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Preface

Type 2 diabetes is estimated to affect 120 million people worldwide- and according to
projections from the World Health Organization this number is expected to double
over the next two decades. Novel, cost-effective strategies are needed to reverse the
global epidemic of obesity which is driving the increased occurrence of type 2 diabetes
and to less the burden of diabetic vascular complications. In the current volume,
Topics in the Prevention, Treatment and Complications of Type 2 Diabetes experts in biology
and medicine from four different continents contribute important information and
cutting-edge scientific knowledge on a variety of topics relevant to the management
and prevention of diabetes and related illnesses.

In the opening section, Economic burden and Relation to Alzheimer's Disease, Atanasijevic-
Kunc & Drinovec use mathematical modeling and simulation to forecast the economic
burden from type 2 diabetes in the coming decades. Alzheimer’s disease has been
referred to as ‘type 3 diabetes’ because of its increased prevalence in populations
having obesity, insulin resistance and dyslipidemia. In two excellent chapters-
DiCarlo et al present evidence suggesting that type 2 diabetes has manifestations of a
protein misfolding disease akin to several well-known neurodegenerative diseases and
then Sung Min Son and colleagues argue in favor of mechanistic links underlying an
association between insulin resistance and Alzheimer’s disease.

The section on Treatment starts with a concise review of GLP-1 receptor analogues by
Perusicova & Owen. Next, Somsak and colleagues summarize experimental and
clinical data supporting the efficacy of new glycomimetic compounds for the
treatment of type 2 diabetes in animal models. Ishizuka et al review data showing that
the adrenal androgen DHEA can improve glucose sensitivity and protect against the
development of diabetes in obese rats. Finally, Cheow Peng Ooi et al summarize the
results of clinical trials using various botanical compounds for the treatment of type 2
diabetes.

In a brief section Prevention, McLellan et al present the results of their study of lifestyle
interventions in preventing type 2 diabetes. Maki and Rains review existing data on
how the consumption of dietary fiber can lower the risk for development of type 2
diabetes.
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Preface

Finally, the closing section on Complications offers an in-depth, expert treatment on
such diverse topics as vitamin B12 deficiency, the microcirculation,
hypertriglyceridemic-waist as a predictor of cardiovascular disease, and psychological
aspects of type 2 diabetes, all by notable contributors in each field.

Mark B. Zimering, MD, PhD

Chief, Endocrinology

Veterans Affairs New Jersey Healthcare System

East Orange, New Jersey,

USA

Associate Professor of Medicine

University of Medicine and Dentistry of New Jersey,

Robert Wood Johnson Medical School, New Brunswick, New Jersey,
USA
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Burden of Diabetes Type 2 Through
Modelling and Simulation

Maja Atanasijevié-Kunc! and JoZe Drinovec?
University of Ljubljana, Faculty of Electrical Engineering
2University of Maribor, Faculty for Medicine

Slovenia

1. Introduction

Modelling and simulation represent well established approaches when analyzing systems’

properties, their behaviour, predicting possible scenarios, or estimating potential results or

responses when influencing the observed system (Cellier, 1991; Cassandras & Lafortune,

1999; Cellier & Kofman, 2006; D'Inverno & Luck, 2010). Such knowledge organization

about a given problem can help in its presentation, understanding, explanation and it is

also frequently used through system design (Matko et al., 1992).

Modelling and model usage can be classified and/or chosen as methodology regarding

different criteria which can in addition be interdependent due to important activities needed

in such situations. Criteria can represent the way of data collecting, their form and degree of

confidence, model structure and possibilities of model experimentations, the level of

problem abstraction and its aggregation, the selection of time granulation, etc. One of the

most important aspect (in spite of the fact that it is often not mentioned) which has to be

taken into account, is also the goal of modelling which should lead the designer through the

whole procedure of model development, its interpretation and experimentation. The last

two facts are very important also for the user of developed model. This is perhaps also one

of important reasons why very different mathematical approaches and descriptions are

used, where the disciplines like medicine, pharmacy and the life sciences are no exception

(Hoppensteadt & Peskin, 2002; Atanasijevié-Kunc et al., 2008a; Stahl, 2008; Beli¢, 2009;

Arnold 2010). This is true even in the cases where the same problem, like certain disease

development (diabetes for example) is observed.

Here the following questions can arise:

- Which presented or known model regarding certain problem (disease) is the most
important or relevant one?

- Should this model be chosen in all situations?

- Can different modelling structures, descriptions or approaches predict the same or very
similar results?

- When there is a need to develop a new approach or problem description?

- Is it possible to benefit from the usage of several different descriptions of the same
problem?

- If the answer to the previous question is positive, it can be important also to find out, how
different descriptions or models can share their results and/or complement each other?
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The answers to the first questions are not surprising. Process descriptions should be suitably
chosen regarding modelling goal(s), modelling phase and other important design factors. As
indicated in (Stahl, 2008) the investigators should choose the modelling methods that fit the
defined problem. It means that different descriptions can predict similar or complementary
results using, for example, different complexity (nonlinear or linear descriptions, high or low
order descriptions) or different granularity (observation of the whole population, observation
of an individual patient, observation of dynamical processes on molecular level), different
aggregation (development of one or several diseases) or perhaps only different model
presentations are suitable when performing different analysis functions (state space or
transfer function description, continuous or discrete time description, time or frequency
domain description, ...). Whenever a new point of view of certain problem is under
investigation, whenever some new facts or perhaps only different assumptions are taken
into account, when modelling results are meant to be used by different groups of people
also a new or improved description can be important. All mentioned facts can be verified
also when observing different aspects of diabetes mellitus. But, in spite of great diversity of
results” description regarding this dangerous chronic disease practically nowhere attention
is devoted to the idea of their complementary usage. This viewpoint can become especially
interesting when several factors influencing the problem are taken into account.

