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Abstract

Autophagy is a highly controlled lysosome-mediated function in eukaryotic cells to eliminate 

damaged or aged long-lived proteins and organelles. It is required for restoring cellular 

homeostasis in cell survival under multiple stresses. Autophagy is known to be a double-edged 

sword because too much activation or inhibition of autophagy can disrupt homeostatic degradation 

of protein and organelles within the brain and play a role in neuronal cell death. Many factors 

affect autophagy flux function in the brain, including endoplasmic reticulum (ER) stress, oxidative 

stress, and aging. Newly emerged research indicates that altered autophagy flux functionality is 

involved in neurodegeneration of the aged brain, chronic neurological diseases, and after traumatic 

and ischemic brain injuries. In search to identify neuroprotective agents that may reduce oxidative 

stress and stimulate autophagy, one particular neuroprotective agent docosahexaenoic acid (DHA) 

presents unique functions in reducing ER and oxidative stress and modulating autophagy. This 

review will summarize the recent findings on changes of autophagy in aging, neurodegenerative 

diseases, and brain injury after trauma or ischemic strokes. Discussion of DHA functions is 

focused on modulating ER stress and autophagy in regard to its neuroprotection and anti-tumor 

functions.
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1. Introduction

Degradation of unfolded/misfolded proteins via ER associated degradation (ERAD) and 

autophagy is an evolutionally conserved cellular function and critical for cell survival and 

tissue repair. Sustained ER stress and dysfunction of autophagy are associated with many 

neurological diseases. ER stress stimulates the unfolded protein response (UPR) (Bravo et 

al., 2013). The primary goal of the UPR is to maintain ER homeostasis by halting protein 

translation, promoting refolding of unfolded proteins, and degrading misfolded proteins via 

ERAD. In situations where the cell experiences chronic and prolonged ER stress, the UPR 

directs it towards apoptosis (Lenna et al., 2014). The UPR is involved in a number of 

neurological disorders, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease 

(AD), Parkinson’s disease (PD), or ischemic stroke and traumatic brain injury (TBI) (Perri et 

al., 2016, Truettner et al., 2009, Begum et al., 2014). Thus, ER stress is now wildly 

recognized as a new therapeutic target for neurological diseases.

Impaired autophagy flux participates in many human diseases, including cancer, 

cardiovascular diseases, immune-mediated disorders, myopathy, and neurodegenerative 

diseases (Zhang et al., 2013). In particular, the dysfunction of autophagy flux plays an 

important role in neurological disorders. In a study using Huntington’s disease (HD) knock-

in mice, polyglutamine-expanded huntingtin (polyQ-htt) was found to disrupt 

autophagosome transport, leading to defected degradation of cargo (Wong and Holzbaur, 

2014). Furthermore, either delayed autophagosome maturation, damage of autophagic-

vesicular structures, impaired lysosomal hydrolysis, or impaired autophagosome transport 

has been detected in experimental studies of AD or PD (Tanik et al., 2013; Lee et al., 2011). 

On the other hand, neuronal cell death after TBI is in part attributed to an impaired 

autophagic clearance due to lysosomal dysfunction (Sarkar et al., 2014). In cerebral 

ischemia, autophagy is required for neuronal survival against ischemia-induced death (Yan 

et al., 2013). For readers who are specifically interested in review of ER stress and 

autophagy in chronic degenerative diseases such as AD, PD, and HD, please read other 

recent reviews (Morimoto et al., 2014, Mollereau et al., 2016). In this review, we will 

discuss the cellular mechanisms of ER stress and autophagy flux, their changes in brain 

injury after ischemic stroke and TBI, as well as in the aged brain. In addition, effects of 

DHA on these cellular changes will also be discussed.
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2. ER stress

2.1 ER stress

The endoplasmic reticulum (ER) is an important organelle in eukaryotic cells, responsible 

for protein synthesis, lipid formation, Ca2+ storage and signaling (Díaz-Villanueva et al., 

2015, Weber-Boyvat et al., 2013, van der Kant et al., 2014). Various intracellular and 

extracellular factors that disturb any of these three homeostatic functions in the ER will 

induce ER stress (Schröder, 2008). In the ER, secretory and membrane proteins are folded, 

modified and assembled to yield the final, functional protein structures (Ellgaard and 

Helenius, 2001). However, the export of such proteins from the ER is precisely regulated 

and only properly folded proteins can exit the ER. Proteins that are not properly folded are 

degraded through the ubiquitin-proteasome system, ERAD (Duncan et al., 2013). 

Accumulation of unfolded or misfolded proteins in the ER, which results from the 

imbalance of ER homeostasis, can cause ER stress and trigger UPR (Schönthal, 2012).

The UPR is essentially initiated by three ER-transmembrane sensors (Figure 1), PERK 

(PKR-like ER kinase), IRE1 (inosital requiring kinase 1), and ATF6 (activating transcription 

factor 6) (Kim et al., 2008). All these three effector proteins are regulated by the ER 

chaperone GRP78/BIP (immunoglobulin heavy chain binding protein). Normally, GRP78 is 

bound to all of them by its peptide-binding domains, suppressing their activity and keeping 

them in an inactive state (Rao and Bredesen, 2004). In addition, the peptide-binding domain 

of GRP78 acts as the binding region for misfolded proteins. Upon ER stress and 

accompanying UPR (Figure 1), GRP78 binds to the misfolded proteins to dissociate itself 

from these sensors (PERK, IRE, and ATF6), which subsequently activates the sensors (Rao 

and Bredesen, 2004). As a consequence, first, PERK becomes activated by 

autophosphorylation to dimerize and subsequently triggers global protein translation 

inhibition by phosphorylation of eukaryotic translation initiation factor 2α (eIF2α), which 

decreases mRNA translation in an attempt to halt the accumulation of protein in the ER 

(Kim et al., 2008, Larner et al., 2006). Also, such activation allows translation of ATF4, a 

UPR-dependent signaling protein that upregulates the expression of ER chaperones and the 

key transcription factor CHOP, which translocates to the nucleus, increases transcription of 

those genes, and is associated with ER stress-mediated apoptosis (Rzymski et al., 2010). 

