From Division of Neurogeriatrics
Center for Alzheimer Research
Department of Neurobiology, Care Sciences and Society
Karolinska Institutet, Stockholm, Sweden

THIOREDOXIN-1 IN ALZHEIMER DISEASE
TORBJÖRN PERSSON

Stockholm 2015

All previously published papers were reproduced with permission from the publisher.
Published by Karolinska Institutet.
Printed by Eprint AB 2015
© Torbjörn Persson, 2015
ISBN 978-91-7676-128-1

Image on the cover page: The butterfly – by Paula Merino-Serrais
The picture shows differentiated SH-SY5Y cells stained with antibodies for Phalloidin (green),
Map-2 (blue) and Trx80 (red). The staining was visualized by confocal microscopy using the
Zeiss (LSM 510 META) confocal laser scanning system.

“Man måste avsluta en påbörjare”
Kenneth “Kenta” Gustafsson

THIOREDOXIN-1 IN ALZHEIMER DISEASE
THESIS FOR DOCTORAL DEGREE (Ph.D.)
By

Torbjörn Persson
Principal Supervisor:
Associate Professor Angel Cedazo-Minguez
Karolinska Institutet
Department of NVS
Division of Neurogeriatrics

Opponent:
Professor George Perry
University of Texas at San Antonio
Department of Biology

Co-supervisor(s):
Associate Professor Lars Tjernberg
Karolinska Institutet
Department of NVS
Division of Neurogeriatrics

Examination Board:
Professor Elias Arnér
Karolinska Institutet
Department of Medical Biochemistry and Biophysics
Division of Biochemistry

Professor Lars-Olof Wahlund
Karolinska Institutet
Department of NVS
Division of Clinical geriatrics

Associate Professor Dagmar Galter
Karolinska Institutet
Department of Neuroscience
Associate Professor Joakim Bergström
Uppsala University
Department of Department of Public Health and
Caring Sciences
Division of Molecular Geriatrics

ABSTRACT
Oxidative stress is one of the earliest signs in Alzheimer Disease (AD) brain. In order to protect
themselves against oxidative stress, neurons use antioxidants as a defense mechanism. Such an
antioxidant is Thioredoxin-1 (Trx1). Previous studies have shown that the levels of Trx1 are
reduced in the brains of AD patients. The aim of this thesis was to further examine the function
of Trx1 in AD pathogenesis.
In Paper I and III, the role of Trx1 in the mechanisms behind risk-modulating factors is
investigated. The incidence of AD is higher in women than in men and one reason for this is
thought to be the post-menopausal lack of estrogen. In addition, estrogen was shown to have
neuroprotective effects both in vitro and in vivo. In Paper I we studied the protective effect of
estrogen against amyloid-beta (Aβ) toxicity in vitro. We found that estrogen is protective via
phosphorylation of Protein kinase B (AKT) and inhibition of the Apoptosis signal-regulating
kinase 1 (ASK-1) pathway. However, this occurs independently of Trx1 expression. In Paper III
we investigated the effect of Apolipoprotein E (ApoE) isoforms on Trx1 in the brain. The ApoE
isoform ε4 (ApoE4) is the most important genetic risk factor for sporadic AD and it is also
associated with increased oxidative stress in the brain. Furthermore, ApoE4 is suggested to have
direct toxic effects via apoptosis. We found that presence of ApoE4 causes a reduction in Trx1
levels, both in vivo, in hippocampus of ApoE Target Replacement Mice, and in vitro, in human
primary cortical neurons and neuroblastoma cells. This occurred after leakage of the lysosomal
membrane and cytosolic release of Cathepsin D, and it induced apoptotic cell death via
activation of the ASK-1 pathway.
Thioredoxin-1 can be truncated into an 80 amino acid long peptide called Thioredoxin-80
(Trx80). In Paper II and IV, we demonstrate for the very first time that this peptide is present in
the brain, mainly in neurons. The levels were reduced significantly in AD patients and this was
also seen in the cerebrospinal fluid (CSF). The reduction in CSF was present already in patients
with mild cognitive impairment (MCI). Furthermore, we demonstrate that the peptide is
generated by α-secretase cleavage of Trx1 and is secreted from cells in exosomes. The peptide
inhibits the aggregation of Aβ and prevents its toxic effects both in vitro and in a Drosophila
Melanogaster model of AD. In addition, Trx80 lowers the levels of Aβ, possibly through a
mechanism that involves autophagy.
These findings give support to the view that oxidative stress in general, and Trx1 in particular,
has a key role in AD pathogenesis. It also presents Trx80 as a completely new player to the field
that has potential as a specific biomarker for the disease. In addition, therapeutic strategies based
on these two peptides could be a possibility in AD that should be further investigated.

SAMMANFATTNING PÅ SVENSKA

A

lzheimers sjukdom (AS) är den vanligaste formen av demens och påverkar flera funktioner
i hjärnan varav försämring av minnesförmågan är den mest påtagliga. Sjukdomen är

progressiv och bryter långsamt ned hjärnan. Dessvärre finns idag inget botemedel tillgängligt.
Förutom den fruktansvärda börda som sjukdomen innebär för patienterna och deras anhöriga så
är det också en stor utmaning för samhället i stort. Idag uppskattas att nästan 47 miljoner
människor är drabbade och antalet stiger i takt med att jordens befolkning ökar och att andelen
äldre blir allt fler. Kostnaden för demens i världen är beräknad till 800 miljarder dollar årligen och
väntas öka till ofattbara 2 biljoner inom 15 år. Detta kräver omedelbara insatser för att förbättra
behandling, diagnos och vård av patienter.
Man brukar dela in sjukdomen i två underkategorier, familjär och sporadisk AS. Den familjära
formen utgör endast ett par procent av det totala antalet patienter och orsakas av vissa nedärvda
mutationer. Resterande del utgörs av den sporadiska formen och man vet ännu inte vad som
orsakar sjukdomen hos dessa patienter men flera bidragande orsaker har föreslagits. De tydligaste
förändringarna vid sjukdomen är att neuroner och synapser dör vilket får till följd att hjärnan
krymper. Dessutom framträder ansamlingar av proteiner, så kallade plack och neurofibrillära
nystan. Placken består huvudsakligen av ett felveckat protein som heter amyloid-beta (Aβ). Man
tror att detta protein spelar en viktig roll vid sjukdomsutvecklingen och flera studier har visat det
har toxiska effekter i hjärnan vid AS.
En annan förändring i hjärnan är oxidativ stress vilket kan detekteras redan tidigt i
sjukdomsutvecklingen. Definitionen av oxidativ stress är obalans mellan bildandet av fria
syreradikaler och cellens försvar i form av antioxidanter. Detta kan orsakas antingen genom ökad
produktion av syreradikaler eller genom en minskning av antioxidanter. En av kroppens
viktigaste antioxidanter är Thioredoxin-1 (Trx1). Detta protein finns i princip alla kroppens celler
och kan eliminera syreradikaler och återställa skadade proteiner. Dessutom kan det skydda
cellerna genom att hämma aktivering av programmerad celldöd, så kallad apoptos. Tidigare
studier har visat att proteinet har en skyddande effekt mot de neurotoxiska effekterna som
orsakas av Aβ, samt att dess nivåer är minskade i hjärnan hos Alzheimerpatienter. I delarbetena
som ingår i denna avhandling har vi vidare studerat vilken roll Trx1 har vid AS.
I Studie I och III har vi undersökt om Trx1 är involverat i mekanismerna bakom kända faktorer
som påverkar risken att drabbas av AS. Kvinnor drabbas i något större utsträckning av
sjukdomen än män och en orsak till detta tros vara den brist på östrogen som drabbar kvinnor i
samband med klimakteriet. Östrogen har en skyddande effekt på neuroner och tidigare

experiment i cellkulturer har visat att det också kan hämma Aβ-toxicitet. Dessutom har det visat
sig att östrogen ökar nivåerna av Trx1. I Studie I ville vi därför undersöka om östrogen hämmar
Aβ-toxicitet genom att öka mängden Trx1. Resultaten vi erhöll visade att de skyddande
effekterna sker genom aktivering av en specifik östrogenreceptor men dock oberoende av ökad
mängd Trx1.
En annan faktor som påverkar risken att drabbas av AS är genvarianten ε4 av Apolipoprotein E
(ApoE4), som bärs av cirka 15 % av befolkningen. Individer som har enkel genuppsättning av
ApoE4 har ungefär tre gånger högre risk att drabbas, medan hos de som har dubbel uppsättning
ökar risken med nästan 15 gånger. Apolipoprotein E4 har associerats med ökad oxidativ stress i
hjärnan hos Alzheimerpatienter och dessutom har det föreslagits att proteinet kan ha direkt
skadliga effekter på neuroner. I Studie III har vi studerat hur Trx1 påverkas av ApoE4 i hjärnan.
Till vår hjälp använde vi möss, där musens ApoE ersatts med humant ApoE. Vi fann att de möss
som bar på ApoE4-varianten hade lägre nivåer av Trx1 i hjärnan. På samma sätt minskade
nivåerna då vi behandlade odlade neuroner med ApoE4. I dessa neuroner försökte vi därefter
förstå mekanismen bakom minskningen och fann att ApoE4 orsakar en destabilisering av en
struktur inne i cellerna som kallas lysosomer. Denna destabilisering gjorde också att enzymet
Cathepsin D läckte ut från lysosomerna. Detta enzym kan bryta ner Trx1 vilket kan vara
anledningen till att mössen och de odlade cellerna har lägre nivåer av Trx1 i närvaro av ApoE4.
Dessutom såg vi att ApoE4 orsakade aktivering av programmerad celldöd. Med dessa resultat
presenterar vi en ny mekanism för hur ApoE4 kan orsaka oxidativ stress och celldöd.
Thioredoxin-1 består av 105 aminosyror. Denna kedja kan klyvas och bilda en 80 aminosyror
lång peptidkedja som kallas Thioredoxin-80 (Trx80). Tidigare rapporter om denna molekyl har
huvudsakligen behandlat dess roll i immunförsvaret. Huruvida peptiden finns i hjärnan har dock
varit okänt. I Studie II och IV visade vi för första gången att Trx80 finns i hjärnan, främst i
neuroner, och att nivåerna är kraftigt minskade hos Alzheimerpatienter. Denna minskning var
påtaglig även i ryggmärgsvätska och kunde detekteras redan hos patienter med mild kognitiv
svikt, vilket är ett förstadie till AS. När vi jämförde patienter med mild kognitiv svikt som inom
två år utvecklade AS med sådana som ej utvecklade sjukdomen fann vi att de som senare
utvecklade AS hade lägre nivåer av Trx80 initialt jämfört med de som var stabila. Detta tyder på
att Trx80 skulle kunna användas som en diagnostisk och prognostisk markör för sjukdomen.
Man har tidigare inte vetat vilket enzym som generar denna peptid. I Studie II visar vi att ett
enzym som kallas α-sekretas kan klyva Trx1 till Trx80. Vi visar dessutom att peptiden kan hindra
Aβ från att klumpa ihop sig vilket därmed hämmar dess toxiska effekter. Detta kunde vi se i både
cellkulturer och i bananfluga. Därtill fann vi att celler med höga nivåer av Trx80 hade minskade

nivåer av Aβ. Liknande upptäckt gjorde vi i hjärnan hos bananflugorna. De bananflugor som
hade höga nivåer av Trx80 hade minskad ansamling av Aβ i hjärnan. Dessa bananflugor hade
också förbättrad rörelseförmåga och ökad livslängd. Till sist fann vi att peptiden kan utsöndras
från celler inuti små strukturer som kallas exosomer. Man vet sedan tidigare att även Aβ finns i
dessa strukturer och man tror att Aβ på så sätt kan spridas från cell till cell och därigenom bidra
till att sjukdomen sprids i hjärnan. Med tanke på de resultaten som beskrivits ovan är det
tänkbart att Trx80 i normala fall kan hindra detta men inte vid AS då nivåerna av Trx80 är låga.
Dessa resultat ger ytterligare stöd för uppfattningen att oxidativ stress i allmänhet, och Trx1 i
synnerhet, har en nyckelroll vid AS. De presenterar också Trx80 som en helt ny aktör med
potential som specifik biomarkör för sjukdomen. Dessutom tyder detta på att terapeutiska
strategier, baserade på dessa två peptider, kan vara en möjlighet vid AD som bör utredas vidare.
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1 INTRODUCTION