The literature dealing with different aspects of diabetes has become enormous and very
heterogeneous even in the case when searching is limited to mathematical modelling and
simulation processes of this disease. Some of them are describing glucose-insulin dynamics
(Boutayeb & Chetouani 2006; Makroglou et al., 2006; Shianga & Kandeelc 2010), some
represent epidemiological descriptions of this non communicable disease (Boutayeb et al.,
2004; Boutayeb et al., 2006; Atanasijevié-Kunc et al., 2008b), while others describe disease
development (Eddy & Schlessinger, 2003a; 2003b; Kristofel, et al., 2007) or the relations to
risk factors which are in correlation with diabetes development (Brock et al., 2009; MMWR
2004; Atanasijevi¢-Kunc et al., 2008c). Diabetes can represent by itself or even more intense
in combination with other possible chronic diseases (dislipidemia, hypertension) or life style
(smoking, alcohol consumption, inactivity) the risk for developing different cardiovascular
diseases (Levenson et al., 2002; Atanasijevi¢-Kunc et al., 2008c; 2011). Additional aspect,
important for modelling structure, can represent social and economical burden of the
discussed disease and/or treatment efficacy, which is often interpreted through different
pharmacoeconomical studies (Boutayeb et al., 2004; Tarride et al,, 2010; Arnold, 2010;
Atanasijevié-Kunc et al., 2011), where cost-effectiveness analysis and cost - utility analysis
provide a basic comparison of different treatment policies or drug efficacy. All mentioned
situations can be interpreted as open or closed - loop problems (Atanasijevié-Kunc et al.,
2008c¢; 2011; Bellazzi, 2001; Lam, 2002; Makroglou, 2006), where especially in the second case
the analysis should take into account stability and sensitivity of system behaviour.

The modelling and simulation approach aims to indicate, use and/or develop mathematical
problem presentations which can be used for the evaluation of the burden of diabetes type 2
(D2) mellitus and correlated processes which can contribute to disease development or can
represent the source of expenses (direct and/or indirect). This burden is not important only
from the economical but also from the social point of view due to the possible severe health
complications which usually essentially influence the quality of life.

For the evaluation of mentioned disease burdens regarding certain population it is of most
importance first to estimate the number of patients and the treatment expenses. In addition
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also the treatment efficacy can be taken into account which can compare different treatment
strategies and/or their influence to further complications development. In addition, of
course, also the reasons which influence D2 development can be taken into account, as
usually the prevention offers the most effective positive influence to economical and social
situation.

This chapter is organized in the following manner. In the next session some modelling
structures are indicated which have been used for modelling purposes of D2 presentation.
Special attention is devoted to the possibilities of coexistence of different modelling
descriptions. Simulation results are illustrated in session 3, where also some of expenses,
related to observed patients are estimated. The work ends with conclusion remarks and
some ideas for future investigations. It is also important to mention that all presented results
were realized using Matlab (Matlab, 2005) with Simulink (Simulink, 2005).

2. Modelling structures

One of the simplest presentation which is describing the D2 population, two - compartment
linear model, is illustrated in Fig. 1 (Boutayeb et al., 2004). Input signal u(#) represents the
incidence of D2, while C(t) and D(t) are the numbers of D2 patients with and without
complications, respectively. It is expected that patients with D2 are developing
complications with k;D(#) rate, in the compartment C(t) they can recover and therefore
return to D(t) compartment (with k2C(#) rate), they can die due to natural causes (with ¢;C(#)
rate) or due to severe complications (with c;C(#) rate), and they can also become seriously
disabled (with c3C(#) rate). The authors have suggested stability analysis with respect to
model parameters and numerical problem solving. In this simple description the population
in each compartment is observed as a homogeneous set of patients and it is expected that
parameters are time - independent. Important aspects as for example patients’ age, life style,
body mass, simultaneous joint diseases and similar are not presented explicitly, they can
only influence (through the identification process) the values of model parameters. Further
extension to nonlinear description was proposed in (Boutayeb et al., 2006), but basic
viewpoint remains unchanged.

Far more complex dynamical nonlinear model, as schematically presented in Fig. 2, was
originally developed and tuned for the USA (Homer et al., 2004) and later on also adapted
with some improvements to the population of Austria (Kristofel et al., 2007). In comparison
to the structure in Fig. 1 this one recognises also the patients with pre-diabetes, not only
those where D2 is completely developed, while both groups can be diagnosed or not. So
additional four compartments are needed, while special attention was devoted also to the
transition flows, which are dependent on a great number of important factors and ratios,
like population age, obesity, activity and similar. One difference in comparison to model in
Fig. 1 is also the interpretation regarding patients with complications, as they can’t reach the
state without complications anymore.