Similarly, inositol-requiring enzyme 1 (IRE1) is initially bound by GRP78 and activated by 

the separation of GRP78 to allow dimerization (Figure 1). Activated IRE1 (an mRNA 

endoribonuclease) mediates unconventional splicing of X-box binding protein 1 (XBP1) 

coding mRNA to activate another transcriptional factor, xbp-1, that crosses into the nucleus 

to generate more ER-resident chaperone proteins (Flamment et al., 2012). Additionally, 

although the pathway is unclear, activated IRE1 is associated with JUN N-terminal Kinase 

(JNK) that can lead to autophagy or apoptosis (Todd et al., 2008). Finally, the third arm of 

ER stress involves ATF6 (Figure 1). The dissociation of ATF6 and GRP78 allows ATF6 to 

translocate to the Golgi where it gets cleaved, and the modified protein, now a transcription 

factor, can induce the production of ER chaperones and ERAD components like IRE1 

(Flamment et al., 2012). Taken together, UPR activation involves protein synthesis inhibition 

and selective activation of stress gene expression for cells to regulate signaling pathways for 

damage repair or their own death.
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2.2 ER-associated degradation (ERAD)

In eukaryotic cells, both ERAD and autophagy pathways can be triggered by UPR to restore 

cellular homeostasis (Milisav et al., 2015). ERAD is also known as a ubiquitin–proteasome 

pathway because it targets misfolded proteins of the ER for ubiquitination and delivers them 

to the proteasome for degradation and clearance (Schönthal et al., 2012). ERAD is a 

degradation mechanism integral to ER protein quality control (Tsai et al., 2010). When 

ERAD is impaired or unable to clear proteins, autophagy induced by ER stress can also 

degrade the misfolded proteins (Fujita et al., 2007, Jia et al., 2015). However, if those 

misfolded proteins are not sufficiently degraded via autophagy, cells may activate cell death 

programs (Fujita et al., 2007).

3. Autophagy and autophagy flux

Autophagy, a Greek word meaning self-eating, is a highly controlled lysosome-mediated 

function in eukaryotes for cells to eliminate damaged or aged, long-lived proteins and 

organelles like ER, mitochondria or ribosomes (Ravikumar et al., 2010, Feng et al., 2014). 

These contents following lysosomal degradation can be recycled for making new proteins 

and organelles (Yin et al., 2008). Autophagy plays a crucial role in maintaining cell survival 

under multiple stresses to restore cellular homeostasis (Glick et al., 2010). However, 

autophagy is a double-edged sword where under certain conditions, autophagy results in cell 

death (Button et al., 2015). Based on the way that prodegradation products (cargo) are 

delivered into the lysosomes, autophagy can be divided into three forms, chaperone-

mediated autophagy (CMA), microautophagy, and macroautophagy (Pereira et al., 2012). 

CMA is an extremely selective pathway, and only soluble proteins containing the 

recognition site for chaperones like heat shock protein 70 (Hsc70) complex and others can 

be its substrates (Duraes et al., 2015). Once the Hsc70 complex combines with lysosome 

associated membrane protein 2A (LAMP2A), a transmembrane protein, cargo is delivered to 

the lysosome to be degraded. In microautophagy, cargo is directly engulfed into the 

lysosome by inward folding lysosomal membrane or cellular protrusion (Česen et al., 2012). 

Microautophagy mediates both non-selective and selective elimination of cytoplasmic cargo 

and is very similar to macroautophagy, except that cargo is directly engulfed by the 

lysosome and does not involve the formation of the autophagosome (Li et al., 2012). Of the 

three types of autophagy, macroautophagy has been most extensively studied and is the best 

characterized form of autophagy. Usually, the term autophagy refers to macroautophagy and 

involves non-selective or bulk degradation of cargo (Mizushima et al., 2008).

3.1 Autophagy steps and function

As shown Figure 2, autophagy process consists of 4 sequential steps, including 1) induction 

and phagophore formation; 2) autophagosome formation; 3) autophagosome-lysosome 

fusion (autolysosome); and 4) degradation and recycling. To start, nutrient deficiency, 

rapamycin, or various other stimuli inhibit the mechanistic target of rapamycin (mTOR), 

which itself is an inhibitor of unc-51-like kinase complex (ULK, the mammalian equivalent 

of autophagy-related gene Atg 1) in the induction and phagophore formation step (Dunlop 

and Tee, 2014). ULK complex is composed of multiple protein subunits, ULK 1 and 2 as 

well as Atg13 and FIP200. The mTOR pathway is made of two complexes, mTORC1 and 
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mTORC2, which directly and indirectly inhibit autophagy, respectively (Spilman et al., 

2010). mTORC1 phosphorylates and inhibits ULK1 and mAtg13, which are involved in 

preautophagosomal structure formation (Mizushima, 2010). mTORC2, on the other hand, 

phosphorylates and activates Akt, which not only stimulates mTORC1, but also inhibits 

FOXO3, which promotes the expression of autophagy-related genes (Mammucari et al., 

2007). Indeed, transcriptional control of autophagy and lysosomal function has emerged as a 

subject of intensive research in the last several years due to identification of transcription 

factors EB and E3 (TFEB and TFE3) as drivers of lysosomal biogenesis and autophagy. 

Under normal conditions, TFEB/TFE3 are phosphorylated by mTORC1, which promotes its 

14-3-3 binding and retention in the cytoplasm, but energy deficits and lysosomal stress 

inactivate mTORC1 (Raben and Puertollano, 2016). In parallel, activation of the lysosomal 

ion channel TRPML1 leads to calcineurin activation, which dephosphorylates TFEB/TFE3 

and promotes its nuclear translocation (Sardiello, 2016). For more details of this process, 

please refer to the series of excellent recent reviews (Raben and Puertollano, 2016; Sardiello, 

2016).