S

ince the beginning of medical science in the ancient Egyptian and Greek societies, copious
discoveries have been made for the benefit of humanity. Despite all these innovations and
breakthroughs, no one has yet found a way to prevent us from aging. Unfortunately, not all

of us are lucky enough to expect a healthy and active life when we get older and some may even
face burdensome disorders. Such a disorder is Alzheimer Disease. The heavy burden of this
disease is not only carried by the patients, who might experience how themselves and the world
around them are changing uncontrollably, but also by family and friends who see their lovedones fade away.
1.1

ALZHEIMER DISEASE

Alzheimer Disease (AD) is a neurodegenerative disorder that affects cognition, memory and
behavior. It is the most common form of dementia with almost 47 million people affected
worldwide. With an increasing and aging population, the number is expected to reach more than
130 million by year 2050 1. The disease is progressive and eventually fatal and today there is no
cure available. Not only is there an urgent need for a curative treatment for all patients but also
for society at large. The global cost for society is more than 800 billion US dollars annually and in
only 15 years the cost is predicted to reach a staggering 2 trillion US dollars! This calls for an
immediate action, not only to find better treatments but also to identify prevention strategies,
develop new ways to diagnose patients at an earlier stage and to improve care for affected
individuals.
1.1.1 Neuropathology
The disease is characterized by altered cholinergic function and loss of synapses and neurons in
the cerebral cortex and parts of the subcortical areas. In addition, brain accumulation of amyloidbeta (Aβ) peptides and hyperphosphorylated tau, leading to the formation of plaques and
neurofibrilliary tangles (NFT) respectively, are other markers of the disease 2,3. Along with these
signs, the brains of individuals with AD also show activation of inflammatory pathways 4 with
activated microglia and reactive astrocytes, often in association with Aβ plaques 5. Many of these
primary pathologies emerge years before the first signs of cognitive dysfunction. In early stages,
the Aβ deposits are mainly found in the basal parts of the frontal, temporal and occipital lobes of
the neocortex, later these can also be found in the allocortex including the hippocampus and
finally spreading to subcortical areas 6. The tau aggregates on the other hand are formed initially
in locus coeruleus in the brainstem followed by the entorhinal cortex, the hippocampal
formation and finally also throughout the neocortex 7. The majority of patients also have vascular
1

changes in the brain such as cerebral amyloid angiopathy (CAA), which is a condition where
protein deposits build up in the walls of blood vessels, and this can lead to cerebral ischemia 8.
Another major sign is increased oxidative stress in the brain, which is given a deeper review in a
separate section below (1.2).
1.1.2 Amyloid-beta
The characteristic plaques in AD brain consist mainly of Aβ peptides. These peptides are
generated through sequential cleavage of the Amyloid Precursor Protein (APP) by the β-secretase
enzyme and the γ-secretase complex. This cleavage sequence can generate Aβ peptides that
ranges from 39 to 43 amino acids 9, however, the two most abundant species has 40 (Aβ40) or 42
(Aβ42) amino acids 10. The latter one is more hydrophilic and prone to form amyloid aggregates
and is the major component of the amyloid plaques 11. The familial forms of AD (FAD), are all
caused by mutations in genes related to the production of Aβ; APP, Presenilin-1 (PS-1) and
Presenilin-2 (PS2), where the two latter constitute the catalytic subunit of the γ-secretase
complex 12. More than 200 mutations have been identified in these genes 13. The APP gene is
located on chromosome 21, which exists in three copies in people with Down’s syndrome. These
individuals have an overproduction of Aβ peptides and they also develop Alzheimer-like
pathology early in life. Despite this, it is not clear how Aβ contributes to the disease or what the
physiological role of the peptide is. Several studies have shown that Aβ is neurotoxic and
different mechanisms have been proposed. Administration of Aβ directly into rat brain caused
both excitotoxicity

14

and synaptic dysfunction 15. Studies have also shown how Aβ can interact

with components both inside the cell and on the plasma membrane leading to cellular
dysfunction and cell death. For example, the mitochondrial enzyme Aβ-binding alcohol
dehydrogenase (ABAD), was demonstrated to interact with Aβ inside the mitochondria in both
AD patients and transgenic mice, causing mitochondrial dysfunction 16. On the cell surface, many
membrane proteins were shown to interact with Aβ leading to direct toxicity 17. In addition,
several studies have linked Aβ to the generation of free radicals and oxidative stress 18-20. Between
cleavage of APP to the formation of plaques, the monomeric Aβ misfolds and forms dimers,
oligomers, protofibrils and mature fibrils in a sequential manner

21,22

. In the early 90’s, the

amyloid hypothesis was presented, which states that it is the Aβ species that are neurotoxic and
the driving force behind the disease, with the formation of NFTs and cell death being secondary
events 23. During the last two decades, the Alzheimer research community has debated which
one of the Aβ entities is the one mediating the neurotoxic effects. The dimers, oligomers and
protofibrils have all been shown to have toxic effects in different studies 24 25,26. However, there
are also arguments against the amyloid hypothesis. First of all, the amyloid hypothesis is mainly
based on FAD that is caused by deterministic genes. This cannot explain the sporadic form of
2

AD, which accounts for more than 95% of all Alzheimer cases. Interestingly, a recent study in a
mouse model showed how some known PS-1 mutations led to abolished protease activity and
impaired brain function, independently of Aβ 27. The neuropathological signs of AD, plaques and
tangles, start and spread differently in the brain. If Aβ were the driving force one would expect
the two pathologies to follow the same pattern of spreading yet the grade of cognitive
impairment is actually more correlated with NFTs than plaques. In addition, people can have
plaque pathology in the brain without any signs of dementia 28. Despite the fact that it was almost
thirty years since Aβ was discovered, its physiological function is still not known. However, it has
been suggested that Aβ can be involved in control of synaptic activity 29 and that it even can have
antioxidant-, neuroprotective- or anti-microbial function 30-32.
The Amyloid Precursor Protein can also be cleaved in a way that does not generate the Aβ
peptides. This occurs when APP is initially cleaved by α-secretase instead of β-secretase and it is
this pathway, the non-amyloidogenic, which dominates in the healthy brain 12. The most studied
α-secretases belongs to the A Disintegrin And Metalloproteinase domain-containing protein
(ADAM) family

33

. They are transmembrane proteolytic enzymes that perform ectodomain

shedding of other transmembrane proteins such as APP 34. One of the most studied proteins in
the ADAM family is ADAM10. Besides APP, ADAM10 together with γ-secretase also cleave the
Notch protein 35, which is involved in embryogenesis and neurodevelopment. In fact, ADAM10
knockout mice are embryonically lethal. The APP cleavage by ADAM10 occurs constitutively
but can be also be regulated through activation of intracellular signaling mediators such as
protein kinase C and MAPK

36,37

. ADAM17 is another member of the ADAM family that is

considered to have a more regulated α-secretase activity 38.
1.1.3 Tau
The other major protein accumulation found in AD brain, neurofibrillary tangles (NFT) are
made up of hyperphosphorylated tau protein. These lesions can be seen in other
neurodegenerative diseases as well such as frontotemporal dementia (FTD). The exact role of tau
in these diseases is not known, but it is likely a combination of a toxic effect, and a lost
physiological function as the protein aggregates 39. Tau is mainly expressed in neurons and has six
different isoforms 40. They are involved in the stabilization of microtubules. One way to regulate
tau is by phosphorylation, an event that is increased in AD

41

. When tau gets

hyperphosphorylated it can destabilize the protein leading to dissociation from the microtubule
and aggregation of tau into filaments that make up the NFTs. The formation of these tangles is
correlated with the severity and progression of the disease

42

. The protein has several

phosphorylation sites and the different epitopes are correlated with different stages of aggregated
3

tau 43. Furthermore, different modulations of tau have been shown to have neurotoxic effects,
such as phosphorylations at certain residues, truncation, oligomerization and formation of the
NFTs 44.
1.1.4 Apolipoprotein E
The human gene for Apolipoprotein E (ApoE) is located on chromosome 19 and exists
principally as three different alleles named ε2, ε3 and ε4 (ApoE2, 3 and 4). The ε3 is the most
common and has a global frequency of 78% whereas ε2 and ε4 has 8% and 14% respectively 45.
Apolipoprotein E4 is the major genetic risk factor for sporadic AD. Individuals who carry one
copy of the ε4 allele have an approximately three times higher risk while those with two copies
have an almost 15 times higher risk for developing AD. However, there are variances between
different ethnic populations. The ε4 allele is also associated with earlier age of onset, both for
familial and sporadic AD. The mean age of onset for the sporadic cases are 84 years in noncarriers and 68 years in ε4 homozygotes 46. The risk of developing AD is likely a result of the
interactions between genetic and environmental risk factors. Both epidemiological and
experimental studies have shown that apoE4, in combination with life-style risk factors, can
amplify the risk and cause more severe damage than the individual risk factors alone 47,48.
The differences between the isoforms are located at position 112 and 158 in the amino acid
sequence of ApoE. These amino acids are etiher cysteine (Cys) or arginine (Arg) in the following
arrangement: apoE2 (Cys112, Cys158), apoE3 (Cys112, Arg158), apoE4 (Arg112, Arg 158)

49,50

.