It is important to mention that authors have in this last case devoted detailed attention to the
validation and verification of proposed models using extensive data, which are in general
not available for all countries. Due to model complexity sensitivity and stability analysis
demanded the introduction of expected range of variables’ changes and simulation testing.
When economical burden of disease treatment and/or treatment efficacy is of interest in
many cases the so called decision modelling techniques are used (Arnold, 2010). Decision
trees have been for more than forty years the most common and simplest formalism,
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comprising choices, chances, and outcomes. For the similar situation as in previous two
presentations the idea is indicated in Fig. 3.
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Fig. 1. Two - compartment modelling structure
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Fig. 3. Decision tree modelling structure

Such problem presentations are static and they don’t enable the observation of patients’
history, as in the previously mentioned cases. In problems that lead to long - term
differences in outcome such presentation can be insufficient. One way to avoid (at least
partly) this drawback is to use the description in the form of the so called Markov process
(Stahl, 2008; Shih, 2007) or to extend the decision tree to include also Markov processes, for
example at the outcome node as illustrated in Fig. 4 (Arnold, 2010). The advantages of such
presentations are that they are relatively simple, frequently used and therefore also well
accepted as abstract problem presentation. But there are also two main limitations (Stahl,
2008; Arnold, 2010). State transitions can only occur at the end of a cycle, which can create
some biases, and Markov cycle time may force the analyst to make simplifying assumptions
regarding transition probabilities.

Economical burden regarding the situation inside the observed population was investigated
also by (Briggs & Sculpher, 1998; Atanasijevié¢-Kunc et al., 2008b; 2008c; 2011). When
summarizing the mentioned results the modelling structure can be presented as illustrated
in Fig. 5. The problem presentation and design is separated into three main phases. Through
the first phase risk factors and chronic diseases are described in the form of prevalence
distribution regarding patients’ age, in the second design phase also the prevalence of
different complications are added, where among the patients with more problems indicated
in the first phase or in the case where chronic diseases were not correspondingly treated,
also the development of complications was more frequent. Input signal to the first phase is
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unity step indicating the start of problem observation, namely at the birth. The results from
the first and the second phase are entering the third phase together with input signals u»(%)
and u3(t). Input signal u,(t) provides the information regarding the number of people in the
observed population with respect to their age, while with u3(#) also the prices for needed
treatment are defined. Combining the signal ux(t) with calculated prevalence distribution
enables the definition of patients’ number in the observed population, and using the prices
from u3(%) also the economical burden can be calculated.

il apned
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Fig. 4. Usage of Markov processes in decision tree structure

Presented structure gives very good insight how patients are distributed regarding their age
and also how this influences the economical burden of observed population. In the case of
similar disease distribution only demographic data can be changed and perhaps (if
essentially different also) prices and model gives the estimation of patients” number or
treatment economical burden for another country or group of people. This approach is
therefore especially interesting for the countries or areas for which national diseases
registers are not available. But, the drawback of this mathematical presentation is, that it is
very difficult to identify the influence on population, which is the result of some actions
realized on only one part of the population where also the transient response due to
dynamical system properties should be taken into account. To indicate how to overcome
this problem let’s present only one part of the situation from Fig. 5 and from a slightly
different view point. The idea is illustrated in Fig. 6 taking into account also the possibility
of coexistence of different dynamical processes descriptions.
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Fig. 5. Diseases prevalence, number of patients and expenses presentation

Here D2 is a disease of the third level due to the fact that on one side risky and/or unhealthy
life style (population status observed in the second level of the structure) can influence the
development of this chronic disease, but D2, as already mentioned, can also contribute to
development of different health complications (presented at the fourth level of the proposed
structure). At the second level two important problems, namely activity or inactivity and
obesity are taken into account, which are two most important problems leading to D2 (Defay
et al., 2001; DPPRSG, 2002; Kriska et al., 2003; Mokdad et al., 2003; ADA, 2007;).

D2 is usually preceded by a pre-diabetes (“a metabolic condition characterised by insulin
resistance and primary or secondary beta cell dysfunction which increases the risk of
developing type 2 diabetes and cardiovascular disease” (Tuomilehto et al., 2001; Valensi et
al., 2005). It is extremely common, especially in elder population (40+). Efficient
pharmacological therapies are known, which can be very efficient together with lifestyle
interventions in prevention or delayed D2 development.

As mentioned processes are observed regarding certain population, an important influence
to overall situation can contribute also demographic changes which are influencing the
system’s states at the first level.

Expenses are here presented as a static property, but can be in the future extensions
reformulated to indicate the results of economical and financial flows.
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3. Simulation results

Modelling procedure of the structure indicated in Fig. 6 has started by observing the
available information regarding the prevalence of population activity/inactivity and obesity
as they are closely related to the probability of developing D2. It is important to mention
that statistical data differ slightly for different world areas (Berghofer et al., 2008; WHO,
2011a), but data for larger countries seem to be reliable also for the countries with
comparable demographic, economic and social situation.

As very well known, activity has a significant direct influence to body weight and especially
to adequate body mass maintainance, but is important also by itself as a prevention
regarding the development of D2 (Defay, 2001; Brock, 2009). In adult population to the
group of high active are classified those, who are active 30 minutes or more on at least five
days a week, medium active are those, who are active 30 minutes or more 1 to 4 days a
week, other are low active. In children the following division was adopted: high
(recommended): 60 minutes or more on all 7 days per week; medium: 30-59 minutes on all 7
days per week; low: lower level of activity. Usually activity in men and women slightly
differ (men and boys are slightly more active), but average data, which were used for
modelling purposes, are summarized in Table 1 (British Heart Foundation Statistics
Website, 2008).

Overweight and obesity are defined as abnormal or excessive fat accumulation that may
impair health. The number of these people is constantly increasing and consequently the
World Health Organization (WHO, 2000) has recognized obesity being a disease too and as
such it deserves far more attention. It is mainly a consequence of unbalance between energy
intake and energy expenditure in each individual.

