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Abstract 

Alzheimer’s disease is affecting people all over the world at a growing rate. It is believed that 

a protein called amyloid-β is the cause of the symptoms of the disease. To understand the 

chemical effect of Alzheimer’s on the brain, focus is put on studying the methionine residue 

in the active site of the amyloid-β protein which is believed to cause neuronal toxicity and 

death. Research has simultaneously shown that neurosteroid-concentrations in the body 

decrease with growing age. By studying the interactions of this protein with neuroprotective 

neurosteroids we can learn about the mechanism of action that causes the symptoms of 

Alzheimer’s disease. 

In this study, three neurosteroids (estradiol, DHEA and DHEA-S) were tested in vitro to 

measure their effect on toxic Aβ-fibrillisation. The efficiency of fibrillisation after steroid 

addition was measured using flouroscence spectroscopy with Thioflavin T (ThT) assay. 

The results showed that all three neurosteroids significantly decreased Aβ-fibrillisation. The 

most effective steroid was DHEA-S, followed by DHEA and estradiol. Comparing their 

chemical structures, it was concluded that oxidizing sp2 hybridized oxygen atoms at the C3 

position in the basic steroid ring system was the main contributor to the antitoxic effects of 

these neurosteroids. Moreover, the antitoxic potentials of these neurosteroids may be 

dependent on the number of oxidizing elements in the C3 position of the ring system. 

The findings in this study can be further developed to in vivo systems to determine the effect 

of these steroids against amyloid-β induced toxicity on neuronal cells. Taking their chemical 

structures into account can also be used for drug development for Alzheimer’s disease. 
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Introduction 

Alzheimer’s disease (AD) is today one of the most well known and studied types of 

progressive dementia. Today it is the most common neurodegenerative disorder and the third 

most common cause of death in the world after cardiovascular diseases and cancer. It is 

estimated that there are at least 150 000 people today in Sweden suffering from dementia with 

an increase of 20 000 patients each year (Olson et al., 2007). It is believed that around 70% of 

these 150 000 patients suffer from AD (Novartis, 2014). 

AD has its name from the German pathologist Alois Alzheimer who was the first to describe 

its symptoms and affects on brain tissue in the beginning of the 1900s. Since then, scientists 

have worked to find the pathological pathway from which AD develops. 

Symptoms include loss of memory (both short- and long-term), impaired perception of time, 

and difficulty in language communications and can also include paranoia and hallucinations.  

Much is yet to be investigated and new possible factors that are involved in the progression of 

AD are continually discovered. So far the most supported explanation to the disease is the 

amyloid-hypothesis (Olson et al., 2007). 

Theory 

Amyloid-β 

In most of our cells, including the synapses of our neurons, we have integral membrane 

proteins
1
. One of those is called amyloidprecursorprotein (APP). This protein is believed to 

serve many functions of which some are yet unknown. In a normal functioning process called 

the non-amyloidogenic pathway, APP is cleaved by the enzyme alfa(α)-secretase to form an 

extracellular protein after which a second cleavage in APP by gamma(γ)-secretase yields a 

peptide  (Paula et al., 2009). 

 In the amyloidogenic pathway however, APP is cleaved in a different place by a protein 

called beta(β)-secretase (see figure 1). The second cleavage to follow is (like in the non-

amyloidogenic pathway) carried out by gamma(γ)-secretase but in this case the product is an 

amyloid-β (Aβ)-protein with a sequence of 40 or 42 amino acids (Paula et al., 2009) where the 

extra two amino acids are found at the end of the C terminus in Aβ42 (Sgourakis et al., 2007). 

                                                           
1
 Proteins that are anchored in the lipid membrane of the cell with an extracellular and an intracellular region. 
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Because of its sequence, the Aβ-protein cannot fold in a proper manner to perform a 

biochemical function. The misfolded Aβ-protein monomers will then combine to form so 

called oligomers, protofibrils and higher fibrillary structures (see figure 2) that are insoluble 

and form aggregates, called plaques, in the brain. These structures are believed to be the 

reason for the oxidative stress
2
 and toxicity that leads to neuronal degradation in the brain 

(Paula et al., 2009). More specifically, the toxic region of the Aβ-proteins lies in their 25-35 

amino acid sequence (Millucci et al., 2010) where the amino acid methionine in place 35 of 

the sequence is presumed to have the major toxic effect (Butterfield and Boyd-Kimball, 

2005). 