The protein consists of two major domains, a receptor-binding domain and a lipid-binding
domain 51. One of the main functions of ApoE is to bind lipoprotein and transport them from
the site of production to its target destination. The main source of ApoE is the liver but it is also
present in high amounts in the brain. 52 It is synthetized by glial cells and it transports cholesterol
to neurons for uptake. The brain is rich in cholesterol and is a main component of cell
membranes and myelin sheets. Consequently, ApoE is also important for neuronal repair after
brain injury 53. The secreted ApoE is internalized through interactions with members of the lowdensity lipoprotein (LDL) receptor family 54,55, which are more abundant in neurons compared to
glial cells 56. The ApoE3 and ApoE4 isoforms have an equal binding capacity to the lipoprotein
receptors while the capacity for ApoE2 is poor 49. The ε2 allele is linked to the genetic disorder
type III hyperlipoproteinemia and the reduced binding capacity to the receptor is thought to be a
causative factor for this disease. There are also differences in lipid preference between the two
isoforms. Apolipoprotein E2 and E3 prefer smaller lipoproteins enriched in phospholipids
(HDLs) while ApoE4 favors the larger ones with high triglyceride content (VLDLs). Even
though the lipidation state is important for the receptor preference of ApoE, it has been
4

demonstrated that lipid binding is not required for internalization into the cells. In addition, lipidfree ApoE prefers lipoprotein receptor-related protein (LRP) over the LDL receptor

57

.

Furthermore, ApoE4 is rather unstable compared to the other isoforms and can form a so-called
molten globule state where the hydrophobic core of the protein is more exposed 58. How ApoE4
contributes to a greater risk of AD is not clear and hypotheses including both a gain of toxicity
and loss of function have been suggested. 59 Some of them are described below and a summary is
found in Table 1.
The gene dosage of ApoE4 was negatively correlated with the number of dendritic spines in the
hippocampus, moreover in ApoE4 Targeted Replacement (TR) mice the excitatory synaptic
acitivity was reduced compared to ApoE3 mice 60. This suggests that ApoE4 mediates AD risk
through synaptic dysfunction. Other studies using mice models have shown that ApoE4 is
associated with impaired lipid metabolism, by reduced neuronal uptake and lower levels of
61,62

cholesterol in the brain

, and with defective neurogenesis by weakened maturation of

newborn neurons in the hippocampus 63. All these are examples of ‘’loss of function”, where
normal processes in the brain are disturbed.
Table 1 - Suggested roles of ApoE4 in AD pathogeneis

Loss of function

References

Gain of function

References

Synaptic dysfunction

60

Atrophy

64, 65

Lipid metabolism

61, 62

Tau

66, 67

Neurogenesis

63

phosphorylation
Aβ aggregation

68

Aβ clearance

69

Oxidative stress

70 - 72

Neurotoxity

73 - 77

On the ‘gain of function’ side are examples of higher brain atrophy in the hippocampus and
cortex of ε4 carriers

64,65

. There are also associations between ε4 genotype and the classical

hallmarks for AD, Aβ and tau. A truncated version of ApoE induces tau phosphorylation in
brains of transgenic mice and tangle-like inclusions in neuronal cell cultures

66,67

. In addition

ApoE4 is associated with increased aggregation and reduced clearance of Aβ. A study using
Pittsburg compound B (PiB) positron emission tomography (PET) scans revealed an association
between ε4 gene dose and fibrillar Aβ in several brain areas of cognitively normal subjects 68.
Furthermore, a study in mice models expressing the human variants of ApoE, showed by using
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in vivo microdialysis, that the genotype affects the clearance of Aβ and the efficiency was lowest
for the ApoE4-expressing mice

69

. Moreover, there is a correlation between ApoE4 and

oxidative stress. AD patients who were ε4 carriers had increased oxidative stress and reduced
antioxidant activity in the hippocampus compared to non-carriers 70. A similar effect was seen in
human ApoE4 mice, where markers of oxidative stress were increased in the cortex, especially in
females. Notably, these mice had lower estrogen levels in the brain 71. In vitro, it was also
demonstrated that ApoE4 worsens Aβ induced oxidative damage to synaptosomes 72. A deeper
review of oxidative stress in general and its role in AD is found in section 1.2. Finally, the ApoE4
peptide can have neurotoxic effects, either by causing direct cell death or by mediating the toxic
effects of Aβ 73,74. This has been shown with both full-length ApoE4 and a truncated version 75.
The toxicity has been suggested to occur through different mechanism e.g. mitochondrial
dysfunction and increase in intracellular calcium levels

76,77

. In Paper III, a new mechanism for

ApoE4 mediated neurotoxicity with a clear link to oxidative stress is presented.
1.1.5 Other risk factors
There are many other identified risk factors for AD besides ApoE, both genetic and
environmental. One of the acknowledged risk genes for the disease is the SORL1 gene that
codes for the sortilin receptor-related protein (SORL1) 78. A proposed mechanism for SORL1 in
AD pathophysiology is through regulation of endocytic trafficking of APP containing vesicles.
Interestingly, SORL1 can also function as a receptor for ApoE 79. With the use of Genome-wide
association studies (GWAS) more genes were discovered including CLU, CR1 and PICALM 80.
In 2013, an even larger GWAS study was conducted with 17,000 AD cases and more than
double the amount in controls. In this study, eleven new susceptibility loci for AD were
identified 81. Many of the candidate genes at these loci are linked to immune response and
inflammation.
There are many environmental and life-style factors that are linked to increased risk for AD. The
main one is aging, even though one can argue whether it is an environmental or life-style factor.
Anyhow, the risk for dementia increases as we age. In western Europe, in the age group 60 - 64,
the prevalence of dementia is 1,6%, and increases gradually for each sequential age group. For
people above 90 years of age, the prevalence is 43% 82. Family history is another important
aspect. People with a first-degree relative of dementia, have a higher risk of developing AD. This
has likely to do with a combination of other genetic and environmental risk factors 83. As in many
other diseases, the diet plays an important role in preventing or contributing to the development
of AD. A low intake of certain nutrients such as vitamins and antioxidants is linked to an
elevated risk of the disease, while a moderate intake of unsaturated fats and a so-called
6

Mediterranean diet might be protective 84. Alcohol abuse and tobacco smoking are examples of
life-style factors that have been linked to increased risk for AD

85,86

. Other types of diseases or

medical conditions can also predispose individuals to develop AD. Such a condition is diabetes
mellitus. A population-based twin study concluded that diabetes increases the risk of AD.
Intriguingly, the risk was stronger if the diabetes onset occurred before 65 years of age 87. Similar
results have also been seen regarding high blood pressure and high plasma levels of cholesterol.
Hypertension in mid-life increases the risk of AD later in life 88. Regarding cholesterol levels, the
results are conflicting but principally high plasma levels of cholesterol in mid-life increases the
risk for AD, while the situation is opposite in older individuals 89. However, this does not say that
increasing cholesterol late in life could protect individuals from developing AD. The last three
mentioned risk factors are all directly or indirectly linked to the metabolic syndrome (MetS),
which is a cluster of conditions that also includes obesity, and it is important challenge for public
health worldwide. Few longitudinal studies have been conducted in order to investigate AD risk
by the combined MetS factors. In a study from 2009, no association was found between MetS at
baseline and risk for AD within the 4-year follow-up time 90. However, all of the participants in
the study were above 65 years of age, which could explain why no association was found. Apart
from the risk factors, there are also environmental influences that are considered to be protective
such as physical- and social activity and higher levels of formal education 91.
Highly relevant to this thesis work, is also the fact that the prevalence of AD is higher in women
than in men, and a proposed reason is the estrogen deficiency in post-menopausal women 92. In
fact, reduced levels in CSF of the most abundant form of estrogen, 17β -estradiol (E2), are
associated with more Aβ in the brain of female AD patients.
neuroprotective effects both in in vitro- and in vivo models of AD

93

Estrogen also had

94,95

. It has also been

demonstrated in post-mortem tissue that female AD patients are deficient in mitochondrial
estrogen receptor (ER)β 96.
A hypothesis for the mechanism behind estrogen neuroprotection is via defense and
improvement of the mitochondria, followed by a reduction in ROS formation, and/or activation
of the antioxidant defense system 97,98 A study from 2003 demonstrated that estrogen induced the
expression of Trx1 and suggested that it could play an important role in the neuroprotective
mechanism 99. In Paper I, this is investigated further. With this knowledge, clinical trials have
been conducted using estrogen-containing hormone therapy as a treatment for AD patients.
Unfortunately, they have been unsuccessful

100

. However, none of the trials were done to

evaluate estrogen as a prevention strategy in younger individuals. Furthermore, women above 65
who got post-menopausal hormone therapy had an increased risk for brain atrophy

101

. This

marks the importance of finding the right target groups in the design of clinical trials.
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1.1.6 Cell death in Alzheimer disease
The loss of neurons was mentioned earlier as one of the key features of AD pathogenesis. Many
toxic triggers have been suggested as a potential cause of cell death such as Aβ, tau, apoE4 and
oxidative stress. Unfortunately, there are no therapeutic options available today in order to rescue
dying neurons, and the mechanisms behind cell death in AD are not fully elucidated. Cell death is
classically divided into two separate categories; necrosis and apoptosis but there are examples of
mechanisms that are separate from these two e.g. “dark neurons” that can be formed when
neurons lose their communication with other neurons through loss of synapses 102. Necrosis has
been considered as a form of uncontrolled cell death that involves loss of membrane integrity,
cell swelling, lysosomal leakage, random DNA fragmentation and lysis. It is often also
accompanied with a significant inflammatory response

103

. This has also been seen merely as a

random event and a consequence of accidental insult but the view has changed and it seems as if
the necrosis process can be regulated as well

104,105

. Necrosis has been proposed as a possible

mechanism of cell death in AD. A morphologic and biochemical characterization of
hippocampal post mortem section in brains from patients with FAD, showed the typical pattern
of necrotic cell death

106

. In addition, the glutamatergic neurotransmission is impaired in AD

patients and when glutamate accumulates it can induce necrosis or apoptosis depending on the
concentration 107.
Apoptosis, the other archetypal mechanism of cell death, is considered to be a more controlled
or physiological mechanism and is often referred to as programmed cell death. The classical view
of apoptosis has been that it is induced by a physiological stimulus, followed by membrane
blebbing, shrinkage of the cell, non-random fragmentation of DNA and formation of apoptotic
bodies that is engulfed by phagocytes. In addition, this view states that the lysosomal
compartments generally are kept intact and that no inflammatory response is provoked 103. Inside
the cells there are certain proteins and pathways that can mediate the signal for apoptosis, such as
p53, MAPK, Bax, Bcl-2, cathepsins and caspases. The latter ones are a family of cysteine
proteases that are important in the end-stages of several apoptotic pathways. Caspase-3 is
activated in the very last stage and is considered to be the executioner of these pathways 108.
There are several signs of apoptotic cell death in AD and several studies using TUNEL assay to
detect DNA damage have shown positive staining in neurons and glia in post-mortem tissue
from AD brains, especially in the hippocampal region

109 110

. Interestingly, these studies found

little correlation between the DNA damage and the amyloid plaques. A TUNEL assay labels the
terminal end of nucleic acids and is commonly used to detect apoptotic cell death. However, as
8

fragmentation of DNA occurs also in necrotic cell death, results from TUNEL assays need to be
carefully interpreted in combination with additional structural analysis. Other major signs of
apoptosis in AD are increased activation of caspases, including caspase 3, 6 and 8 111-113.
The marked separation of apoptosis and necrosis in neuronal cell death in AD has been
questioned

114

. The end-stage of apoptosis is rather fast and can be completed within 24 hours.