In addition, class 3 phosphoinositide 3-kinase (PIK3C3, or VPS34) together with beclin 1 

(Atg 6) and other proteins, such as VPS15, AMBRA1, ATG14, form the PI3K-III complex, 

which works together with the ULK complex to recruit the isolation membrane and form the 

beginning of the phagophore (Flemming et al., 2011). During the autophagosome formation 

step, the elongation of the phagophore leads to the formation of a typical double-membrane 

vesicle autophagosome. To do so requires the implementation of two different pathways 

simultaneously. The first involves Atg7 activating Atg12 followed by Atg10 mediating the 

conjugation of Atg12 and Atg5 (Glick et al., 2010). This Atg12-Atg5 complex is then linked 

with Atg16 to yield a Atg12-Atg5-Atg16 complex, that is bound to the developing 

membrane and is responsible for the recruitment of Microtubule-associated protein light 

chain 3 (LC3) (Fujita, N., Itoh, T. et al, 2008). As shown in Figure 2, LC3 (or Atg8) is 

cleaved by ATG4 protease to become LC3-I and afterward is activated by the same Atg7, 

allowing the subsequent conjugation to phosphatidylethanolamine (PE) via Atg3 to yield 

LC3-II (Kirkin et al., 2009, Glick et al., 2010).

LC3 is the most commonly used marker to monitor autophagic activation because it is 

tightly conjugated to the outer autophagosome membrane and can be detected by 

fluorescence and electron microscopy (Mizushima et al., 2010). Because LC3 II runs faster 

than LC3 I in SDS-PAGE gels, the ratio of LC3-II/LC3-I is commonly utilized in Western 

blot analysis to measure autophagy function (Aparicio et al., 2016). LC3-II, can bind to the 

inner autophagosome membrane and is conveyed and degraded in the lysosomes, making it 

also a good marker to rate autophagy flux (Nakatogawa et al., 2009).

However, LC3 cannot measure cargo digestion. Autophagosomes are initiated by the 

elongation of the phagophore and are completely formed by the enclosed phagophore. After 

formation, autophagosomes are then able to deliver cargo, including long-lived proteins, 

organelles, protein aggregates, and invasive pathogens (Weidberg et al., 2011), to the 

lysosome for degradation and recycling. Autophagosomes undergo a maturation process 

through fusion with lysosomes. The autophagosome forms quickly, taking 4–5 min in yeast 

(Geng et al., 2008) and 5–10 min in mammals (Fujita, N., Hayashi-Nishino, M. et al., 2008). 
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Next, during autophagosome-lysosome fusion (autolysosome), the autophagosome fuses 

with the lysosomes to form autolysosomes, and LC3-II is completely dissociated from the 

membrane of the autolysosome. Subsequently, p62 binds to ubiquitinated substrates and 

LC3 on the inner membrane of the completed autophagosome, which is degraded in the 

autolysosome (Bitto et al., 2014). In the last degradation and recycling step, the autophagy 

cargo is digested in the autolysosome by lysosomal hydrolases. The resulting small 

molecules are recycled and reused. 3-methyladenine (3-MA) and wortmannin are both 

autophagy inhibitors for their suppression of PIK3C3 (Jaber et al., 2012) while Bafilomycin 

A1 and chloroquine inhibit the autophagy by neutralizing the lysosomal pH and blocking 

autophagosome-lysosome fusion (Li and He, 2014).

Autophagosome function—Increasing evidence suggests multiple organelles, including 

the ER, mitochondria, the plasma membrane, the Golgi, and recycling endosomes, as the 

possible source of the autophagosomal membranes (Mari et al., 2011). Autophagy flux is 

defined as the whole process of cargo moving through the autophagy system, from 

phagophore formation to autophagosome formation, autophagosome-lysosome fusion, and 

eventually cargo degradation plus recycling. Autophagy is a dynamic, not static process, and 

TEM is the gold standard method for assessing the presence of autophagic vesicles, like 

autophagosomes, lysosomes, autolysosomes (Dutta et al., 2016). Autophagosomes are 

confirmed by transmission electron microscopy (TEM) as double-membrane organelles with 

diameters of about 0.3–0.9 μm in yeast (Baba et al., 1997) and 0.5–1.5 μm in mammals 

(Mizushima et al., 2002). Additionally, the adaptor protein p62/SQSTM1 is also used to 

measure autophagy flux (Pankiv et al., 2007). p62 binds to ubiqutinated substrates and LC3 

to be degraded along with its cargo. Therefore, the decreased p62 levels indicate the 

enhancement of autophagy flux, and when autophagy flux is inhibited, the p62 levels 

increase (Sharifi et al., 2015). LC3 binds both the outer and inner membrane of the 

autophagosome, and thus, it can be detected by fluorescence, electron microscopy, and 

Western blot. In neurons, new studies have discovered the unique dynamics of 

autophagosomes, the latter are distally generated (at the neurite tip), and envelop both 

organelle and cytosolic cargo in primary neurons. Once formed, mature autophagosomes 

travel towards the cell soma along the axon driven by the kinesin and dynein motor (Maday 

et al., 2012). Both the autophagy inhibitors like 3-MA, Bafilomycin A1, and chloroquine, as 

well as activators like Rapamycin, are used to reveal autophagic mechanisms by affecting on 

autophagy flux (Yang et al., 2013).

3.2 Autophagy in aging brain and in neurodegenerative diseases

Autophagy plays a vital role in maintaining a healthy brain resistant to senescence. As the 

brain ages, oxidative stress induces damage/modification of DNA, lipids, and proteins, 

which is an indicator of aging and neurodegeneration (Giordano et al., 2014). The efficiency 

of the macroautophagic system decreases with age and determines the cell lifespan 

(Bergamini, 2006). Consequently, a healthy brain that resists aging requires the maintenance 

of high levels of autophagy throughout the lifespan (Triplett et al., 2015).

Autophagy is regulated by many factors under several proposed mechanisms. One classic 

example is the regulation of autophagy via caloric restriction (CR). The mechanism by 
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which CR promotes autophagy likely involves mTORC1 inhibition and TFEB/TFE3 

activation, it has been shown that high caloric intake suppresses autophagy and CR results in 

significant learning and memory improvements in mice (Dong et al., 2015). Recent studies 

have shown that the senescence-associated secretory phenotype (SASP), a pro-inflammatory 

response linked to aging, is regulated by GATA4. Under normal conditions, GATA4 binds 

the p62 autophagy adaptor to be degraded by autophagy, but when there is decreased 

interaction between GATA4 and p62, autophagy is suppressed, leading to the overexpression 

of GATA4 that leads to senescence (Kang et al., 2015). Further evidence for autophagy’s 

role in preventing senescence has been found in a recent study of MTMR14, a myotubularin-

related phosphatase, in antagonizing the formation of autophagic membrane structures. 