For adults, overweight and obesity ranges are determined by using weight and height to
calculate a number called “body mass index” (BMI). It is defined as the weight in kilograms
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divided by the square of the height in meters (kg/m?). BMI is used because, for most people,
it correlates with their amount of body fat. However, it should be considered as a rough
guide because it may not correspond to the same degree of fatness in different individuals.
WHO defines "overweight" as a BMI equal to or more than 25, and "obesity" as a BMI equal
to or more than 30 (WHO, 2011b). WHO's latest projections indicate that globally in 2005
approximately 1.6 billion adults (age 15+) were overweight and at least 400 million adults
were obese. Children were defined as overweight or obese using the 85th and 95th percentiles
of the reference curves. At least 20 million children under the age of 5 years were
overweight globally in 2005. Once considered a problem only in high-income countries,
overweight and obesity are now dramatically rising in low- and middle-income countries,
particularly in urban settings. The prevalence of obesity differs from country to country and
is also different regarding men and women. An average situation, which can be taken into
account for most European countries, is presented in Table 2 (British Heart Foundation
Statistics Website, 2010).

From data given in Tables 1 and 2 it is clear that activity or inactivity, as well as overweight
and obesity can, regarding the whole observed population, be interpreted as dynamical
processes where age of people is represented as independent variable.

In Fig. 7 the model response is illustrated which shows that activity is decreasing through
the whole life time and is becoming especially intensive after the age of 40. When activity is
defined also the prevalence of inactive are known, as is indicated in Fig. 8. The dynamical
structure which gives the responses presented in Figs. 7 and 8 was identified so that good
matching was achieved with data in Table 1 (dynamical nonlinear model of 11th order).

age 0 1 2 3 4 5 6 7
[years]
a‘"[if/a]ge 70 | 69 | 685 | 69 | 70 | 62 | 625 | 69
age 8 9 [ 10 | 11 | 12| 13| 14 | 15
[years]
a"?ﬁ/a]ge 685 | 645 | 645 | 64 | 645 | 645 | 585 | 56,5
age

16-24 | 25-34 | 35-44 | 45-54 | 55-64 | 65-74 | 75+
[years]
a"[e;a}ge 43 | 44 | 405 | 36 | 31 | 185 | 65

Table 1. Prevalence of high active population

age [years] 2-15 1634 | 3554 55-74 75+
il I N R T
ave];?\%;r;r;(‘)’?{/f]“ce: 16 19 33.5 31.5 25

Table 2. Prevalence of overweight (25=<BMI<30) and obese population (BMI=>30)
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It is important to note that such representation enables the extension of decision tree
formalism to comprise also a time component, namely the age of observed people (and/or
patients). This time component is of crucial importance also regarding the prevalence of
great number of chronic diseases and corresponding consequences. Another advantage is
that when certain population is observed these responses can be combined with
demographic data to evaluate the number of observed people.

In Fig. 9 the result of the last count of the population in Slovenia in 2003 is illustrated. When
combined with the prevalence of activity in Fig. 7 it becomes clear that in Slovenia around
780 000 people or 39% are active, while other 61% do not match this criteria. Distribution of
the number of active people regarding their age is presented in Fig. 10.

(&)
o

w
o

prevalence [%)]
N
o

age [years]

Fig. 7. Prevalence of activity

Two output signals from the block “activity” (see Fig. 6) are entering the block “obesity”.
For modelling purposes the information from Table 2 was used. It is clear that the ratio
between overweight and obese population is slightly changing through the life time, but as
these changes are not very distinctive the assumption that it is equal to 1.33 (average value
from Table 2) is taken into account.

It is also very well known that active life style has very good influence also to body mass
and in contrary people who are obese are inclined to inactivity, but there is practically no
quantitative data available regarding the statistical correlation on the population level
among these two variables. The interesting exception represents the paper of Brock (Brock et
al, 2009), where the association between insufficiently physically active and the prevalence
of obesity is described for the USA in the form of linear regression model. Testing this
description in comparison to information from Table 2 and presented activity response
showed that it is expected the prevalence of obesity to be slightly lower in EU countries.
Further nonlinearity can be presumed which can mainly be the reason of the fact that
activity is essentially decreasing especially after the age of 45 (see Fig. 7).
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Taking into account all mentioned data the mathematical model (11th order with time
delays) of overweight and obese population was identified and responses are presented in
Fig. 11. It is also possible to differ among overweight and obese taking into account
mentioned ratio.

When prevalence functions are defined also the number of these people can be calculated (Fig.
12). Regarding the presented model in Slovenia live over 1 million people who have BMI equal
to or greater than 25 or with other words almost 55% of population have higher body mass as
recommended. Among these people around 300 000 are active while others are not.
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Both, inactivity and obesity are very important regarding the development of D2 (Valensi et
al., 2005). It was discovered that most adults (85.4 - 86% in average) with diagnosed diabetes
were overweight or obese (MMWR, 2004), 52% were obese, and 8.1% had morbid obesity
(Daousi, 2006). Before this chronic disease is fully developed patients have a pre-diabetes
which in general significantly differ from D2 regarding the fact that when strict life change
is adopted taking into account corresponding diet and activity, sometimes complemented
by drug treatment, patients can return to normal state. Sometimes this transition is (for
example due to long lasting pre-diabetes) not possible, but in such situations D2
development is in most cases significantly postponed. Pre-diabetes is not a true disease but
can be interpreted as a serious risk factor for developing D2 and cardiovascular diseases.
Over 30% of people with pre-diabetes develop D2 within 5 years (Valensi, 2005). The
average conversion rate was estimated at 5.8% per year with wide variations which depend
on differences in age, BMI, ethnicity, etc.. It is very important to accent that several well-
designed randomized controlled trials (Valensi, 2005) have been reported that categorically
confirm the benefits of interventions in pre-diabetes. Standardized diet with reduced food
intake, increased physical activity and sometimes also additional drug treatment can reduce
the incidence of D2 for almost 60% (in mentioned studies from 25% to 58%). But, it is
important to point out that intensive lifestyle modification was nearly twice as effective in
preventing D2. It is therefore evident that active management of pre-diabetes can be very
effective in preventing the progression of diabetes.