This would imply that only a small fraction of all neurons die every day considering the long
duration of the disease progression. This corresponds with the lack of apoptotic bodies seen in
AD brain. However, the number of neurons with apoptotic features is much higher. If all these
neurons complete their cell death process, the brain would be short of neurons at a much earlier
stage, making pure apoptosis unlikely as the main cause of cell death in AD. Likely, an alternative
mechanism is dominant that involves characteristics from both necrosis and apoptosis.
Furthermore, activation of an apoptotic pathway does not always lead to cell death but the
process can be reversed 115.
Lysosomal impairment was long considered to be a part of necrosis solely. However, nowadays it
is clear that it is involved in apoptosis as well. A low amount of stress and physiological stimuli
can trigger lysosomal membrane permeabilization (LMP), which releases cathepsins that can
activate apoptosis. An overly high stress load can instead cause the lysosomes to rupture with
necrotic cell death as a consequence

116,117

. An important protein regulating cell death is the

lysosomal protease Cathepsin D. It can activate apoptosis through the cleavage of Bid, induction
of mitochondrial dysfunction and the release of cytochrome c followed by further activation of
caspases. 118,119. Furthermore, Cathepsin D has been identified with both β-secretase-like acitivity
and a role in Aβ clearance 120,121. These functions are possibly reflected in the fact that cathepsin
D is found in amyloid plaques

122

and there is a correlation between a Cathepsin D

polymorphism and the amount of Aβ deposited in these accumulations

123

. In addition,

Cathepsin D can degrade Trx1 and thereby, disrupt the inhibition of the ASK-1 pathway,
another road to apoptosis 124. This pathway mediates the signal through c-Jun N-terminal kinase
(JNK) and p38 mitogen activated kinase (MAPK)

125

with subsequent translocation of death-

domain associated protein (Daxx) from the nucleus to the cytosol

126

. The pathway can be

activated by several factors such as tumor necrosis factor (TNF), endoplasmic reticulum stress
and oxidative stress. With relevance to AD, it has also been found that Aβ can activate ASK-1
through oxidative stress 19,127, and that tau can be phosphorylated by p38 MAPK 128. In addition,
gene expression profiling studies showed increased expression of the Daxx gene in the
hippocampus of AD patients. 129,130. In Paper I and III, the role of Trx1 and the inhibition of the
ASK-1 pathway are elucidated further in relation to two risk factors for AD; estrogen and
ApoE4.
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1.2

OXIDATIVE STRESS

The term “oxidative stress” was devised 30 years ago 131 and is defined as the imbalance between
the formation of reactive oxygen/nitrogen species (ROS/RNS) and the ability of the cell to
counteract them by its antioxidant defense. ROS is mainly formed during oxidative
phosphorylation by the electron transport chain (ETC) at the inner membrane of the
mitochondria. Here, energy is converted from NADH and FADH2 to ATP via transport of
electrons through specific protein complexes. Finally, these electrons react with oxygen and
hydrogen ions to form water 132. During this process, electrons can “leak” and react with oxygen,
forming superoxide anions (O2!-). In further reactions, they can form hydroxyl ions (OH-),
hydrogen peroxide (H2O2) and hydroxyl radicals (OH!), where the latter one is the most reactive
133

. When O2!- reacts with nitric oxide (NO) it forms RNS in the form of peroxynitrite (ONOO-

). It can then react further to generate other forms of RNS such as nitrogen dioxide (NO2!)
and nitrosoperoxycarbonate (ONOOCO2-). Transition metals are also involved in the
production of ROS. They have changeable oxidation states and can catalyze both reduction and
oxidation reactions. For example, hydrogen peroxide can react with ferrous ions (Fe2+) to
generate hydroxyl radicals in the so-called Fenton reaction 134. Certain enzymes can also generate
ROS in order to mediate cellular signaling 135, and immune cells produce ROS/RNS as a way to
activate the innate immune response

136

. However, when the production of ROS/RNS is

excessive or the antioxidant defense is insufficient, the cell is in a state of oxidative stress, which
is potentially harmful to all macromolecules of the cell.
When the DNA strand gets oxidized it can affect transcription and replication of genes. The
nucleoside guanosine can be oxidized by OH! forming 8-hydroxyguanosine (8-OH-dG) and is
used as s biomarker of oxidative stress 137. In a similar way, RNA bases can become oxidized 138,
which can lead to breakage of the nucleotide chain or ribosomal dysfunction
appears to be rather resistant to oxidation

139

. The nuclei

140

, which can explain why RNA is considered to be

more susceptible to oxidation compared to DNA. Modifications of DNA are more likely leading
to irreversible changes in the cell, making the need for compartmentalized protection higher.
The lipids of the cell membranes are also sensitive to oxidation. The most susceptible of the fatty
acids are the polyunsaturated ones (PUFA). When they are attacked by OH! they get
peroxidized forming isoprostanes

141

. Another way of lipid modification is the formation of

reactive aldehydes such as 4-hydroxynonenal (HNE) and malondialdehyde (MDA). These
aldehydes are dangerous in a sense, as they can react with proteins and nucleic acids disturbing
their function

142

. Direct oxidation of proteins can occur at several different sites causing

different types of changes such as backbone fragmentation, side-chain oxidation, loss of activity,

10

unfolding and misfolding

143

. The amino acids are sensitive to oxidative stress, e.g. methionines

and cysteines are easily oxidized and this is considered to be a type of post-translational
modification

144,145

. The thiol (-SH) group of the cysteine residue can form sulfenic- (-SOH),

sulfinic- (-SO2H) and sulfonic (-SO3H) acid when oxidixed. In addition, it can form disulfides
with other cysteines, which can cause a dramatic conformational change of the protein. In
general, these changes are reversible but there are examples of irreversible modifications as well
e.g. when cysteines covalently bind fumarate or dicarbonyl groups forming Scarboxymethylcysteine (CMC) or S-(2-Succinyl)cysteine (2-SC) respectively

146,147

. Carbonyl

products are usually formed when threonine, arginine, lysine and proline get oxidized. They can
be formed in reactions with the lipid aldehydes mentioned above and are often used as markers
of protein oxidation 148. As the mitochondrion is a major site for the generation of ROS it is also
susceptible to oxidative damage. The DNA coding for the mitochondrial proteins are located
within the mitochondria itself making them extra vulnerable. In addition, mitochondria is the site
of formation of biologically available iron by iron/sulfur clusters

149

. Hence, impairment of

macromolecules within the mitochondria can cause even more ROS formation and eventually
lead to cell death 150.
Luckily, the cells have a versatile defense system against oxidative damage, in the form of
antioxidants. Some of them are exogenous, coming from our dietary intake, including different
vitamins and polyphenols. Many of these are essential to cellular function. However, an
excessive intake of exogenous antioxidants can instead have a pro-oxidant effect, giving a
double-edged sword character to these dietary compounds 151. The other types of antioxidants
are endogenous and are synthesized by the cells themselves. They can be both enzymatic and
non-enzymatic. Examples of non-enzymatic compounds are lipoic acid, coenzyme Q10 and
the most abundant one, glutathione (GSH). Glutathione can scavenge oxygen radicals directly
or act as a substrate for the enzymatic antioxidants glutathione peroxidase (GPx), glutathione
reductase (GR) and glutathione S-transferase (GST)

152

. There are many other enzymatic

antioxidants, all with specific functions. Superoxide dismutase (SOD) catalyzes the conversion
of superoxide anions to H2O2 and O2. Furthermore, catalase converts the generated H2O2 to
water and oxygen 153. Another important antioxidant, Thioredoxin-1 (Trx1), which is the main
topic of this thesis, will be reviewed in a specific section below (see 1.3).
1.2.1 Oxidative stress in Alzheimer disease
One major sign of aging is increased oxidative stress and there is a wide spread theory saying that
oxidative stress is the answer to why we age

154

. This theory states that aging is driven by the

accumulation of oxidative damage. Evidence supporting this theory shows that some animal
11

models with extended longevity due to genetic alteration or calorie restriction, also had reduced
oxidative stress burden. This has also been observed in the brain. One rat strain that has higher
longevity than common rats and lives longer without any disease symptoms also showed
conserved antioxidant function in brain

155

. Increased oxidative stress in combination with a

decreased antioxidant defense is also seen in the aging human brain 156. The brain is vulnerable to
oxidative stress due to several reasons. First of all, the metabolism of the brain is relatively high
with 20% of all oxygen and 25% of all glucose being consumed by cerebral functions

157

.

Moreover, the brain is an organ with a high amount of PUFA that are more sensitive to
oxidation 158 and the levels of redox active metals are also high, which can render an even further
increased ROS production

159

. With this in mind, the brain has relatively low levels of

antioxidants in comparison with other tissues, especially catalase and GPx, the two most
important enzymes in the detoxification of hydrogen peroxide

160

. The fact that neurons in the

adult brain are post-mitotic
and

are

generally

not

replaced also contributes to
the vulnerability of this

Proposed factors contributing to oxidative stress in
AD brain.

organ.
In

AD,

HIGH
the

oxidative

signs

stress

of
are

prominent and affects all
parts of the cell. Studies on
lipid peroxidation showed
how the levels of both
isoprostanes

and

Glucose metabolism
Energy consumption
Redox-active metals
PUFA concentration
Mitochondrial dysfunction
ApoE4
Aβ

LOW
Catalase
GPx
GSH/GSSG
MsrA
Trx1
Estrogen

HNE

were increased in early stages of the disease

161,162

. The levels were also higher when comparing

with other neurological disorders 163. Oxidative damage is also evident when analyzing the nucleic
acids of the cell. The levels of 8-hydroxyguanine were increased in AD compared to control, in
areas of the brain that are predominantly affected by AD pathology 164. The same was observed
in a study of oxidative protein modifications 165. Interestingly, the changes were observed early in
the disease progression, in patients with mild AD and the levels did not differ in the later stages
of the disease. Modifications of proteins by oxidative stress has been linked to
neurodegeneration via protein misfolding. When protein-disulphide isomerase gets nitrosylated,
its chaperone activity is inhibited, which can cause accumulation of misfolded proteins that is
seen in AD and other neurodegenerative disorders 166.
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The changes in AD brain stated above can also be detected in the cerebrospinal fluid (CSF).
Increased levels of oxidated lipids, DNA, and proteins, have all been detected in samples from
AD patients

167-169

. The latter was also negatively correlated with the Mini–Mental State

Examination (MMSE) score, a test examining cognition. When it comes to the analyses of
plasma and serum, the results have been ambiguous and a study in rats showed that there is no
correlation between markers of lipid peroxidation in the brain and plasma 170. This suggests that
markers of oxidative stress in the blood do not mirror the oxidative damage in brain. Also when
RNA oxidation was analyzed in both CSF and blood, no correlation was found 171.
Not only is the oxidative damage higher in AD brain, there is also an impairment in the
antioxidant defense that is more severe than what is observed for the aging brain. In affected
brain regions of AD patients, the ratio between reduced and oxidized glutathione is lower
compared to controls

172

. However, both forms of glutathione are individually increased

compared to controls, which could reflect a compensatory mechanism where more GSH is
produced in order to resist the increased oxidation.