Blocking MTMR14 by autophagy enhancer-67 (AUTEN-67) stimulates autophagic flux and 

increases the lifespan of model organisms (Papp et al., 2016).

mTOR is a protein kinase involved in the regulation of cell growth and synthesis of protein 

in response to growth factors, nutrients, and stress, and is an important inhibitor of 

autophagy (Mizushima et al., 2010). Thus, mTOR may be involved in the age-related 

decline of autophagy and accumulation of subcellular detritus. Inhibition of the mTOR 

pathway by rapamycin has been found to extend life span when both male and female 

specific pathogen free mice were fed with rapamycin (beginning at 270 and 600 days of age) 

(Harrison et al., 2009). The lifespan of males and females increased by 9% and 13%, 

respectively, which further support that mTOR regulates and inhibits autophagy.

Many neurodegenerative diseases such as Alzheimer’s disease are linked with aberrant 

modification of proteins in neurons (Butterfield and Lauderback, 2002, Carvalho et al., 

2015). A classic example of these aberrant proteins is amyloid-beta peptide (Aβ) 

accumulation, one of the hallmarks of AD. Aβ is a product of the abnormal cleavage of a 

precursor protein and aggregates to form toxic plaques in brains (Masters et al., 1985, 

Yankner et al., 1990). The aggregation of such damaged proteins in the brain will disrupt the 

regulation of apoptosis and autophagy. The failure to remove these aberrant proteins in the 

brain will cause cellular damage and ultimately cell death (Caballero and Coto-Montes, 

2012). Aβ has been found to disrupt autophagy by interrupting the formation of lysosomes 

(Yu et al., 2005). Indeed, Aβ tends to gather within autophagic vacuoles (AVs), a precursor 

to the formation of lysosomes. The abundance of AVs within dystrophic neurites of AD 

brains implies that the lysosome maturation pathway is arrested before full lysosomal 

maturation, causing dysfunction of autophagy (Yu et al., 2005).

Likewise, the accumulation of dysfunctional mitochondria will also lead to 

neurodegenerative disease. In PD, mutations in protein deglycase DJ-1 (PARK7) cause a 

change of protein structure and loss of its function (McCoy and Cookson, 2011). The 

accumulation of inactive PARK7 therefore results in the subsequent accumulation of 

dysfunctional mitochondria by making mitochondria more vulnerable to oxidative stress. 

Additionally, mitochondria collected from the brains of triple transgenic AD mice have been 

observed to have decreased biogenesis and autophagy, which prevent the recycling of 

damaged mitochondria (Carvalho et al., 2015). CMA, however, can target and reduce the 

amount of aberrant PARK7 to maintain healthy mitochondria (Wang, B et al., 2016).
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Another protein related to autophagy in the aged brain is progranulin (PGRN), a larger 

protein precursor to peptide granulin, both of which are linked to cancer, inflammation, and 

mediation of the cell cycle (Cenik et al. 2012). Progranulin is involved in neuronal ceroid 

lipofuscinosis (NCL) and frontotemporal lobar degeneration (FTLD) (Baker et al., 2006). It 

has been shown that the complete loss of the PGRN-coding gene GRN results in adult-onset 

neuronal ceroid lipofuscinosis, which is a lysosomal storage disease (LSD), and the 

heterogeneous loss of GRN results in a subtype of FTLD, FTLD-TDP (Benussi et al., 2008, 

Smith et al., 2012). Although much more investigation is required, it appears that PGRN is 

the common link between FTLD-TDP and LSD, suggesting that PGRN has an effect on the 

lysosomal pathway, which in turn has an effect on the development of neurodegenerative 

diseases (Götzl et al., 2014).

Although the link between ER stress and altered autophagy in the aging brain remains 

unknown, there have been some recent reports on the topic. XBP1 is involved in the 

regulation of key ER-associated degradation (ERAD) genes that were activated during ER 

stress (Lee et al., 2003). Reduced ERAD activity results in increased levels of misfolded 

proteins and stimulates autophagy to compensate, which can be observed in XBP1 deficient 

mice (Hetz et al., 2009). In fact, XBP1 may be an inhibitor of autophagy by negatively 

regulation of FOXO1, which controls the transcription of autophagy genes in neurons 

(Garcia-Huerta et al., 2016). Therefore, it can be speculated that proper response to ER 

stress through ERAD pathways can prevent the necessity of the XBP1 activation and causes 

impairment of autophagy. Obviously, further research is needed to investigate the 

relationship between ER stress and altered autophagy in many neurodegenerative diseases.

4. Changes of ER stress and autophagy after traumatic brain injury and 

ischemic stroke

Traumatic brain injury (TBI) is composed of an initial, physical damage to the brain 

followed by secondary, prolonged deterioration of brain tissue (Stoica and Faden, 2010). 

This secondary injury can be present long after the initial blow and involves many 

complications such as Ca2+ concentration disruption, free radical generation, ischemia, 

edema, excitotoxicity, and intracranial hypertension, and Ca2+ concentration disruption in 

particular can lead to increased protein unfolding and misfolding to result in ER stress 

(Greve and Zink, 2009, Begum et al., 2014). On the other hand, ischemic strokes are the 

leading cause of death, cognitive and motor dysfunction, and neurodegenerative diseases 

(Wei et al., 2012). Similarly, ER stress has been found in neurons after ischemic stroke (Yu 

et al., 2016).

Additionally, many studies have found autophagy to be affected by TBI and ischemia, and it 

may have positive and/or negative effects on the damaged brain tissues. Although the 

activation of autophagy may either protect or destroy the neuronal cells, the levels of 

autophagy determine which role autophagy plays (Chen et al., 2014, Wei et al., 2012). 

