress level to reach the
degeneration thresholds. Metal dis-regulation including from
diet may act as an important environmental insult, which could
drive disease at all stages

as seen in neurodegenerative diseases because insults
from neighboring cells or the environment may have a
major impact on increasing ER stress load in neurons
and regional differences in the brain can be expected
from environmental stress; perhaps depending on
metabolic activity of different brain regions or targets
of environmental toxins. For example, ALS may occur
more frequently in athletes who may increase meta-
bolic activity of motor neurons over less active
population (Sutedja et al. 2009). The substantia nigra
is selectively targeted by neurotoxins associated with
PD. Eventually, as the ER stress reaches a certain
threshold, that is lower in HFE expressing neurons, it
increases the vulnerability in particular neurons and
causes degeneration. Metal dys-regulation may act as
an important environmental insult, which could drive
disease at all stages. Therefore the correlation between
ER stress, and HFE mutations in our cell and animal
models (Liu et al. 2011) support the argument that
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HFE mutations are risk factors for many neurodegen-
erative diseases (Nandar and Connor 2011). Espe-
cially in the case of H63D, the presence of ER stress
may help to establish an intrinsic permissive ER stress
in neurons that operates as an additional insult to
increase the ER stress level to reach the degeneration
thresholds (Fig. 1). The models that have been devel-
oped to study HFE mutations will serve as a valuable
tool to open a new promising avenue in ER stress,
metal regulation and neurodegeneration research.
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