There are also examples of enzymatic

antioxidants having reduced levels and/or activities in the AD brain e.g. Catalase 173, Methionine
sulfoxide reductase (MsrA) 174, GPx 175 and Trx1 19. On the contrary, there are enzymes showing
increased levels in the brain, for example Manganese superoxide dismutase (MnSOD), which is a
protein localized to the mitochondria

176

. In AD brains, this enzyme is increased in neurons in

several regions of the hippocampus. Since the role of MnSOD is to detoxify O2!-, this general
increase is likely a compensatory mechanism for the increase in oxidative stress. Interestingly, the
increase was smallest in the CA1 region, the region that is most affected by AD pathology.
The Aβ peptides that are excessively produced in AD brains may also have a connection with
oxidative stress. Aβ can cause increased production of ROS
metals

177

, and mitochondrial dysfunction

127

, via reduction of redox active

178

. Furthermore, the triple-transgenic mouse model

that carries mutations associated with familial AD have increased lipid peroxidation in the brain
before any signs of plaque pathology 18. In another AD mouse model overexpressing a double
mutant of APP, induction of oxidative stress increased the levels of Aβ42 and worsened the
plaque load

179

. Cell experiments have also shown that oxidative stress can induce production

and accumulation of Aβ

180,181

. These studies demonstrate that the cause/effect relationship

between oxidative stress and Aβ works in both directions. The question is, which of the two is
the primary event in AD pathogenesis. It has been reported that oxidative damage is the earliest
event of the disease 182. In FAD, the inherited mutations are undoubtedly the causing factor but
oxidative stress probably plays a role in the disease progression. In the sporadic cases however,
oxidative stress could instead be the driving force.
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1.3

THIOREDOXIN-1

More than 50 years ago, in March 1964, researchers from Karolinska Institutet and Uppsala
University showed for the first time how they managed to isolate and characterize Thioredoxin
(Trx) from E.coli 183. They write: “The biological function of the protein described in this paper is dependent on
the cyclic reduction-oxidation of a single S-S group of the compound, and the name thioredoxin therefore seems to be
appropriate”. Even though the function of the protein was not clear at this time, the scientist
suggested that it was functioning as an electron donor for ribonucleotide reductase and that
Thioredoxin reductase (TrxR), at that time with a different name, can catalyze the reduction of
Trx. These statements turned out to be true and since then, the human thioredoxin family has
shown to play an important role in human physiology and has been implicated in several major
diseases. Trx1 was previously known as adult t-cell leukemia factor but in the late 1980’s it was
identified as human homologue of Trx

184

. There are three variants of Trxs in humans; Trx1,

which is the most studied, a mitochondrial form called Trx2 and SpTrx that are predominantly
expressed in spermatozoa

185

. All these variants contain an active site that is conserved through

evolution and consists of the amino acids –Cysteiene-Glycine-Proline-Cysteine- (Cys-Gly-ProCys). This is the site where the oxidoreductase reaction is occurring. In this reaction, two
electrons are transferred from the cysteine residues in the active site of Trx to a substrate, e.g. an
oxidized protein. Consequently Trx becomes oxidized in this reaction and needs to be

Protein-S2

reactivated. This is achieved by TrxR as

Protein-SH2

stated by Laurent el al. in the very
beginning of the Trx history

Trx1
SH

reactivation

Trx1
S

SH

reaction,

TrxR

183

. In this
receives

electrons from NADPH and utilizes
FAD as a co-factor

S

schematic

186

. See Fig. 1 for a

representation

of

the

combined reaction.

TrxR
S

S

FAD

TrxR
SH

FAD

SH

There is a plethora of features described
for Trx1 and its importance for cellular
functions is reflected in the fact that
homozygous Trx1 knockout mice are
embryonically lethal

NADPH + H+

NADP+

Figure 1 - A schematic representation of how electrons are
transferred from NAPH to the oxidized protein (Protein-S2) via
TrxR and Trx1.
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187,188

. As mentioned

above, it is involved in DNA replication
as a hydrogen donor for ribonucleotide

reductase. It is also a part in the regulation of several important transcription factors such as
NFκB and p53.189,190. In addition, it has been attributed with a chemokine role in inflammation 191
and has anti-apoptotic properties via inhibition of the ASK-1 pathway and inactivation of
caspase 3

192,193

. However, the main function described for Trx1 is in the protection of proteins

against oxidative damage, both directly by reducing protein disulfides, and indirectly through
activation of other antioxidant proteins such as peroxiredoxin and methionine sulfoxide
reductase

185,194,195

. The activity of Trx1 can be regulated by the Thioredoxin-interacting protein

(TXNIP). It binds the active site and thereby inhibits the reducing function. It resides normally
in the nucleus but can reach the cytosol to interact with Trx1 upon oxidative stress 196,197.
Increased levels of Trx1 has been linked to many types of cancers but its role is controversial.
Since cancer cells are under oxidative stress, it is possible that the increase in Trx1 levels is merely
a response mechanism. However, since Trx1 has an anti-apoptotic function it could potentially
stimulate tumor development. In addition, many cancer therapies rely on the production of ROS
to kill cancer cells. Therefore, inhibition of Trx1 has been suggested as a treatment

198

. On the

other hand, Trx1 can protect against DNA damage that otherwise could be carcinogenic 199.
1.3.1 Thioredoxin-1 in neurodegeneration
Trx1 is a ubiquitous protein that is expressed in virtually all tissues of the human body. However,
expression in the brain is rather low compared to other organs

200

. This could explain why the

Trx1 system in brain is sensitive to disturbances and why it is implicated in many
neurodegenerative disorders. Several studies have been done in order to determine the levels of
Trx1 in AD brains. In the earliest one, Trx1 was detected mostly in the white matter, especially in
glial cells, and the levels were higher in AD compared to non-neurological cases 201. Later, when
areas of the grey matter were analyzed more in detail, the levels of Trx1 was shown to be
decreased in all brain regions studied, especially in the amygdala, the hippocampal region and
parts of the temporal lobe. The same studies also showed an increased activity of TrxR in all
regions, with statistically significant differences in the amygdala and cerebellum 202. Results from
my lab showed similar results using immunohistochemistry (IHC). The immunoreactivity of
Trx1 was reduced in neurons in the frontal cortex and hippocampus of AD patients.
Interestingly, the opposite was seen for cells with an astrocyte-like profile 19. In addition, another
study showed reduction in hippocampal Trx1 levels already in patients with amnestic mild
cognitive impairment (MCI), which is a pre-stage to AD 203. However, a recent report showed no
differences in Trx1 levels when using IHC on hippocampal sections. According to the authors,
the localization of the protein differed with more cytosolic, and less nuclear staining in AD
brains compared to control

204

. There are also a number of experimental studies that have
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analyzed the role of Trx1 in AD pathogenesis. Many of them have linked Trx1 in the protection
against Aβ toxicity. Both Trx1 treatment in rat primary cultures and overexpression of Trx1 in
neuroblastoma cells protected from Aβ-induced reduction in cell viability

19,202

. It was also

demonstrated that Aβ could cause neuronal cell death through generation of ROS, oxidation of
Trx1 and activation of ASK-1

19,127

. Furthermore, there are examples of indirect protection,

where known neuroprotective compounds upregulate Trx1. This was seen for Omega-3 and Snitrosoglutathione. They both showed neuroprotection against Aβ cytotoxicity in combination
with increased Trx1 levels 205,206. In addition, a certain neuronal murine cell line, that was resistant
against the damaging effect of Aβ, showed increased expression of Trx1. There a fewer links
between Trx1 and the other major neuropathological hallmark for AD, the NFTs. However, one
in vitro study demonstrated how cysteine oxidation of tau could impair its ability to promote
microtubule assembly, and how addition of Trx1 could restore this function 207. In this thesis, the
role of Trx1 in AD pathogenesis is further investigated.
Thioredoxin-1 also has a neuroprotective role after ischemic stroke. Studies on rats showed how
experimentally induced ischemia, through middle cerebral artery occlusion, diminished Trx1 in
the ischemic region while the levels were increased in the penumbra. This was seen in
combination with increased survival of cells in the penumbra while the ischemic region was more
susceptible to cell death

208

. Furthermore, experimentally increased Trx1 levels led to decreased

brain damage in mice models of cerebral ischemia. This was seen after both intravenous and
intraperitoneal injections of recombinant Trx1 and in overexpressing mice 209-211.
1.4

THIOREDOXIN-80

Trx1 can become truncated at the C-terminal generating an 80 amino acid long peptide called
Thioredoxin-80 (Trx80) 212,213 (Fig. 2). This peptide was known before as eosinophil cytotoxicityenhancing factor and was discovered in the supernatant of human peripheral blood mononuclear
cell (PBMC).

214,215

. When Trx1 gets truncated it looses one helix and one strand which

theoretically exposes the inner hydrophobic area. However, the active site and all structural
cysteines are still left in the sequence but the remaining N-terminal peptide does not maintain the
oxidoreductase activity of Trx1. Until we published our results in Paper II, the enzyme
responsible for cleaving Trx80 was unknown. There is a limited amount of studies on Trx80 and
the majority of the work is done on macrophages and monocytes. In these cells, the peptide was
reported to be present mainly at the cell surface facing the extracellular environment and also
secreted into plasma 216,217. There is a rather big variance between individuals in the Trx80 levels
in plasma, and the levels do not correlate with the levels of Trx1 217.
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Figure 2 – TRX80 is generated via enzymatic cleavage at a lysine residue at postion 80 in the amino acid sequence of
Trx1. The active site and all structural cysteines remain after truncation (not shown) but the peptide looses its reductive
capacity.

Most reports of the function of the peptide are related to the immune system. Interestingly, the
function can differ dramatically between Trx80 and Trx1. When exogenous Trx1 was applied to
human macrophages carrying the HIV virus, it inhibited the expression of the virus, while Trx80
218

enhanced the production

. In a similar way, Trx1 and Trx80 had opposite effects in

activating/inhibiting the complement cascade
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. Furthermore, a study on Peripheral blood

mononuclear cells (PBMC) showed that Trx80 had a mitogenic effect that was not seen for Trx1.
In addition, Trx80 increased the production of the cytokines Interleukin-12 (IL-12) and
Interferon-gamma (IFN-γ) in these cells

220

. Monocytes can be activated and differentiated by

Trx80, and it has been described as a new cell type called Thioredoxin-80-Activated Monocytes
(TAMs). The differentiation occurs via activation of MAP kinase pathways and these cells have
been shown to inhibit the replication of intracellular pathogens

221,222

. Regarding diseases, Trx80

has been linked to both atherosclerosis and rheumatoid arthritis. A recent study showed how the
peptide promoted differentiation of macrophages into the M1 phenotype and how it severed
vessel lesions after intraperitoneal injections in a mouse model of artherosclerosis

223

.