Because there is both ER stress and autophagy observed after TBI and ischemic stroke, 

investigation between any possible links between the two are of great interest.
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4.1 Changes of ER stress after TBI and ischemic stroke

TBI is often associated with Ca2+ disruptions and perturbations that could result in the 

aggregation of unfolded and misfolded proteins within cells of the central nervous system 

(CNS). In the spinal cord, after traumatic injury spinal cord white matter can die after 

release of ER Ca2+ mediated by the ryanodine (RyR) and inositol (1,4,5)-triphosphate 

(IP3R) receptors (Thorell et al., 2002). In the brain, elevated Ca2+ levels have been found to 

be a hallmark of neuronal injury and death after traumatic injury (McIntosh et al., 1997; 

Raghupathi, 2004). It has even been suggested that neurological disorders such as epilepsy 

are caused from the injury, not death, of neurons caused by elevated Ca2+ levels (Delorenzo 

et al., 2005).

Ca2+ homeostasis is important to TBI and ischemia because a disruption of ER Ca2+ 

homeostasis may result in ER stress and subsequent UPR activation. One study of astrocytes 

exposed to oxygen/glucose deprivation and reoxygenation (OGD/REOX) simulating 

ischemia caused an increase in ER Ca2+ concentrations that coincided with increased ER 

stress (Begum et al., 2012). In rats, TBI can lead to disruption of Ca2+ homeostasis for as 

long as 30 days post injury (Sun et al., 2008). Moreover, in cardio myocytes depletion of 

Ca2+ within the ER leads to activation of the ATF6 arm of the UPR (Thuerauf et al., 2001). 

Thus, Ca2+ dysregulation after TBI or ischemia plays a central role in triggering UPR.

Well established evidence shows that ER stress followed by UPR activation is involved in 

TBI and ischemic stroke. For example, one study has found that ER stress increases via the 

PERK arm after blast-induced traumatic brain injury (bTBI) in rats (Logsdon et al., 2014). 

The ATF6 arm is activated after the concussive mild traumatic injury (mTBI) in the mouse 

model (Rubovitch et al., 2011). Furthermore, low oxygen and low nutrient environments 

similar to that of ischemia have been found to induce ER stress through IRE1 activation 

(Yoneda et al., 2001). ER stress after ischemic stroke has been observed to act through all 

three arms as well, but interactions between all three arms have yet to be fully elucidated 

(Hetz et al., 2011, Zhang et al., 2014).

The determination of all these pathways after TBI and ischemia could not have been 

possible without the use of ER stress marker proteins. One of the most commonly used ER 

stress marker proteins is C/EBP homologous protein (CHOP), which is also known as 

growth arrest- and DNA damage-inducible gene 153 (GADD153). The accumulation of 

CHOP is a hallmark of ER stress and can lead to ER stress-associated apoptosis (Oyadomari 

et al., 2004). Studies have shown that CHOP levels become elevated in both the controlled 

cortical impact injury (CCI) rat model of TBI and in rat global cerebral ischemia (Krajewska 

et al., 2011, Paschen et al., 1998). As transcription factors of the UPR, the detection of ATF4 

and XBP-1 can be used to measure the activity of the UPR (Valenzuela et al., 2012). Since 

ER stress and UPR activation are known to potentially lead to apoptosis, their association to 

activation of the caspase family of cysteine proteases has been studied (García de la Cadena 

and Massieu, 2016). In particular, Caspase-12 has been suggested to be activated by ER 

stress to initiate apoptosis (Nakagawa et al., 2000). Thus, ER stress has been shown to be 

involved in both TBI and ischemic stroke and can lead to cell damage and death. Targeting 

ER stress presents itself as a potential therapeutic option because it can prevent the 

accumulation of abnormal proteins to promote neuronal recovery.
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4.2 Changes of autophagy after TBI and ischemic stroke

Like ER stress, autophagy is also affected after TBI and ischemic stroke. This controversial 

role of autophagy after TBI and ischemia is prevalent across the literature with some studies 

concluding that autophagy is neuroprotective and other studies suggesting that autophagy 

leads to cell death. Beclin 1, a member of the PI3K complex that is responsible for induction 

of autophagy, is a common marker of autophagic activity. In one study of ischemia in rats, 

inhibition of autophagy by 3-MA led to decreased Beclin 1 expression and increased cell 

death, but promotion of Beclin 1 and autophagy by rapamycin reduced cell death and brain 

injury, suggesting beneficial roles of autophagic activity (Carloni et al., 2008). Similarly in a 

study of the fluid percussion rat model of TBI, autophagy was stimulated after the injury 

through the accumulation of LC3-II, autophagosomes, and autolysosomes and deemed likely 

to serve a neuroprotective role (Liu et al., 2008). Indeed, promotors of autophagy such as 

rapamycin have been shown to provide neuroprotection after TBI in mice and reduce the rate 

of secondary TBI injuries like epilepsy (Erlich et al., 2007, Guo et al., 2013).

Conversely, other studies have shown that autophagy is neurotoxic and leads to cell death 

after TBI and ischemia. As an integral protein for the formation of the autophagosome, LC3-

II is a common indicator of autophagy, and levels of LC3-II were elevated after permanent 

middle cerebral artery occlusion (pMCAO) in the rat model of cerebral ischemia (Wen et al., 

2008). Studies have shown that the administration of the autophagy inhibitor 3-MA was 

actually neuroprotective and prevented neuronal death after ischemia induced by pMCAO 

and four-vessel occlusion (4-VO) in rats (Wen et al., 2008, Xin et al., 2011). Likewise, a 

study using the weight drop TBI mouse model and inhibition of autophagy with 3-MA 

found that autophagy contributed to increased cell death and neurological impairment (Luo 

et al., 2011).

Autophagy has also been found to have some relationship with ER stress. One study 

subjected cell culture to the ER stressors tunicamycin and thapsigargin found that autophagy 

was activated by the IRE1 arm of the UPR during ER stress (Ogata et al., 2006). In addition, 

when autophagy was blocked by 3-MA, those cells experienced higher cell death and 

activation of the apoptotic factor caspase-3. Ogata et al. showed that when autophagy was 

inhibited through ATG5 deficiency, the cells underwent ER stress-dependent death, and cells 

were more resistant to such activity when autophagy was induced by rapamycin. Thus, 

Ogata el al. suggest that autophagy protects cells from ER stress related death.