                                                           
2
 Caused by highly reactive oxygen radicals disturbing normal biochemical reactions. 

Figure 1. The two possible pathways by which APP can be processed. The Aβ-protein is produced 

in the amyloidogenic pathway and is involved in the development of AD. (Figure ref: Spuch et al, 

2012). 
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The most affected areas in the brain are the amygdala and hippocampus (Brenner and Stevens, 

2006) where the first plaque formations are observed in the first stages of AD. These plaques 

then take over new parts of the brain where they continue to damage tissue and effect regional 

brain function (this explains why the symptoms of AD are progressive and not sudden). The 

continuous loss of neurons also decreases the number of network connections in the brain 

ultimately leading to a shrunken brain in severe AD (Olson et al., 2007). 

Drugs today 

The drugs that are available today for treatment of AD do not target the direct cause of the 

illness but rather other factors that can slow down the neurodegenerative process and thus 

give the patient more time (Brenner and Stevens, 2006). Several drugs that are available today 

prevent the breakdown of acetylcholine which is a chemical compound used by the brain cells 

to communicate and is found in abnormally low concentrations in patients with AD. By 

preventing the degradation of this chemical, cell-communication lifetime is increased and AD 

symptoms may be stabilized for some time (Olson et al., 2007). 

It may seem as if the issue of Aβ-forming would disappear if only we could develop drugs 

that inhibit beta(β)-secretase, that as we know, essentially causes the fibrillisation in the 

amyloidogenic pathway as seen in figure 1. But due to this enzyme being involved in other 

Figure 2. In the amyloidogenic pathway, the misfolded Aβ-protein 

monomers form toxic oligomers and amyloid fibrils that gather as plaques 

in the brain (Figure ref: Azevedo et al, 2013) 
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important functions in the human body (Cheret et al, 2013), the consequences and side effects 

of a beta(β)-secretase inhibiting drug would most likely be too severe to be approved. 

Research is still in the process of understanding how Aβ-oligomers and fibrils cause toxicity 

and neuronal cell death.  With a growing number of AD patients that is not expected to 

decrease anytime soon it is of outmost importance that time and energy is put into studying 

this protein and its effects on the brain. One way to do this is by understanding the chemical 

properties of the Aβ-protein and its fibrillisation. This approach can further advance the 

development of a drug that will target the protein monomers in the right place with an 

efficient therapeutic chemical to prevent fibrils from growing and forming toxic plaques that 

are eventually fatal to the patient. 

Neurosteroids 

Scientists first started suspecting the involvement of neurosteroids
3
 in the protection against 

neurotoxicity when it was discovered that they were produced in significantly smaller 

amounts in the ageing body (Strous, 2008). Moreover, neurosteroids are known to be involved 

in brain pathophysiology and memory management (Biggio and Phurdy, 2001), making them 

increasingly interesting to study. Further research in AD animal models (Yue et al., 2005) 

concluded that a deficiency in estrogen (a group of neuroactive
4
 steroids) accelerated the Aβ-

plaque formation, thus confirming its considerable effect in countering the development of 

neurodegenerative disorders like AD. 

 

Although estrogen is commonly known to be produced in human ovaries and adrenal glands, 

it is synthesized by enzymes from the central nervous system (CNS) (Rune and Frotscher, 

2005) making it just as relevant as other neurosteroids like dehydroepiandrosterone (DHEA) 

and its sulfate analog DHEA-S that are readily produced in the brain (Lapchak and Araujo, 

2001) and that have also shown antitoxic effects against the Aβ protein in vivo (Maninger et 

al., 2009). 