Synoviocytes from rheumatoid arthritis patients released Trx80 after stimulation with
inflammatory cytokines

224

. However, whether Trx80 is found in the brain or not has been

entirely unknown. Paper II and IV show the first results on Trx80 in the brain and its
implications in AD.
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1.5

BRAIN NEUROPROTECTION AND COGNITIVE RESERVE

The most frequently used drugs to treat AD today are cholinesterase inhibitors and an NMDA
antagonist. They are used in mild to moderate AD and delays symptoms for a limited time.
Unfortunately, these drugs are only symptomatic and they do not stop the disease progression. A
large amount of clinical trials have been conducted in order to find a disease-modifying treatment
but have so far been unsuccessful 225. Many of the trials have had Aβ as a target, by lowering its
production, increasing its clearance or inhibiting its aggregation. However, they have all failed
since the primary end-point was not met and/or the treatment had adverse side effects

226

. The

reason for the lack of effects in these trials has partially been attributed to the fact that the study
population was not optimal with respect to both age and pathology. A lesson learnt from this has
been that a treatment is more probable to be successful if it is given in an early stage of the
disease. In order to tackle this issue, improved diagnostics is needed. However, AD is a
heterogeneous disorder with many factors contributing to the disease. This makes single-target
strategies questionable. Perhaps neuroprotective strategies in combination with therapies that
directly target the disease mechanisms would be a better option to find a cure. At the same time,
preventive approaches against neurodegeneration are also important in order to lower the
incidence and delay the age of onset. Since many environmental risk factors are identified, the
options for such an approach are potentially numerous. In a double-blind randomized controlled
trial, aged individuals were given a multi-domain intervention including diet, physical training,
cognitive exercise and vascular risk monitoring for 2 years. The control group was given general
health advice. The outcome of the study showed that the group receiving the intervention
improved or maintained their cognitive function 227.
An example of a neuroprotective and preventative strategy is the use of antioxidants

228

.

Disappointingly, none of the trials performed have shown any clear improvement in patients, or
a preventative effect in patients at risk. However, many of them consisted of treatments with a
single compound, which can explain the lack of effect since exogenous antioxidants often have
selective areas in the cells where they are protective. Interestingly, a study using a mix of several
antioxidants and other nutrients that were given to healthy individuals without dementia showed
an improvement in cognitive testing. This supports the idea of a multifaceted treatment
approach. However, when using exogenous and dietary antioxidant, the effect on ROS will not
only occur locally, which can lead to an unnecessary depletion of oxidants in areas not affected
by the disease. Therefore, activation of endogenous antioxidants could be a more suitable
approach for neuroprotection. Support from this are seen in experimental models of Parkinson
disease, AD and cerebral ischemia 19,211,229. There are also other approaches with neuroprotection
as a focus. Insulin has neuroprotective effects both in vivo and in vitro. In a pilot trial, insulin was
18

administered nasally in healthy subjects, MCI- and AD patients. The healthy subjects showed
improvement in attention and memory tasks and the MCI/AD patients also showed
improvements in memory tasks, cerebrospinal fluid markers and in fluorodeoxyglucose (FDG)PET analysis.

230

. Estrogen, which was mentioned previously, is another example of a

neuroprotective hormone that has been used in clinical trials

100

. Furthermore, growth factors

such as brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) hold great
potential as protective and stimulating agents in AD brains. The latter one has been tested in a
small study using encapsulated delivery of NGF producing cells to the basal forebrain. Of the six
patients participating in this study, two showed a positive result on cognitive tests

231,232

. These

responders also showed less brain shrinkage and a better status of CSF biomarkers at follow-up.
Interestingly, Trx1 has been reported to be important for NGF mediated signaling and neurite
outgrowth 233. Regarding BDNF, several studies have shown beneficial effects in in vivo models of
AD 234.
On top of the preventative, neuroprotective and mechanistic treatment comes also the concept
of cognitive reserve. This suggests that individual differences exist in neural networks and
processes behind cognitive functions that make some individuals more prone to brain damage
than others

235

. This is linked to AD since individuals can have widespread AD pathology with

few clinical symptoms of the disease 236. Studies have also shown that factors such as education
and leisure activities can reduce the risk of dementia suggesting that the cognitive reserve is
modifiable 237. Cognitive reserve is also related to brain reserve, which essentially means the size
of the brain and number of neurons. These two concepts are likely important in deciding the
symptomatic manifestation of a pathological or damaging insult to the brain. To understand the
neural basis of cognitive reserve is important in order to find new therapeutic options in AD.
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2 AIMS

T

he brain is sensitive to oxidative stress and this is reflected in the brains of AD patients and
could be a driving force of the disease. The patients also exhibit a reduction in the levels
and activities of several antioxidant proteins, including Trx1. The general aim of this thesis

was to investigate the role of Trx1 in AD using a molecular and cell biology approach in order to
deeply understand the underlying mechanisms of the disease.
SPECIFIC AIMS
•

To investigate the role of Trx1 in the mechanisms behind factors that modulate the risk
for developing AD (Paper I and III)

•

To investigate the production of Trx80 in the brain and its potential role in AD
pathogenesis. (Paper II and IV)

•

To investigate the influence of Trx1 and Trx80 on Aβ effects (Paper I, II, IV).

21

22

3 METHODOLOGICAL CONSIDERATION

T

his thesis covers a cell and molecular biology approach aiming to understand mechanisms
in the human brain. For this, several models have been used. All of them have advantages
and limitations and in the following section some of them will be discussed. A more

detailed description of all methods and models can be found in the individual papers (Paper IIV).
3.1

EXPERIMENTAL MODELS

To study the mechanisms underlying AD it would be ideal to do experiments on actual patients
carrying the disease. For obvious ethical and practical reasons this is not possible and therefore it
is crucial to find the optimal model for what you are analyzing. When choosing the right model
several factors have to be taken into consideration including: ethics, species, time, price,
availability and the possibilities to do experimental modifications. The corresponding ethical
committees have approved all the work done on human and animal samples in the studies.
3.1.1 Cell lines or primary cultures
In all of the studies presented in this thesis, a neuroblastoma cell line has been used (SH-SY5Y).
This is a simple but excellent model for studies of cellular mechanisms, with high reproducibility
that allows for genetic manipulation in a convenient way, either through overexpression or
silencing of genes. In addition, it is easy to obtain a large amount of these cells which some
experiments require while no ethical permit is needed. However, this is a cancer cell line that is
immortalized and is originally derived from a tumor. The neurons in the brain are typically postmitotic, which is not the case for neuroblastoma cells, and in many situations they will not
behave the same. Hence, the data obtained should be carefully interpreted and extrapolation to
what occurs in the human brain cannot be done directly. However, primary neuronal cells
derived from embryos of rodents can be used instead and is done in this thesis work as well,
although to a limited extent (Paper II). These cells reflect the human brain more, even though
they are isolated embryonic cells and are no longer part of such a complex organ as the brain. In
addition, differences exist between species that have to be taken into consideration. To
overcome this problem, human primary cultures derived from elective routine, first trimester
abortions are used in two of the studies presented (Paper II and III). They mirror even more
what is happening in the human brain. However, the access to these cells is limited and they can
only be obtained in small amounts. There is also a major ethical aspect that has to be taken into
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consideration when using this material and it is not uncontroversial. In Paper II, we also used
mixed human primary cultures with both neurons and glial cells. These cultures are more
complex and demanding but provide the interplay between different cell types, which mirrors the
situation in the brain further.
3.1.2 ApoE Targeted Replacement Mice
In Paper III we use ApoE TR mice in order to study the effect of human ApoE isoforms on
Trx1 levels in the hippocampus. These mice express human ApoE3 or ApoE4 under the control
of the endogenous murine ApoE regulatory sequences 48. This model offers a well-designed in
vivo system that allows us to analyze the effect of physiological levels of ApoE in the brain, in the
same temporal and spatial pattern as murine ApoE. This is suitable especially since the human
and mouse ApoE promotors differ significantly
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and there is a clear advantage to use this

model compared to “knock-in” or “knock-out” models. Nonetheless, the human ApoE gene still
differs from mouse ApoE and there is no mouse equivalent of the human isoforms. In addition,
the ApoE4 TR mice have lower ApoE levels in the brain compared to ApoE3 TR mice.
However, this is also seen in humans, where a reduction in hippocampal ApoE is proportional to
ApoE4 allele dose 239.
3.1.3 Drosophila Melanogaster
In Paper IV we use a transgenic fly model in order to investigate the effect of Trx80 on Aβ
induced neurotoxicity. This model has some strong advantages in experimental research. It is
relatively cheap and easy to handle. It has a short generation time, allowing for fast production of
new genotypes when crossing flies. It also ensures a significant amount of replicates to work
with. The Drosophila Melanogaster genome has about 17,000 genes and has many human analogs
240

. This makes it a simple but relevant model for studying human diseases. The flies have four

chromosomes including the sex chromosome. When crossing flies, a few balancer chromosome
fly lines are used. Flies homozygous for the balancer are not viable. The balancers also carry a
physical marker such as curly wings or distorted eyes, which makes it possible to distinguish
genotypes without genetic screening 241. In order to express the transgenes we use a GAL4/UAS
system

242

. Briefly, this system uses an upstream activating sequence (UAS) that is placed

upstream of the gene of interest. This sequence has a GAL4 binding site that controls the
expression of the gene. By crossing a fly line containing the UAS sequence plus the gene of
interest (responder) with a line having tissue specific expression of GAL4 (driver) one achieves
selective expression in certain tissues. We use a driver line called ElavC155 that expresses the
transgenes in all types of neurons. However, the expression of GAL4 is temperature dependent
with more expression at higher temperatures. This demands a good control of temperature in the
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fly incubators to minimize variability 243. In our model, we overexpress two peptides that are not
present in normal flies. This has to be taken into account when interpreting results.
3.2