Additional research is warranted to better understand the complex role of autophagy in brain 

injury and tissue repair after TBI and ischemia. One explanation for the above controversial 

findings is that autophagy may serve a neuroprotective role if autophagy flux is unobstructed 

but is detrimental when autophagy flux is hindered (Lipinski et al., 2015). Indeed, a common 

measurement of autophagy for many of the previous studies cited relied on LC3-II levels, 

but elevated LC3-II concentrations may not necessarily equate to increased autophagy. In a 

study of CCI brain injury simulating TBI in mice, the increase of LC3-II was not from an 

increase in autophagy, but rather an impairment of autophagy flux evidenced by elevated 

levels of SQSTM1/p62, which is normally depleted during nominal autophagy flux (Sarkar 

et al., 2014). In other words, because p62 binds to LC3-II located in the inner membrane of 

the autophagosome and is degraded after formation of the autolysosome, its abundance 
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shows that LC3-II accumulates after TBI due to an absence of autolysosome formation 

during autophagy flux. Since autophagy flux is necessary for the degradation of aberrant 

proteins and organelles, its disruption would cause their buildup instead of elimination. 

However, decreased autophagy flux was determined to be correlated with cell death and not 

necessarily causing the observed cell death in that study.

Further evidence supporting the theory that autophagy flux plays a role in determining the 

neuroprotection or destruction aspect of autophagy can be found in a study of the mouse 

focal cerebellar lesion TBI model, comparing wild-type mice and the mice with impaired 

autophagy flux pathways (Viscomi et al., 2012). In that study, autophagy-impaired beclin 1 

heterozygous Becn1+/− mice experienced decreased autophagy flux through elevated p62 

levels and decreased LC3-II levels compared to wild-type, but wild-type mice experienced 

the expected decrease in p62 levels paired with increased LC3-II levels, leading to 

significantly higher neuronal survivability and improved neurological recovery (NSS) score 

in wild-type mice. Thus, Viscomi et al. first concluded that both autophagy initiation and 

autophagy flux were impaired in the Becn1+/− mice, and that disruption of these pathways is 

detrimental to the brain. The researchers then studied the effects of autophagy enhancing 

rapamycin on both the wild type and Becn1+/− mice. They found that wild-type rapamycin 

treated mice produced significantly higher amounts of LC3-II and significantly lower 

amounts of p62 compared to wild-type mice that did not did not receive rapamycin to yield 

greater neuronal survivability and improved NSS score. However, Becn1+/− mice given 

rapamycin, which should have helped induce autophagy in these autophagy diminished 

mice, did not produce any change in LC3-II, p62, or neuronal survivability compared to 

untreated Becn1+/− mice. Therefore, Viscomi et al. concluded that when autophagy flux is 

unperturbed, induction of autophagy is neuroprotective, but weakened autophagy and 

autophagy flux pathways are conducive to cell death. No studies using the similar mouse 

line have been performed regarding autophagy flux after brain ischemia. But similar results 

can be found in studies of cardiac ischemia-reperfusion (I/R) injury in rats and mice. These 

studies have found that promoters of autophagy enhanced cardioprotection when autophagy 

flux was unimpaired but were not effective when autophagy flux was disrupted through 

lysosomal inhibition (Xie et al., 2015, Ling et al., 2016).

However, disrupted autophagy flux may be just one possible explanation. Another 

possibility could be the rupture or leakage of lysosomes after injury leading to cell death 

(Wen et al., 2008, Yamashima and Oikawa, 2009). It has been suggested that the severity and 

type of brain injury could influence the role of autophagy (Lipinski et al., 2015). Others have 

stated that the time at which autophagy is induced may determine the neuroprotective effects 

of autophagy (Chen et al., 2014). The studies cited in this review certainly contain a wide 

variety of injuries, many of which did not examine the effects of autophagy flux or 

lysosomes after injury. Hence, it is evident that more comprehensive studies are needed to 

conclude whether autophagy is beneficial or detrimental after TBI and ischemia.

5.0 DHA in aging brain

In the brain, docosahexaenoic acid (DHA, 22:6n-3) is the predominant omega-3 fatty acid. 

About 10–20% of gray matter, 2% of white matter, and 50% of the weight of a neuron’s 
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plasma membrane are composed of DHA (McNamara, 2013, Gleissman et al., 2010). DHA 

supports brain development and protects neurological function. Although DHA plays a 

critical role in optimal brain functions, the dietary polyunsaturated fatty is not effectively 

converted to DHA. Thus, it has been recommended for people to obtain more DHA through 

food such as cold water fish or DHA supplement (Petraglia et al., 2011).

Many studies have documented the importance of DHA in promoting the healthy aging of 

the brain and how age-related neurodegenerative diseases are characterized by low levels of 

DHA in the brain. In human studies, numerous investigations have reported on the 

correlation between low levels of plasma DHA with cognitive decline and AD in elderly 

humans (Beydoun et al., 2007, Schaefer et al., 2006, Astarita et al., 2010). Conversely, 

populations that consume high dietary amounts of DHA experience reduced risk of cognitive 

impairment and neurodegenerative diseases in aging (Noel et al., 2006, Kalmijn et al., 2004, 

Morris et al., 2003). In 2010, a study concluded that supplementation of 900 mg/d DHA 

over a period of 24 weeks improved the learning and memory of healthy adults aged ≥55 

(Yurko-Mauro et al., 2010). In 2016, a 12 month long study found that DHA improved 

participants’ results on the mini-mental state examination (MMSE) and increased the 

subjects’ apathy and reduced caregiver burden of those with cognitive impairment such as 

dementia (Hashimoto et al., 2016). Thus, DHA appears to have positive effects on those who 

experience mild age-related cognitive decline.