The chemistry of estradiol, DHEA and DHEA-S and their protective properties against Aβ 

toxicity 

Because it is known that the toxic effect of the Aβ-proteins is in the sequence of 25-35 amino 

acids and that the active residue is a methionine group, this amino acid will naturally be in 

                                                           
3
 Steroids synthesized de novo in the brain (Biggio and Phurdy, 2001). 

4
 Steroid hormones that are active on neuronal tissue (Biggio and Phurdy, 2001). 
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focus when studying its chemical interaction with the neuroprotective neurosteroids that may 

interact with it to slow down or even prevent the toxic effect of Aβ-fibrillisation. 

 

The active site of the Aβ-protein is illustrated below in figure 3 where the methionine group 

marked with its sequence number is seen. 

 

 

Methionine in proteins has been reported to have antioxidizing effects in cellular processes 

due to its thiomethyl group (Levine et al., 2000). The product of this process is methionine 

sulfoxide (see figure 4 below) which can be reversed to methionine again using the enzyme 

methionine sulfoxide reductase (Msr). A loss in the activity of Msr has been proved to be 

linked to AD (Stadtman et al., 2003). A methionine oxidation in the Aβ-protein causes a 

conformational change in the secondary structures (Watson et al., 1998) which can be related 

to its consequently lower toxicity due to changes in its fibrillisation abilities. It is therefore 

clear that although the mapping of AD progression is yet incomplete the key components to 

further develop an understanding of the chemical factors related to AD are known today.  

 

Figure 3. Illustration of the toxic site of the Aβ-protein with the active residue Met35. 

The yellow represents sulfur.  (PDB:1QYT) 
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As previously mentioned, studies have shown that estrogen (a group of hormones to which 

estradiol belongs) decrease toxicity of Aβ-proteins. Additionally two more neurosteroids have 

shown the same antitoxic effects, namely dehydroepiandrosterone (DHEA) and its sulfate 

analog DHEA-S (Maninger et al., 2009). 

The cause behind the antitoxic effects of these neurosteroids is based on their chemical 

structures (Morinaga et al., 2011). All three steroids have a common basic ring system 

structure (Morinaga et al., 2007) with each compound having its characteristic substituents on 

the rings as shown in figure 5 below. 

 

 
Figure 5. Illustration of the chemical structures of the neurosteroids that will 

be studied in this project and their structural differences.  

Figure 4. Oxidation of methionine gives methionine 

sulfoxide (Figure ref: Muller et al, 2013). 
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The oxidation of the thiol-group in methionine can occur by its reaction with oxygen in the 

steroids. As seen from figure 4 the targeting functional groups could either be the oxygen in 

ring position C17 (D ring) or the one in C3 (A ring) that reacts with methionine. However, 

studies have suggested that the hydroxylgroup in the C3 position is the most active oxidizing 

group (Morinaga et al., 2007) because any modifications of it made the steroids less 

neuroprotective (Behl et al., 1997).  

 

Purpose of project 

By studying the chemistry behind AD valuable information will be gained for potential drug 

targets that can help patients not only by prolonging their life expectancy but hopefully also 

healing their illness completely. This study is another attempt in the process of understanding 

the important chemical aspects of AD and the possibilities of inhibiting its progression.  

The purpose of this project is to investigate Aβ-fibrillisation in vitro and the effects of three 

neurosteroids on the fibrillisation based on their chemical structure. The three neurosteroids 

are estradiol, DHEA and its sulfate analog DHEA-S. In this study, the substrate steroids will 

be added to the Aβ-protein and the efficiency of its fibrillisation will be measured using 

fluorescence spectroscopy with Thioflavin T (ThT) assay.  

 

Question formulation 

1. How is fibrillisation of Aβ-proteins affected by the substrate steroids? 

2. Based on the results, what functional group(s) containing oxygen is/are the most relevant in 

terms of antitoxic effects? 
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Method 

The experimental procedures are carried out in vitro and analyzed using a ThT assay.  

ThT assay 

The Thioflavin T assay is a method developed to measure the fibrillisation of proteins. The 

assay is applicable both in vivo and in vitro and can detect both fibrils and protofibrils but not 

monomers or oligomers of low molecular weight (Jan and Lashuel 2012). The assay consists 

of a dye where the active molecule is a benzathiole salt (thioflavin) (Khurana et al., 2005). 