For modelling purposes the information given in Tables 3 (Narayanappa et al., 2011; Li, et
al., 2009; NDS, 2011; Valensi et al., 2005) and 4 (Behl et al., 2004) was taken into account.
Again the average data between men and women are presented.
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Fig. 12. Number of people in Slovenia with BMI=>25 (active and inactive)
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[yaeiis] 511 1219 20+ 40-75 65+
average
prevalence 3.7 16.1 35 40 50
[%]

Table 3. Prevalence of pre-diabetes

ase 25-34 35-44 45-54 55-64 65+
[years]
average
prevalence 3.5 42 8.9 15.5 19
[%]

Table 4. Prevalence of diabetes type 2

In Fig. 13 model responses are given regarding pre-diabetes (16th order model with time
delays) and D2 (5th order with time delays), what further enable the calculation of observed
patients with respect to their age, what shows Fig. 14. It can be concluded that in Slovenia
live around 611 000 patients with pre-diabetes, or with other words, approximately 30% of
the population is in such state. In addition almost 144 000 are D2-patients, or over 7% have
developed this serious chronic disease. Among this group of patients 85.7% are overweight
or even obese.

-
o

S o [2]
o o o

prevalence [%)]

w
o

0 10 20 30 40 50 60 70 80 90 100
age [years]

Fig. 13. Prevalence of pre-diabetes and D2
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number

age [years]

Fig. 14. Number of patients with pre-diabetes and D2 in Slovenia

In this design phase also some of expenses needed for observed patients can be indicated.
For the population with higher mass it is possible to find out that a great majority of these
people would like to loose their overweight. Some of them are experimenting with different
diets, around 20% of adult population (from 18 to 60) also use drugs, and around 5% from
the age window of 40 to 60 use the help of medical experts. In some special cases also
surgical help is needed. In Slovenia in average around 100 such surgical operations per year
can be expected. More and more frequent are also cosmetic surgical operations, but were not
taken into account here as they are mainly performed in private institutions and data are not
available.

It was estimated, that for one overweight or obese patient the year price for drugs is €447.96,
what represents an economic burden of €66.88 million per year (for 20% of adult population
between 18 to 60). As year treatment by medical expert represents economical burden of
around €3000 for this group additional €63.4 million is used (for 5% from the age window of
40 to 60). Prices for surgical operations differ drastically. In Slovenia for such intervention
€7200 is needed for one patient or €720 000 per year for the whole country. All together this
represents €131 million per year of direct costs or in average around €130 each year for each
from the group of obese or overweight persons.

An average year treatment price for one D2 patient was estimated to be €355 (Atanasijevi¢-
Kunc et al., 2008c) (general practitioner: 4 times / year, laboratory: 2 times / year, drugs),
representing economical burden of over €51 million per year. It is important to observe that
the maximum number of these patients can be expected inside the age window of 55 to 75.
As population in Slovenia, similar to other EU countries, is getting older, in the future
decades this burden can become even more serious.

To estimate such population changes mathematical model was developed taking into
account average statistical parameters using data (fertility, mortality and migrations) from
2004 to 2007 as presented by Statistical Office of the Republic of Slovenia (SORS, 2011).
Fertility was calculated regarding the number of people in the age window from 18 to 45. It
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was estimated that each year 2.2715% newborns are expected regarding the mentioned
group of people. The realized prediction starts in 2003 and illustrates the expectations till the
year 2052. The situation is illustrated in Fig. 15. An important observation from this figure is
that the number of people after the age of 60 is expected to increase while the younger
population, including also the majority of working people, is diminished. Combination of
modelling results from Fig. 15 and the prevalence of D2 model is shown in Fig. 16.

3.5

number of people from 2003 to 2052

age [years]

Fig. 15. Number of people in Slovenia from 2003 to 2052
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The number of D2 patients in younger population is expected to decrease as the number of

younger population is also decreasing, but after the age of 60 the number of D2 patients is

essentially higher. The ratio between the number of D2 patients and the number of active

people (people between 20 and 60) in 2003 equals 0.1208, while in 2052 it is expected to rise

to 0.2036. This means that for active population only regarding D2 patients the economic

burden is expected to increase for 68.5% if the prevalence of this disease remains

unchanged.

Here it is important to point out also the following additional facts:

- As revealed in (NDS, 2011) the average medical expenditures for the people with
diagnosed D2 are 2.3 times higher than that for the people without D2.

- The prevalence of several other chronic diseases and different complications are higher
among older population (Atanasijevié-Kunc et al., 2008a, 2008b, 2008c).

Therefore it would be of great importance to indicate and evaluate some solutions which

would decrease this enormous social and economical burden.