In mice, a DHA rich diet retains the learning and memory of aged senescence-accelerated 

prone 8 (SAMP8) mice that would normally experience cognitive decline (Petursdottir et al., 

2008). Indeed, animal models have also shown that DHA treatment over a substantial period 

of time not only reduces neuronal loss in the brain but also improves the learning and 

memory of the animals as they age (Hooijmans et al., 2012). However, studies have asserted 

that DHA treatments do not have significant improvements of cognitive function in mice 

(Arendash et al., 2007) and humans that are already diagnosed with advanced dementia or 

AD (Fotuhi et al., 2009, Freund-Levi et al., 2006, Laurin et al., 2003, Stough et al., 2012).

The difficulty in treating dementia and AD with DHA can be explained by the lack of a 

definitive underlying mechanism relating DHA and neurodegenerative diseases. It is 

believed that neuronal loss from inflammation and oxidation leads to age-related cognitive 

decline. To date, there have been several proposed mechanisms linking DHA to the 

inhibition of neuronal inflammation and oxidation. First, the derivatives of omega-3 

polyunsaturated fatty acids (PUFAs) such as DHA play a role in mediating the inflammatory 

response to prevent chronic inflammation (Dyall, 2015). One such class of derivatives is 

“specialized pro-resolving mediators” (SPMs) that form novel families of autacoids named 

resolvins, protectins, and maresins, which have potent tissue-protective and inflammatory 

resolution-stimulating functions (Bannenberg and Serhan, 2010). In particular, resolvins of 

the D series (RvD) and protectins are derived from DHA and strongly stimulate the 

resolution of inflammation (Serhan, 2007). This distinction is contrasted with another group 

of electrophilic omega-3 PUFA derivatives that promote the anti-inflammatory response. 

Electrophilic fatty acid oxo-derivatives (EFOXs) are produced from DHA, docosapentaenoic 

acd (DPA), and eicosapentaenoic acid (EPA) catalyzed by cyclooxygenase-2 (COX-2) to 

form 7-oxo-DHA, 7-oxo-DPA and 5-oxo-EPA, respectively (Cipollina et al., 2014). These 
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molecules are anti-inflammatory by acting as agonists to peroxisome proliferator-activated 

receptor gamma (PPARγ), activating Nrf2-dependent antioxidant responses, and inhibiting 

cytokine production and inducible nitric oxide synthase (NOS-2) expression within activated 

macrophages (Groeger et al., 2010).

Although DHA has been demonstrated to improve membrane fluidity and increase 

mitochondrial activity in the 24-month aged female NMRI mouse brain (Afshordel et al., 

2015), research has increasingly pointed to DHA as a precursor to products that regulate the 

gene expression of anti-inflammatory and protective pathways. It has been demonstrated that 

DHA inhibits p38 mitogen-activated protein kinase (p38 MAPK) phosphorylation, which 

consequently inhibits the expression of inflammatory molecules in microglia (Lu et al., 

2013) as well as activating PPARγ to modulate microglial inflammatory response 

(Antonietta Ajimone-Cat et al., 2012). It is now known that such regulation comes not from 

DHA itself, but from its derivatives (Heras-Sandoval et al., 2016). Another DHA derivative 

involved in signal cascade that has been well studied is neuroprotectin D1 (NPD1). NPD1 

induces cREL transcription and nuclear translocation, which promotes BIRC3 transcription 

for cell survival against oxidative stress (Calandria et al., 2015). In particular, NPD1 

prevents oxidative stress induced cell death by up-regulating the anti-apoptotic proteins 

Bcl-2 and Bcl-xL while inhibiting pro-apoptotic Bax, Bad, and caspase-3 (Bazan, 2005).

Even though there is a wealth of evidence that links DHA and its derivatives to the reduction 

of inflammation and oxidation linked with brain aging, it is still important to keep in mind 

that there have been no definitive reports of DHA successfully reversing the effects of highly 

progressed dementia and AD. Thus, further research into a therapeutic treatment is needed.

Selective effects of DHA in ER stress and autophagy in cancer cells—DHA has 

also been reported to have anti-carcinogenic properties and acts through a variety of 

mechanisms. One such mechanism involves n-3 PUFA EPA and DHA inhibiting the 

synthesis of certain derivatives of arachidonic acid (AA), itself a n-3 PUFA eicosanoid, that 

cause inflammation (Larsson et al., 2004). Both n-3 PUFA and n-6 PUFA follow similar 

metabolic pathways and utilize similar enzymes, but n-3 PUFAs have greater affinity in 

particular with delta 6-desaturase to direct metabolic activity in favor of EPA over AA 

(Young et al., 2011). The prevalence of EPA and DHA over AA consequently leads to their 

increased presence in the membrane, where both types of PUFA are susceptible to oxidation 

by COX-2 (Burdge and Calder, 2005). Overexpression of COX-2 that causes increased 

eicosanoid derivatives of n-6 PUFA have been linked to cancer (Benoit et al., 2004), but 

reactions between COX-2 and DHA have the opposite effect (Benoit et al., 2004, Groeger et 

al., 2010).

A primary method of cancer formation is the activation of oncogenes. One such oncogene is 

epidermal growth factor receptor (EGFR) that causes cell proliferation when overexpressed, 

but its activation is reduced by EPA and DHA (Kang and Weylandt, 2008). Indeed, DHA 

was particularly effective in inducing cell apoptosis and reducing the expression of Bcl2 and 

procaspase-8 (Corsetto et al., 2011). Another similar factor involved with oncogenesis of a 

variety of cancers is human epidermal growth factor receptor-2 (HER-2) (Yang, W.J. et al., 

2015). Once activated, HER-2 initiates a signal cascade that causes excess cell proliferation 
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(Bollig-Fischer et al., 2010), but the pathway was inhibited by n-3 PUFA (Yee et al., 2013). 

DHA leads to the generation of mitochondrial reactive oxygen species (ROS) that inhibits 

the PI3K/Akt/mTOR pathway, which causes resistance to apoptosis (Morgan et al., 2009) 

and induces both apoptosis and autophagy (Shin et al., 2013). Administration of EPA and 

DHA through dietary fish oil supplementation was found to significantly increase expression 

of Bax, a proapoptotic protein, and reduce anti-apoptotic protein Bcl-2 (Manna et al., 2008).