Upon binding to the amyloid fibrils, Thioflavin T displays an enhancement in fluorescence 

emission that can be detected and reach a maximum from 445 nm to 482 nm (Biancalana and 

Koide 2010). 

Experimental procedure 

A yellow ThT solution is prepared by diluting 0.93 mg of ThT pulver in 29 mL of Milli Q 

water. The solution is vortexed until particulate-free and filtered with a 0.22 µm PES syringe 

filter. The solution is covered from light with aluminum foil and preserved in cool 

temperature. 

A buffer solution of glycine-NaOH with a pH value
5
 of 8.5 is prepared by dissolving 379.04 

mg glycine in 10 mL of Mili Q water. The pH value is adjusted by addition of 1M NaOH 

under stirring. The buffer is filtered using a 0.22 µm PES syringe filter. 

A stock solution of Aβ40 with a concentration of 230 µM is made by dissolving 1 mg Aβ40 

in 1 mL dimethylsulfoxide (DMSO). 

To prepare a stock solution of 10
-2

 M estradiol, 2.86 mg of the steroid is dissolved in 1.05 mL 

of 96% ethanol. The same concentration of DHEA and DHEA-S were already prepared. All 

three steroids are then diluted in 96% ethanol to concentrations of 10
-3

 M and 10
-4

 M. 

A plate with a total of 96 wells is used to mix the ThT with buffer, Aβ-protein and the 

different steroids in different concentrations. The experiment is replicated four times in order 

to achieve reliable results. In each replicate procedure, new diluted solutions were made from 

the stock of steroids to ensure that the used steroids are not precipitated. 

In each of the four replicate experiments, triplicates were made, so three wells were always 

identical in order to obtain a mean value of the results. A total of 27 wells/plate were filled 

                                                           
5
 The chosen pH value is 8.5 because that is the physiological pH in certain brain regions.  
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each time to a total volume of 100 µL/well. The final concentrations of ThT (5 µM) and Aβ-

protein (10µM) was the same in all wells to which they were added. Two final concentrations 

of steroids were tested in the plates, namely 10 µM and 50 µM.  

To get a final steroid concentration of 10 µM in the wells, 5 µL of the 10
-3

 M solution was 

pipetted to the plate. And for a final steroid concentration of 50 µM in the wells, 10 µL of the 

10
-4

 solution was added. Buffer was used to achieve a total volume of 100µL in the wells. The 

different final steroid concentrations that were used are presented below in table 1. Note that 

each row (named A-I in table 1) had three identical wells for mean value calculations. 

 

 

 

 

 

 

 

 

 

Buffer and ThT are measured without further additions (row A-B) to make sure they do not 

contribute to any types of errors in the other wells. The plate was inserted into the 

spectrometer to instantly calculate the intensity of the ThT dye. Aβ40 was thawed when used 

and was the last to be added to the wells due to its fast fibrillisation qualities that can affect 

the final results if the protein is left too long before ThT intensity is measured.  

The measured unit-less data from the spectrometer was collected and calculated with a one-

tailed student t-test to determine if the steroids affected the Aβ-protein fibrillisation in a 

statistically significant manner. 

 

 

A Buffer 

B Buffer+ThT 

C ThT+Aβ (10µM) 

D ThT+Aβ(10µM) +Estradiol(10µM) 

E ThT+Aβ (10µM)+Estradiol(50µM) 

F ThT+Aβ (10µM)+DHEA (10µM) 

G ThT+Aβ (10µM)+DHEA (50µM) 

H ThT+Aβ (10µM)+DHEA-S (10µM) 

I ThT+Aβ (10µM)+DHEA-S (50µM) 

Table 1.  Four plates were identically 

prepared with the presented chemicals 

and concentrations for the ThT assay. 