The increase of activity is, regarding medical recommendation, the first step which can

represent an improvement in desired direction, and the second is of course body mass

reduction. To estimate the interdependence of mentioned variables in a quantitative manner

two-compartment mathematical model was used (Chow & Hall, 2008), enabling to differ

among fat-free body mass (ffin) and fat mass (fin). Equation for daily energy balance is:

eb(t)=ei(t)—ee(t) 1)

where ei(t) represents daily energy intake and ee(t) daily energy expenditure in kcal. Energy
intake depends on food and its caloric value:

ei(£) = kyci 1)+ ko (1) Kapi1) @

ci(t) indicating carbohydrate intake, fi(t) fat intake and pi(t) protein intake while constants k;
are: ky=4kcal/gram, k,=9kcal/gram, ks=4 kcal/gram. It is recommended that protein intake
represents 20-30%, fat intake 15-20% and carbohydrate intake 55-60% of daily food intake.
Daily energy expenditure is calculated as follows:

ee(t)=tef (t)+pa(t)+rmr(t) 3)

where fef(t) is thermic effect of feeding which usually ranges from 7 to 15% of the total
energy intake (11% in our case), pa(t) represents energy spent on physical activity and rmr(t)
is the so called resting metabolic rate. It refers to the energy needed to maintain basic
physiological processes. It represents a substantial percentage (45-70%) of energy
expenditure for the typical individual (HER, 2001). It mainly depends on ffmn(t) and was
approximated with:

rmr(t) =500+ 22 ffm(t) @)

The daily energy balance eb(t) is partitioned into one of two compartments for fat mass and
for fat-free mass:

df’”(t) (1—1”(t))€b(t) ()

dt P
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dfin(t) _r(teb(r) o
dt P i

where r(t) ratio is the parameter that assigns a percentage of the imbalance denoted by eb(t)
to the compartments fat mass and fat-free mass, respectively (Dugdale & Payne, 1977):

()= k=10420" (7)

K+ fm(t) Ppn

P g = 1800 keal / kg
P n = 9400 keal / kg

It is important to mention that also more precise (and complex) mathematical models
describing the influence of eating and physical activity to body mass exist. But in our case
the goal was mainly to present the interdependence of different models and information
which can be shared to obtain better insight into population behaviour what is also the
reason why in this modelling step only an average person (between men and women) was
taken into account. From the average height (1.72m regarding 11 European countries) and
average BMI=32 also the average mass of this person is estimated to be 94.7kg. Regarding
medical recommendations such person should loose around 30kg to satisfy BMI=22 in the
middle of desired BMI interval. The initial fat mass was estimated from the regression
equations (Jackson et al., 2002): fin(0)=34.7 kg.

Model response is given in Fig. 17 for observation time of 10 years. During the first year (365
days) energy intake is equal to energy expenditure (2460kcal) (for control purposes) and
therefore the body mass remains unchanged. After the first year physical activity is
increased from 370kcal per day (representing minimal physical activity) for 210 kcal per
day. This energy expenditure can be realized by a half an hour walk, but without the
increase of energy intake. Such minimal increase of activity, which is in general suitable also
for obese persons, would change in three years BMI to 25.

In our case however, at the beginning of the third year of observation also the energy
intake is decreased for 300 kcal per day, but only for one year. In this way desired range
of BMI is reached during the second year as presented in Fig. 17. If the person remains
active for half an hour per day he-she is reaching desired mass at the end of the third
year.

What direct changes could such a regime of activity and diet represent for observed
population and why the problems are expected in practice?

Let’s take into account the following assumptions. 80% of obese and inactive people
between the age of 20 to 50 are motivated to undertake the presented regime of increased
activity and diet. With this they are immediately transferred into the group of active
population, where they remain. After two years of activity they are also transferred out
from obese population and they remain in the group of people with healthy body mass.
Each year also 80% of 20 years old obese and inactive are motivated to join the motivated
group.

The consequences of life - lasting increased activity together with corresponding diet are
shown in Figs. 18 to 20. The increased number of active population (Fig. 18) would together
with proposed diet slowly changing the number of overweight and obese people (Fig. 19).
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Fig. 19. Number of overweight and obese patients is decreasing
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The consequence would be that among this group of patients from pre-diabetes only 50%
would develop D2, while other would return to the population with healthy body mass and
without D2 (Fig 20).

In this way the number of obese and overweight people would be decreased for over 53%
and the number of D2 patients for 35%. In the same proportion also the corresponding
expenses would be reduced.

The proposed strategy has one important deficiency, namely the lack of patients” motivation
and discipline as the success is completely dependent on these two important factors.
Therefore our further goal is to extend the presented model with motivation aspects and
expenses needed for its stimulation.

4, Conclusion

Four-level mathematical description structure is proposed which can be efficiently used

for the estimation of the number of observed patients, the distribution regarding their age

and for the estimation of their economical burden. It can comprise different mathematical

descriptions important for observed processes. In our case it consists of dynamical

decision tree describing the prevalence of population activity and inacivity, overweight

and obesity, pre-diabetes and diabetes type 2. In combination with dynamical population

model predicting the number of people, two-compartment dynamical model for

estimation of body mass changes and evaluated treatment expenses also the number of

observed patients and treatment burden were calculated for Slovenia. As similar results

can be expected in the countries with comparable social and economical situation (the

great majoity of EU countries), the following can be concluded for the population of one

million people:

e over 60% are inacive,

e only 45% have body mass in normal range,

e overweight and obese patients spend around €65.5 million per year for body mass
reduction,

e 30% of people has pre-diabetes,

e over 7% have developed diabetes type 2,

e  direct tratment expenses for D2 patients are around €25.5 million,

e essential savings could be expected with minimal life-style changes,

e in this way the number of obese and overweight people could be decreased for over
53% and the number of D2 patients for over 35%.