EXPERIMENTAL METHODS

As with experimental models it is important to find the appropriate method for what you want
to study. It can be a qualitative, quantitative or semi-quantitative method. In the latter one, the
experimenter does not obtain a real value of what is measured but rather a value that has to be
related to others. In this thesis work, we have used many different methods and a few of them
are discussed below.
3.2.1 Cell viability assay
In order to study what effect a certain influence has on cell viability we have used cell viability
assays, primarily an MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay.
The MTT assay relies on the decrease, or absence of the activity of mitochondrial
succinyldehydrogenases and other reductases. Dead cells do not have any mitochondrial activity
and apoptotic cells or cells under stress also have a reduced activity. A membrane-permeable
tetrazolium salt, which is a substrate for succinyldehydrogenases, is added to the cultures. Living
and healthy cells then produce a purple-colored and water-insoluble formazan salt, which can be
dissolved in DMSO. The absorbance of the solution is proportional to the mitochondrial
enzymatic activity, and indirectly to the viability of the cells in the culture 244. Hence, a reduction
in signal in the MTT assay does not necessarily mean more cell death but could rather be a
reduced acitivity of the mitochondrial enzymes. A similar kind of assay is the resazurin assay used
in Paper IV. In this assay, a rezasurin salt is converted to another formazan by the same type of
enzymes as for the MTT assay. However, this formazan is fluorescent and water-soluble making
this assay an improvement over the MTT assay. In Paper III, we use a method that measures
the formation of mono- and oligonucleosomes. Since DNA cleavage is a sign of apoptotic cell
death, this assay indirectly measures the levels of apoptosis, which is more specific than just
measuring cell death in general.
3.2.2 Analysis of ASK-1 activation
In Paper I and III, we have analyzed the effect of estrogen and ApoE on activation of the ASK1 pathway. We have previously used a vast amount of commercially available antibodies in order
to detect endogenous ASK-1, either directly by Western Blot (WB) or via immunoprecipitation
of the protein to increase the concentration. However, all of these antibodies have failed to
detect the ASK-1 in non-overexpressing conditions. Therefore, we have used Daxx as an indirect
measure of ASK-1 activation. This protein is located downstream of ASK-1 and translocates
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from the nucleus to the cytosol when the pathway is activated 245,246. We have analyzed this event
both by separation of cell lysates into nuclear and cytosolic fractions, and by
immunocytochemistry.
3.2.3 In vitro experiments using Aβ and ApoE
In all the papers of this thesis work, we have performed treatments of cells with Aβ. As
mentioned above, it is debated which of the Aβ species: dimers, oligomers or fibrils, is the one
mediating the neurotoxic effects. In our experiments we have mainly used recombinant Aβ that
has been aged for 24-48h. This kind of preparation generates a mixture of different aggregation
states 26. Due to the fact that Aβ exists in several different aggregation forms it is difficult mimic
the true physiological concentration in the brain. The plaques and its proximity obviously have a
high concentration while other areas have lower. In addition there differences also exist between
anatomical areas of the brain. In our experiments we have mainly studied the neurotoxic effects
of Aβ. Therefore we have used a concentration of 10 µM, since in our model this generated a
consistent decrease in cell viability of approximately 40%. Furthermore, we have also used Aβ
enriched fractions from human brain in our experiment on cell viability in Paper II. The effect
from this type of Aβ was similar to the recombinant preparation.
In Paper III, we treat cells with recombinant ApoE peptide. In the brain, neurons take up
ApoE that is mainly synthetized by astrocytes. Therefore, we used exogenous treatment of ApoE
in neuroblastoma cells and human primary neurons, in order to study its neurotoxic effects.
ApoE binds members of the low-density lipoprotein (LDL) receptor on the surface of the
neurons and can then be internalized. The lipidation state of ApoE plays an important role for
the receptor preference, however lipid binding is not required for ApoE binding to the receptors
and internalization into cells 55. We have used 100 nM of ApoE in these experiments, which is
also considered to be the physiological concentration 247.
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4 RESULTS & DISCUSSION
In the following chapter, the main findings of this thesis will be summarized and discussed.
Details about results and methods can be found in the individual papers.
4.1

THIOREDOXIN-1 IN RELATION TO RISK/PROTECTIVE FACTORS FOR
ALZHEIMER DISEASE

There are many factors, both environmental and genetic, that affect the risk of developing AD.
Some of them will increase the risk while others are protective. Previous studies have
demonstrated how Trx1 is decreased in AD brain. Therefore, we wanted to study the role of
Trx1 in the mechanism behind some of the factors that modulates the risk for AD (Paper I and
III).
4.1.1 Estrogen protection against Aβ neurotoxicity occurs independently of
Trx1 expression.
Estrogen is a factor that is considered to have a protective effect against AD. The incidence of
the disease is higher in women than in men and one reason for this is thought to be the postmenopausal lack of this hormone. In addition, several evidences from in vitro and in vivo studies
have shown that estrogen has neuroprotective effects against Aβ induced toxicity. Since Trx1
inhibits Aβ toxicity in vitro, we wanted to test if the protection of estrogen was mediated by Trx1
(Paper I). As a model, we used SH-SY5Y cells treated with “aged” Aβ42 together with 17βestradiol (E2) or agonists specific for either ERα or ERβ. We found, using MTT assay that E2
protected against the reduction in cell viability caused by Aβ, and it prevented the cytosolic
translocation of Daxx from the nucleus to the cytosol, a downstream event of ASK-1 activation,
as seen by immunocytochemistry (ICC) and nuclear fractionation. Furthermore, E2 induced
phosphorylation of Extracellular signal-regulated kinase (ERK) and Protein kinase B (AKT), two
events that is linked to estrogen-mediated neuroprotection 248. In addition, E2 also increased the
expression of Trx1. However, when using selective agonists, the effect on cell viability and Daxx
translocation was only seen for the ERα-agonist. Moreover, treatment with this agonist induced
the phosphorylation of AKT but not ERK, and it did not affect the expression of Trx1. From
these results, we concluded that activation of AKT was the most important mechanism for the
E2 protection against Aβ toxicity in SH-SY5Y cells and that the protection occurred
independently of Trx1 expression.
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4.1.2 Apolipoprotein E4 causes a reduction in TRX1 levels and activation of
apoptosis via lysosomal leakage.
Apolipoprotein E4 is the most important genetic risk factor for AD and several mechanisms for
how ApoE4 contributes to the disease development has been proposed. It has been suggested
that ApoE4 has direct injurious effects on the brain, either via activation of apoptosis or through
mediation of Aβ toxicity. Furthermore, AD patients have increased oxidative stress in the brain
and this is worsened in ApoE4 carriers. Therefore, we wanted to study the effects of ApoE on
Trx1 in the brain (Paper III). To do this, we used transgenic mice expressing human isoforms of
ApoE, and different cell models treated with recombinant ApoE isoforms. We discovered that
the Trx1 levels were decreased in the hippocampus of ApoE4 mice compared to ApoE3 mice. A
similar effect was seen in SH-SY5Y cells and human primary cortical neurons after 5h treatment
with ApoE4. In the ApoE4 mice, the mRNA expression of Trx1 was instead increased while it
was not affected in vitro. This suggests that the reduction in Trx1 levels were due to degradation.
Since lower Trx1 levels would imply less inhibition of ASK-1, we wanted to investigate how
ApoE4 affected cell viability and the subcellular localization of Daxx. We found that 24h
treatment with ApoE4 caused a reduction in cell viability and increased levels of apoptosis. This
was accompanied by a cytosolic translocation of Daxx suggesting an activation of the ASK-1
pathway. This was supported by the fact that overexpression of TRX1 and other endogenous
ASK-1 inhibitors, including DJ-1 and Glutaredoxin-1, inhibited the ApoE4 induced reduction in
cell viability. However, the treatment did not affect the redox status of TRX1, which previously
was shown as a mechanism behind Aβ induced activation of ASK-1 19. Instead, ApoE4 caused a
disruption of lysosomes and a leakage of the lysosomal protease Cathepsin D into the cytosol.
This was seen using both co-localization studies of Cathepsin D and the lysosomal marker
LAMP-2, and fractionation of cell lysates into cytosolic and microsomal fractions. It has
previously been shown that ApoE4 is taken up into lysosomes and that it can destabilize
membranes via formation of a so-called molten globule structure 58,249. It has also been reported
that Cathepsin D degrades Trx1, and lysosomal leakage of Cathepsin D can activate other
apoptotic pathways as well

119,124

. Hence, presence of ApoE4 leads to a reduction in Trx1 levels

and activation of apoptosis, via destabilization of the lysosomal membrane and leakage of
Cathepsin D. This is a new mechanistic explanation as to why ApoE4 confers increased risk for
AD. However, it is unlikely that ApoE4 carriers have constantly leaking lysosomes and activated
apoptotic pathways. However, these individuals might be extra sensitive to other insults that can
destabilize the lysosomal membrane such as Aβ. The significance of our findings in an in vivo
context of neurodegeneration should be further investigated.
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4.2

THIOREDOXIN-80 IN ALZHEIMER DISEASE

The results presented above involved Trx1. However this protein can be truncated, generating an
80 amino acid long peptide called Trx80. This peptide lacks the oxidoreductase capacity of the
full-length protein and its function differs dramatically in many occasions. Until our first
published results, all studies on Trx80 in humans had been dealing with its role in the periphery
and nothing was known about Trx80 in the brain. In Paper II and IV, we have analyzed Trx80
in the brain and explored its possible role in AD.
4.2.1 Thioredoxin-80 is cleaved by α-secretase and is decreased in AD brain.
In Paper II we first performed IHC and WB analyses of cortex and hippocampus from human
brain and discovered the presence of Trx80. The staining by IHC was mainly seen in pyramidal
and bipolar neurons but it was also detected in glia cells when analyzing human primary cells. In
pure neuronal cultures, we found that Trx80 was present in both the soma and neurites. In WB
analyses, where peptides are separated according to size, we found that the Trx80 band was
mainly migrating at approximately 30 kDa. The predicted size of Trx80 is rather 10 kDa but we
could by a number of different analyses, including gene overexpression and silencing, confirm
that the 30kDa band indeed was representing Trx80. It is likely that the peptide is present in
brain in an aggregated form. Furthermore, we could also detect Trx80 in the media from
cultivated cells. In Paper IV, we did additional investigations on the secretion of Trx80 and
discovered that both Trx80 and the full-length protein Trx1 were present in exosomes purified
from human brain. By using immuno electronmicroscopy on neuroblastoma cells we could
detect Trx80 intracellularly in vesicular structures resembling multivesicular bodies (MVB). The
vesicular localization was already suggested in Paper II, in our aim to find the enzyme
responsible for cleavage of Trx1 to Trx80. We then observed, using ICC that Trx80 was colocalizing with the enzyme ADAM17 in vesicular structures in the cytoplasm. This enzyme is a
metalloprotease and has α-secretase activity, meaning it can cleave APP without generating Aβ
species. When using modulators of ADAM17 and ADAM10, which is another α-secretase, we
could see that the levels of Trx80 and Trx1 were changed. Thus, we concluded that Trx80 could
be generated by α-secretase. The general α-secretase activity is decreased in AD brain 250 and so
are the levels of Trx1. Consequently we also found a drastic decrease in Trx80 levels in AD
brains. This decrease was also seen in the CSF, and the reduction was detectable already in
samples from MCI patients. Interestingly, there was a significant decrease in MCI patients that
progressed to AD within 2 years, compared to those that were stable. This suggests that Trx80
has potential as a diagnostic and prognostic biomarker for AD.
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4.2.2 Thioredoxin-80 protects against Aβ neurotoxicity in vitro and in vivo.
Thioredoxin-1 has a neuroprotective effect against Aβ neurotoxicity as mentioned above.
Therefore we wanted to test if Trx80 had the same effect.