Each row (A-I) in the plate had three 

identical wells. Different steroid 

concentrations were tested. 
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Results 

The effect of estradiol on Aβ-fibrillisation is presented below in figure 6 where the substrate 

additions are on the x-axis. As shown in the figure, both concentrations of estradiol that were 

tested showed significant effect on Aβ-fibrillisation. The steroid effect is presented in 

percentage in the columns of the figure. A higher concentration of estradiol had greater 

impact on the fibrillisation with a total of 3%. The biggest effect on fibrillisation is exerted by 

50 µM estradiol, which lowered the fibril amount by 11.6%. 

 

 

 

 

Resulting effect of DHEA on Aβ-fibrillisation is illustrated below in figure 7. Each column is 

marked with its additions on the x-axis. DHEA also showed significant decrease in Aβ-

fibrillisation. However, the effect between the two concentrations that were tested only 

differed with 0.7%  making 10 µM DHEA slightly more effective than 50 µM DHEA.  
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Figure 6. Both estradiol concentrations used in the experiment  lowered Aβ-

fibrillisation with a statistical significance (** implies P<0,01 and *** implies 

P<0,001). The error bars represent the calculated standard error of the mean 

(SEM) values. E10 is estradiol 10 µM and E50 is estradiol 50 µM. Each 

column represents the average of four independent experiments. 
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Finally, the effect of DHEA-S on Aβ-fibrillisation is presented below in figure 8. The 

columns in the figure represent different additions that were used and that mark the columns 

on the x-axis. As read from figure 8 a lower concentration of the steroid had greater effect in 

terms of decreasing Aβ-fibrillisation. On the other hand, 50 µM of DHEA-S showed less 

efficiency but with greater statistical certainty. 
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Figure 7. DHEA’s effect on Aβ-fibrillisation in percent. Both DHEA 

concentrations that were used showed significant effect of the highest order 

(*** implies P<0,001 in student t-test). D10 is DHEA 10 µM and D50 is DHEA 

50 µM. The error bars are based on SEM values for each column. Each 

column represents the average of four independent experiments. 

Figure 8. Different concentrations of DHEA-S in the experiment gave 

different effect on Aβ-fibrillisation and with various levels of significance to 

the results. (* implies P<0,05 and *** implies P<0,001). DS10 is DHEA-S 10 

µM and DS50 is DHEA-S 50 µM. SEM values for each column are represented 

by error bars. Each column represents the average of four independent 

experiments. 
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A summary of the percentage decrease of Aβ-fibrillisation from steroid additions is shown 

below in table 2. As shown from the calculations, the most efficient steroid is DHEA-S at 10 

µM which lowered the Aβ-fibrillisation by 19.1% and the least effective steroid is estradiol at 

10 µM with a decrease of Aβ-fibrillisation of only 8.6%. 

 

 

 

 

 

 

 

Discussion 

As the results show, all neurosteroids showed a significant reduction in Aβ-fibrillisation. At a 

concentration of 10 µM, DHEA-S showed more than double the effect on the fibrillisation 

than estradiol at the same concentration. DHEA-S is superior to the rest of the steroids used in 

the experiment including the different concentrations used for them. Overall, the second best 

steroid was DHEA which at low concentration showed better results than estradiol at both 10 

µM and 50 µM. Estradiol showed a better effect at high concentrations than low, but even at 

50 µM it was less effective than DHEA at 10 µM and only 0.1% better than 50 µM of DHEA. 

Therefore, we can conclude that DHEA-S has the best antitoxic effects, while DHEA is 

second best closely followed by estradiol. 

Looking at the chemical structures of these neurosteroids it is clear that the bigger the 

difference in their functional groups, the greater difference their antitoxic effect is. DHEA and 

estradiol both have a hydroxyl group in the C3 position in the A ring (see figure 5 above). The 

only difference between the two structures is the C17 position in the D ring, where DHEA has 

an sp2 hybridized oxygen (carbonyl group) while estradiol has an sp3 hybridized oxygen 

(OH-group). This implies that if the C3 position in the A ring is left unmodified while other 

functional groups are changed, the change in the steroids’ oxidizing effects on methionine 

will be small. This agrees with the results of another previously mentioned study carried out 

by Behl et al., (1997). 