It is obvious that motivation is the most important obstacle in achieving the efficient

improvement in reduction of D2 patients and corresponding economical burden. Therefore

our future interest will be directed in developing corresponding mathematical model to

complement the presented structure and to indicate the potentially important further

activities.
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1. Introduction

Protein aggregation is a very fascinating matter due to its implication in many human
neurodegenerative diseases and its relevance in food and pharmaceutical industries. In
some cases, the aggregation of protein is a natural phenomenon occurring in living
organisms. For example, in the reaction leading from the globular (G) monomeric actin to its
polymeric fibrillar (F) structure (Morris et al., 2009):

n (G-Actin) = (F-Actin),

or the case of polymerization of tropocollagen to obtain collagen fibrils, a process leading, in

the case of type I Collagen, to the formation of long fibrils having a wave pattern (Yadavalli

et al., 2010).

In general, a non-physiological aggregation, that is an aggregation process not naturally

occurring, starts from “activated” molecules having secondary and/or tertiary structures

different from those corresponding to the “native state” (Manno et al., 2006, 2010; Morris et

al.,, 2009). Increasing evidence suggests that the non-physiological aggregation of proteins

such beta-amyloid, alpha-synuclein, huntingtin and ataxin, superoxide-dismutase 1 (SOD1),

Tau and Amylin, is responsible for the onset of many neurodegenerative pathologies such

as Alzheimer’s, Parkinson’s and Huntington’s diseases, Amyotrophic Lateral Sclerosis,

Frontotemporal Lobar Degeneration (Figure 1) and Type 2 Diabetes (or diabetes mellitus),

respectively (Chiti & Dobson, 2006).

The question of what triggers the transformation of a biologically active protein into a

“pathogenic agent” with high self-assembly propensity is still unanswered. Some of the

proposed explainations include:

i.  the propensity of some proteins to assume a pathological conformation which increases
with aging (Uversky, 2007; Saraiva, 2001);

ii. the persistently high cellular or plasma concentrations (Singleton et al., 2003; Farrer et
al., 2004);

iii. an amino acid mutation or a genetic expansion of DNA sequences encoding proteins, as
in the case of Huntington disease (Cummings & Zoghbi, 2000);

iv. an abnormal post-traslational modification of the protein responsible for the disease
(Goedert et al., 1993);
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v. the proteolitic cleavage of the precursor protein, as in the case of Abeta-peptide;
vi. the influence of environmental factors.

Alzheimer's Parkinson's Huntington's Amyotrophic latera Frontotempaoral
disease disease disease [HD, SCAs) sclerosis lobar degeneration
amyloid-p a-synuclein huntingtin TDP-43 Tau

ataxins S0D1 -

Y V] 4 "4

Abnornal protein misfolding and aggregation

\\\\§ —— e [ % — \
native monomer misfolding p- sheet cligomers amyloid fibrillar
aggregates

\ \ /v

Neurodegenaration

Fig. 1. Protein misfolding and aggregation as the common molecular pathogenesis of
neurodegenerative diseases. Some genetic mutations responsible of neurodegenerative diseases
render the causative proteins prone to misfold and to form beta-sheet-rich oligomers and
amyloid fibrillar aggregates, resulting in their accumulation in the affected neurons and
eventually leading to degeneration in the brain. This mechanism is retained common to a
broad variety of neurodegenerative diseases, such as Alzheimer’s, Parkinson’s and
Huntington disease, Amyothophic Lateral Sclerosis and Frontotemporal Lobar
degeneration.

Type 2 diabetes (T2D) is classified as a metabolism disorder and it is often associated with
microvascular and macrovascular complications, including retinopathy, nephropathy,
neuropathy and cardiovascular disease. A diabetes affected person has an elevated quantity
of glucose in the blood (hyperglycemia) that is caused by the inability of the body either to
produce any insulin or enough insulin, or by the inability of the cells to respond properly to
the insulin producted in the pancreas. This excess blood glucose eventually passes out of the
body in the urine. So, even though the blood has plenty of glucose, the cells are incapable of
getting it for their essential energy and growth requirements. There are three main types of
diabetes: Type1 diabetes (T1D) (referred to as insulin-dependent diabetes and juvenile
diabetes), results from the body's failure to produce insulin, and presently requires the
person to inject insulin. Type2 diabetes (referred to as non-insulin-dependent diabetes
mellitus, and adult-onset diabetes.) is associated with a reduced ability of insulin to stimulate
glucose utilization (insulin resistance) and sometimes it is combined with an absolute
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insulin deficiency. The third type, gestational diabetes, is when pregnant women, who have
never had diabetes before, have a high blood glucose level during pregnancy and it may
precede development of T2D. Ninety percent of diabetes patients have T2D, which usually
has its onset in adulthood. Diabetes is increasing and the World Health Organization
estimates that there will be a doubling of cases by 2025, largely as a result of lack of physical
activity and poor dietary habits, both of which are risk factors for the disease. Obesity,
hypertension, hyper-cholesterolemia and hyperlipidemia are all associated with T2D
(MedScape).