In fact, a relatively recent discovery of anticarcinogenic propterties of DHA lies in its 

connection with ER stress. As mentioned previously in this review, eIF2α is a hallmark of 

ER stress, and when human colon adenocarcinoma cells, SW620, were exposed to DHA for 

3 hours, increased levels of phosphorylated eIF2α were observed, indicating increased ER 

stress (Jakobsen, 2008). This study suggests that prolonged DHA-induced ER stress may 

lead to apoptosis in these cancer cells. However, at the time of this writing, there are very 

few other studies on the relationships between DHA, ER stress, and cancer to corroborate 

these findings. Still, it is abundantly clear that there are several promising avenues of further 

investigation for therapeutic roles of DHA in cancer.

6.0 Effects of DHA on ER stress and autophagy after brain injury

A growing number of studies suggest that DHA emerges as a neuroprotective agent against 

neurodegenerative diseases such as AD, PD, TBI and cerebrovascular disease (Calon and 

Cole, 2007, Mayurasakorn et al., 2011, Begum et al., 2014). However, the molecular 

mechanisms underlying DHA’s neuroprotective effects are not exactly known. DHA is 

thought to act on multiple pathways. As a component of neuronal cell membranes, DHA 

influences a variety of membrane-bound proteins including receptors, transporters and ion 

channels to maintain their normal conformation (Belayev et al., 2009). Additionally, DHA 

impacts neurogenesis, neurite growth, synaptogenesis, expression of synapsin, and synaptic 

connection (Dyall, 2015, Igarashi et al., 2015). Furthermore, through scavenging radicals, 

activating survival genes, and cell signaling pathways, DHA shows its neuroprotective effect 

(Bazinet and Layé, 2014).

Recent studies have shown that DHA possesses a neuroprotective effect via reducing ER 

stress. Under in vitro ischemic conditions, DHA reduced the exogenous IP3-mediated Ca2+ 

ER release rate and decreased the amount of ER Ca2+ release (~ 40%), but did not inhibit 

store-operated Ca2+ entry (SOCE) following depletion of Ca2+ ER stores in mouse 

astrocytes (Begum et al., 2012). Also, DHA reduced the expression of the other two ER 

stress markers, p-eIF2α and ATF-4, and ischemic cell death. These data suggest that DHA 

reduced ER stress.

In a CCI rat model, post-TBI administration of DHA (16 mg/kg in DMSO, at 5–15 min after 

onset of TBI and subsequent daily dose for 21d after TBI): i) decreased the expressions of 

UPR markers- including p-eIF2α, IRE1α, and ATF4 but not the UPR regulator protein 

GRP78- in the ipsilateral peri-lesion areas after TBI; ii) reduced expression of ER 

proapoptosis protein CHOP; iii) attenuated TBI-mediated protein ubiquitination, 

accumulation of amyloid precursor protein (APP) and phosphorylated tau (p-Tau) (Begum et 
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al., 2014). In summary, administration of DHA reduces ER stress and toxic protein 

accumulation following TBI.

In a more recent study, DHA-treated brains showed significantly fewer proinflammatory 

CD16/32+ positive, but more anti-inflammatory CD206+ microglia or macrophages 

throughout 3 to 21 days post-TBI (Harvey et al., 2015). In addition, DHA treatment altered 

microglial or macrophage morphology from the activated, amoeboid-like state to the more 

surveillant, permissive state. These data suggest that the administration of DHA after TBI 

reduces neuronal ER stress and association with microglial or macrophage polarization, and 

decreases neurodegeneration.

7.0 Summary

Collectively, newly emerged evidence indicates that maintaining appropriate ER function 

and autophagy flux is important for cell survival in normal brains. However, ER stress and 

autophagy dysfunction are associated with aging, diverse cprotective hronic 

neurodegenerative diseases, and traumatic and ischemic brain injury. Therefore, restoring 

impaired ER function and autophagy flux represents a new target for novel therapies. In the 

brain, DHA is the predominant omega-3 fatty acid, supports brain development, protects 

neurological function. Although DHA shows effects against different types of neuronal 

disorders, brain aging and cancer, the underlying mechanisms have not yet been clearly 

defined. It has been shown that post-injury administration of DHA reduced ER stress and 

toxic protein accumulation following TBI and ischemic brain damage. However, whether 

DHA enhances autophagy flux and tissue repair remains to be tested.
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Figure 1. ER stress and the subsequent unfolded protein response (UPR)
Upon the accumulation of unfolded and misfolded proteins, GRP78 is dissociated from 

PERK, IRE1, and ATF6 to bind with the aberrant proteins, which triggers the activation of 

3-arm UPR. The autophosphorylation of PERK leads to the phosphorylation of eIF2α, 

which inhibits the translation of proteins and activates ATF4. ATF4 will enter the nucleus 

and transcribe ER stress response elements (ERSEs) and CHOP to lead apoptosis. Activation 

of IRE1 splices XBP1 mRNA so that it can translate the protein XBP1, which enters the 

nucleus to transcribe proteins leading to ER associated degradation (ERAD). Activation of 

ATF6 involves its release from the ER membrane to undergo cleavage in the Golgi. The 

modified ATF6 enters the nucleus to transcribe ERSEs as well as CHOP and leads to 

apoptosis.
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Figure 2. Autophagy and its regulation
Through macroautophagy, cargo such as malfunctioning organelles and proteins can be 

recycled. Step 1: Induction and phagophore formation. An isolation membrane is gathered 

by the ULK and PI3K-III complexes. Step 2: Formation of autophagosome. The membrane 

is elongated by the Atg16-Atg12-Atg5 complex while LC3-II is embedded on both the outer 

and inner membranes to form the phagophore. Step3: Autophagosome-lysosome fusion. 

The autophagosome fuses with the lysosome to form the autolysosome. P62 will begin to 

degrade under normal autophagy flux. Step 4: Degradation and recycling. The lysosomal 

acidic pH and enzymes can degrade the cargo for release back into the cell, and the 

membrane is disintegrated for a new cycle.
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