DS10 -19.10% 

DS50 -13.60% 

D10 -12.20% 

E50 -11.60% 

D50 -11.50% 

E10 -8.60% 

Table 2. The 

neurosteroids and 

their effect on Aβ-

fibrillisation in 

percent. 
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When comparing the structure of the second best steroid (DHEA) with the most effective one 

(DHEA-S), we see that the only difference between DHEA and DHEA-S is in the C3 position 

of the A ring. The substrates are identical in the C17 position of the D ring. Looking at their 

antitoxic effects we can conclude that a modification in the C3 position has great effect on 

their oxidizing abilities. DHEA-S has four oxygen atoms bonded to a sulfur group on that site 

of the molecule. Three of these oxygen atoms are sp2 hybridized (which as discussed above 

showed a slightly better effect than sp3 hybridized oxygen). Thus, it remains clear that sp2 

hybridized oxygen atoms on the C3 position of the A ring show the greatest antitoxic effects 

in Aβ-fibrillisation. 

These findings reinforce the structural pattern of which the antitoxic activity of neurosteroids 

is dependent upon. As explained earlier from the studies by Morinaga, et al (2007) and Behl 

et al., (1997) and as was found in this study, the C3 position in the ring system contributes to 

antitoxic activity to a greater extent than the C17 position. Moreover, this study showed that a 

greater number of oxidizing elements in the C3 position also lead to better results in terms of 

decreasing Aβ-fibrillisation. 

The results from this experiment give us several indications. Firstly, all tested neurosteroids 

contributed to a significant decrease in Aβ-fibrillisation. Secondly, the most important 

functional group is carbonyl with its sp2 hybridized oxygen atom. And lastly, the most 

significant site of the molecule for antitoxic effects is in the C3 position of the A ring in the 

steroid ring system. This could be due to the chemical space and 3D fitting of the steroid 

molecules in the active site of Aβ-proteins. The 3D fitting of the substrates can have a great 

effect on the kinetics of the reactions.  

These conclusions can be important leads in the drug development process for AD. By 

understanding the important chemical reactions that are connected to the disease and the 

possible components that can stop its toxic effects we can create a basis for a future drug 

molecule. These hormones may have a bigger role in preventing toxicity than earlier believed. 

The fact that our levels of neurosteroids decrease with age (Strous, 2008) could be an 

important clue to understanding their potential protective effects on our brain. With smaller 

amounts of neurosteroids, Aβ-fibrillisation increases and so does the risk for toxic plaques in 

the brain and the development of AD.  With more research being put into the chemical aspects 

of this disease, we can be one step closer to developing a drug that directly targets the cause 
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of AD to replace the drugs used today where the symptoms are simply stabilized for some 

time.  

 

Conclusion 

As a continuously growing number of previous and current generations are falling victims to AD, 

it is essential that we find a cure for this disease. One way to study the progressive stages of this 

neurodegenerative disorder is by looking at the chemical pathways by which it develops and 

spreads. By identifying key biochemical substances and their mechanism of action with Aβ-

proteins in the brain we can also progress in blocking its toxic effect on brain tissue and hopefully 

stop AD progression. This study is based on the connection between important neurosteroids and 

AD progression in old age and shows that interaction between these steroids and Aβ-monomers 

showed significant effect on Aβ-fibrillisation. 

 

The findings suggest that DHEA-S is the best candidate amongst the tested neurosteroids, 

followed by DHEA and estradiol. Combining the results of this study with the chemical structures 

of the tested steroids, we can conclude that the C3 position in the basic steroid ring system is the 

most important active site of the steroids. Furthermore, it was concluded that a greater number of 

oxidizing elements (in this case sp2 hybridized oxygen atoms) showed further efficiency against 

Aβ-fibrillisation and toxicity. 

 

In the future, studies like this one can be taken into account when looking at the chemistry of Aβ-

proteins and their toxic effects. The next step would be to study these steroids and Aβ-

fibrillisation in vivo to determine if the results hold true in living systems and to what extent 

they’re efficient. Ultimately, this could lead to a better understanding of the chemistry behind AD 

if not to a basis for drug development against this fatal disease. 
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