In Paper II, we treated

neuroblastoma cells with “aged” Aβ 42 and analyzed the effect on cell viability as in Paper I. We
found that cells overexpressing Trx80 were protected against the Aβ42 induced toxicity. The
protection was also seen when Aβ42 was aged together with the Trx80 peptide but not when the
peptide was co-treated with already aged Aβ42. From these results, we speculated that Trx80
could stop the amyloid formation of Aβ 42. To test this hypothesis, we used a Thioflavin T (ThT)
assay. The fluorescence of ThT is enhanced when it binds to amyloid fibrils. We found that
monomeric Aβ42 quickly formed amyloid fibrils when incubated in solution but this was inhibited
by co-incubation with Trx80. From the amino acid sequence of Trx80 and the crystal structure
of Trx1 we performed in silico analyses to determine the hydrophobicity and aggregation profile
of Trx80. From this we identified a hydrophobic region in the core of the Trx1 structure that is
prone to aggregation. This region is shielded by an alpha helix in the Trx1 structure but would
likely be exposed after truncation (Fig. 3). Furthermore, this region has a sequence (KLVVV)
with similar properties as the sequence in Aβ42 that is responsible for its aggregation (KLVFF).

Trx1

Trx80

180º

Figure 3 - Surface representation of Trx1
and Trx80. Hydrophobic residues are
shown in orange. Pink residues represent
the KLVVV sequence. The size of the
hydrophobic surface increases after
cleavage.
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We hypothesized that these regions are involved in the Aβ-Trx80 interaction. In Paper IV, we
examined this further in silico with a protein-protein docking analysis of Trx80 and the crystal
structures of Aβ40 and Aβ42. This showed that Trx80 likely interacts with both Aβ species and the
indicated region is expected to be part of the interaction. However, when we changed two amino
acids in the Trx80 sequence by point mutations and overexpressed it in neuroblastoma cells, we
did not observe any loss of protection against Aβ toxicity. This could mean that other amino
acids are involved in the interaction or that Trx80 protects against the toxicity independently of
Aβ binding.
These studies mainly explain the effect of Trx80 on extracellular Aβ but not the intracellular
content. Using ICC analyses, we measured the levels of Aβ40 and Aβ42 in SH-SY5Y cells
overexpressing Trx80. The results show that both species were reduced intracellularly in these
cells compared to control. We also saw that the overexpressing cells had an increased staining of
LAMP-2. Furthermore, by WB we discovered that levels of LC3-II were increased in these cells.
LAMP-2 is not only a lysosomal marker but it also positively correlates with chaperon-mediated
autophagy, and the levels of LC3-II reflect the formation of autophagosomes. This suggests that
Trx80 promotes the autophagy machinery, which could be the reason for lower Aβ levels in
Trx80 overexpressing cells.
Next, we wanted to know how Trx80 affects Aβ in an in vivo model. We used a transgenic
Drosophila Melanogaster expressing Aβ42 in the CNS. By removing the brain from the head of the
flies and staining them with an antibody for Aβ42, we found that Aβ42 accumulated in the brain.
This was accompanied by a reduction in the lifespan and impaired locomotor activity, measured
by a climbing assay. However, when the flies also expressed Trx80 there were clearly less Aβ42
accumulation in the brains. These flies also had the same life span as wild-type flies and the
locomotor activity was restored. This shows that Trx80 also protects against the neurotoxic
effects of Aβ42 in vivo. Since Trx80 reduced the levels of Aβ42 in these flies similarly to what was
observed in cells, it is possible that autophagy is involved in the removal of Aβ42. This however
needs to be further investigated in this model as well.
In summary, Trx80 is present in the brain and is generated by α-secretases. It is located
intracellularly in MVB-like vesicles and is secreted in exosomes. The levels of the peptide are
decreased in the brain and CSF of AD patients. In addition, it interacts with Aβ and inhibits its
polymerization and toxic effects both in vitro and in vivo. Furthermore, it lowers the intracellular
levels of Aβ, possibly through a degradation mechanism involving autophagy. Together this
suggests that Trx80 could be used as a specific biomarker for AD and that therapeutic strategies
based on Trx80 have potential.
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5 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

T

he work presented in this thesis has been focused on the role of Trx1 in AD. The findings
in the studies support the notion that Trx1 has an important function in AD pathogenesis

and it also adds a completely new player to the field, namely the cleavage product, Trx80.
The hypothesis in Paper I was that Trx1 is involved in the mechanism behind estrogen
neuroprotection against Aβ. However, our findings demonstrate that the protection occurs
independently of Trx1 expression. Estrogen has been tried as a preventative and therapeutic
strategy for AD, however, without any clear beneficial outcome. To find the right target group
seems to be important if strategies based on estrogen should work. However, estrogen will
increase the expression of Trx1 and this could increase the risk of tumor development. This has
to be taken into consideration when investigating the estrogen approach of neuroprotection.
The presence of ApoE4 is associated with increased oxidative stress in AD patients. In Paper
III, a mechanism is presented that shows how ApoE4 leads to lower levels of Trx1. Since Trx1
is a major antioxidant protein, this could partially explain why ApoE4 carriers are subjected to
higher oxidative stress. In addition, the study explained how ApoE4 could be neurotoxic via
lysosomal leakage and activation of apoptosis. Thus the possibility that individuals carrying
ApoE4 are extra sensitive to other insults such as Aβ, or other factors causing oxidative stress,
should be investigated. Support of this can be found in epidemiological studies that have shown
that ApoE4 in combination with environmental risk factors multiplies the risk of developing
AD. A lack of also Trx1 implies a lower inhibition of the ASK- pathway and an increased
susceptibility to the activation of apoptosis.
In Paper II and IV, the presence of Trx80 in the brain is described for the first time. In addition,
the studies describe the location, generation and secretion of the peptide. This substantially adds
to the existing knowledge about Trx80. Furthermore, we found that the levels were dramatically
decreased in the brains and CSF of AD patients. We also show that Trx80 inhibits
polymerization of Aβ and protects against its neurotoxic effects, both in vitro and in vivo.
Moreover, we demonstrate that Trx80 lowers the levels of Aβ and propose a mechanism where
Trx80 stimulates autophagic degradation of Aβ.
The physiological role of Trx80 could be as a chaperone for Aβ, keeping it in a native condition
and mediating its secretion in exosomes or degradation in lysosomes via autophagy (Fig. 4, top).
However, in a pathological situation where Trx80 levels are depleted, Aβ can start to aggregate
into toxic species that can spread to other neurons via exosomes, and thereby spread the
pathology (Fig. 4, bottom).
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Inside the neurons, Aβ starts to accumulate in the vesicles where it is generated. The lysosomes
will try to degrade the increased misfolded Aβ but when the load is too high the lysosomes will
fail to function properly and might start to leak. In the presence of ApoE4, this condition will be
worsened and Cathepsin D will leak out into the cytosol. This will induce a number of apoptotic
pathways including degradation of Trx1 and activation of the ASK-1 pathway. A reduction in
Trx1 levels will likely also to lead to less Trx80 and a vicious circle ensues. On top of this, in a
state of chronic oxidative stress, the amount of reduced and active Trx1 will be even lower which
makes the ASK-1 pathway even more susceptible to activation (Fig. 4, bottom).
The scenario above highlights the importance in maintaining the levels of Trx1 in neurons and
therefore opens up new therapeutic opportunities in AD. One strategy would be to increase the
levels of Trx80 in the brain. Since α-secretase can cleave Trx1 to Trx80, activators of these
enzymes would generate more Trx80. However, this strategy has some major obstacles. First, the
activity of α-secretases is not confined to Trx1 but has various other substrates as well.
Therefore, activation of these enzymes could lead to several unwanted off-effects. Second, more
α-secretase cleavage would lead to less full-length protein and less inhibition of ASK-1 and lower
protection against oxidative stress. Finally, if the activators are administered in a way that it also
increases Trx80 levels in the periphery, it will likely cause inflammation due to its proinflammatory effects on macrophages. Other options would be to find ways to directly deliver
Trx80 into the brain or to generate Trx80-like peptides that do not have a pro-inflammatory
effect but is still capable of interacting with Aβ.
Another opportunity would be to increase the levels of Trx1 however this strategy also has
drawbacks. Since the cell also uses ROS as a signaling mechanism it is not desirable to deplete
them if the cell is not under oxidative stress. Furthermore, Trx1 is linked to many types of
cancers and an increase in Trx1 levels could increase the risk of tumor development. However,
neurons are generally post-mitotic and therefore less prone to proliferate uncontrollably.
Therefore, a selective increase of Trx1 in neurons could be a better option. Delivery of peptides
directly into neurons is an alternative but this is also problematic due to the combination of the
large molecular weight and two specific hurdles, the blood-brain barrier and the plasma
membrane. Gene therapy by viral vectors could be an option but this method needs
improvement, especially regarding safety. Stimulation of the neuronal expression of Trx1 would
be a more plausible possiblity and in addition, one would also expect an increase in Trx80 levels.
I believe this last approach holds potential and suggest that it should be further investigated.
Interestingly, physical exercise increased the level of Trx1 in rat brain 251, suggesting that not only
pharmacological interventions should be considered. However, AD is a heterogeneous disorder
with many factors that contribute to the disease development and progression. Therefore, a
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multimodal strategy is more likely to achieve success in curing or preventing AD. There is also
heterogeneity between patients that perhaps demands different treatments for different
subgroups of patients. The results in Paper III suggest that ApoE4 carriers might be such a
subgroup.
A few of the explanations suggested for Trx80 and Trx1 function in this thesis work needs to be
further analyzed. To achieve this, a genetic model with reduced levels of Trx80 is preferred. A
classic knockout approach is not possible due the fact that the peptide is generated via enzymatic
cleavage and not transcription and translation. However, with the new CRISPR/Cas9 tools
available it is possible to do genomic point mutations. By mutating the cleavage site on Trx1, one
can generate a model that completely lacks Trx80. For such a model to be optimal one must
ensure that the point mutation does not affect the redox activity of Trx1. It is not known if
Trx80 is present in rodents. However, both human Trx1 and α-secretases have homologues in
mice and rats, thus Trx80 is likely present in these animals. A rodent Trx80 “knock-out” model is
therefore a possibility and would contribute significantly to the understanding of Trx80 function.
Is Trx80 involved in other neurodegenerative disorders? Does the peptide have anti-aggregant
effects against other amyloidogenic peptides? Can it be used as a specific biomarker to set
diagnosis and prognosis of AD? How is Trx80 affected by risk/protective factors? Many
questions still remain and hopefully this thesis work will bring more interest to Trx80 as an
important factor in the brain, so these questions can be answered.
The population in the world is growing and elderly people make up an increasing share. This
inevitable fact together with the immense impact AD has on patients, relatives and society
demands urgent action from all parts of society. Many attempts to find a disease-modifying
treatment has failed but our knowledge about the underlying mechanisms is increasing and I am
optimistic that a cure will be found in the near future, as long as the extent of the challenges are
taken seriously.
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