Alzheimer’s disease (AD) is the most common form of dementia in the elderly. It is
characterized by neuronal cell loss and increasing accumulation of neurofibrillary tangles
(NTF) in neurons and amyloid fibers in neuritic plaques and in the walls of blood vessels
(Wisniewski et al.,, 1997). Amyloid beta-peptides of varying length (39-43 residues) are
produced by cleavage of a transmembrane protein, the amyloid beta-protein precursor
(APP) (Wilquet & De Strooper, 2004). The 42 residue beta-peptide (Abeta-42) is the
predominant form found in plaques and under physiological condition the ratio between
Abeta42 and Abeta40 is about 1:10 (Iwatsubo et al., 1994). Abetad2 has a much greater
neurotoxity than Abeta40 and its aggregation kinetics is faster than other beta-petides
(Davis & Van Nostrand, 1996). The proteinaceous material is organized in structured linear
aggregates (amyloid fibrils). A recent and now convincing belief is that small diffusible
oligomers of Abeta-42, called ADDLs, are the determining pathogenic species causing
synaptic dysfunction and eventually neuronal degeneration (Lambert et al., 1998; Picone et
al., 2009)

AD accounts for 50-70% of all dementia cases and is characterized by cognitive deficits. This
incurable, degenerative, and terminal disease was first described by the German psychiatrist
and neuropathologist Alois Alzheimer in 1906. Several factors have been considered
relevant for the AD pathogenesis and among these the most important is age. During life
small variations occurring in cellular metabolism and structure can modify the functional
state of susceptible neurons, leading to dramatic or even lethal changes. Thus, while the the
monomeric Abeta is not neurotoxic, for not yet known reasons it starts to form
supramolecular aggregates accumulating in the AD brain.

Familial AD is a rare form of dementia and is caused by autosomal dominant mutations in
one or more of the genes encoding the amyloid precursor protein (APP), presenilin 1 or
presenilin 2 (the latter two proteins form the catalytic core of y-secretase) (Gotz et al., 2004).
By contrast, late-onset AD might be caused by environmental and/or life style factors
(Rocchi et al., 2003). Interestingly, late-onset AD is characterized not only by the
neuropathological markers mentioned above, but also by vascular lesions, and
hyperglycemia, hyperinsulinemia, insulin resistance, glucose intolerance, adiposity,
atherosclerosis and hypertension (Haan, 2006).

Diabetes and AD are considered age-related diseases and are both increasing. In the USA,
diabetes and AD affect ~ 23.6 and = 5.3 million people, respectively, and these numbers are
projected to rise considerably. The Centers for Disease Control and Prevention predict that
more than 29 million people in the US will be affected by diabetes by 2050, while the
Alzheimer’s association forecasts that by this date, 11-16 million Americans will have AD
(Han & Li, 2010). Numerous studies report that patients with diabetes have an increased
risk of developing AD compared with healthy individuals (Arvanitakis et al., 2004;
Neumann et al., 2008; Roriz-Filho et al. 2009). In fact, some studies revealed that 80% of
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patients with AD exhibited either impairments in glucose tolerance or frank diabetes
(Schrijvers et al., 2010). In particular, similarities between T2D and AD include: aging-
related processes, degeneration, high cholesterol levels, peripheral and CNS insulin
resistance, dysfunctional IR and IR-mediated signaling pathways, decreased glucose
transport and metabolism, despite the higher non-metabolized glucose levels in cerebral
blood (Hoyer, 1998; Salkovic-Petrisic & Hoyer, 2007; Schulingkamp et al., 2000). The
inbalance between low and high glucose levels in T2D patients may be responsible for brain
vascular damage and neurodegeneration thus facilitating the AD onset.

2. Alzheimer’s disease and type 2 diabetes: Two amyloidogenic pathologies

AD and T2D are two pathologies characterized by the presence of large insoluble aggregates
having an amyloidogenic fibrillar conformation, amylin in T2D pancreatic islets and Abeta
and the microtubule protein Tau in the brain of AD patients. In particular, amylin
aggregation is associated with pancreatic b-cell loss, whereas Abeta and Tau aggregation is
associated with neuronal cell loss and synaptic dysfunction (Lupi & Del Prato, 2008;
Schroeder & Koo, 2005; Resende et al., 2008a). The formation of amyloid aggregate occurs
both in the intra- and extra-cellular environments; further the proteinaceous aggregates are
strictly bound with membranes and calcified. Despite their common secondary structure
conformation, it is well accepted that a correlation does not exit between amino acid
sequence and tendency to amyloid structure formation; thus it is assumed that amyloid
formation is a generic properties of all polypeptides (Chiti & Dobson, 2006).

In particular, amyloid fibers share the following features (Xu, 2007):

¢ all have a rope-like appearance;

e all show a dominant beta-sheet structure;

e their formation can be enhanced either by the stirring or the presence of seeds;

e all aggregate starts from spherical oligomers that in turn self-assemble linearly;

e all can incorporate a special kind of dye molecules such as Congo Red or Thioflavin T.
On a molecular lengthscale, Abeta can form aggregates of different shape originated in
vitro under different conditions. These structures include amyloid fibrils (Ban et al., 2004),
small oligomers (Walsh et al., 1999), spherical amyloid oligomers (Westlind-Danielsson &
Arnerup, 2001) and annular pore-forming structures (Lashuel et al., 2002), amyloid
protofibrils (Harper et al., 1997), beaded chain protofibrils (Huang et al., 2000) and
spherocylindrical micelles (Lomakin et al., 1996; Yong et al., 2002).

X-ray fiber diffraction showed that amyloid fibrils contain beta-sheet structure lying
orthogonally to the major fibril axis (Serpell, 2000). In the early 2000s, Tycko’s group
(Antzutkin et al.,, 2000; Balbach et al., 2002) obtained, for the first time, evidence of an
extended parallel beta-sheet organization for the Abetad40 fibrils using solid-state NMR.
They showed that the methyl carbons of Ala-21 and Ala-30 must be placed in groups of at
least four with internuclear distances of less than 5.5 A. Although beta-sheets are the main
constituent of the amyloid fibrils they are not the only structure present in the fibrils. Liquid
state NMR, FTIR and CD measurements in Abeta40 have demonstrated the existence of a
turn formed by the amino acids at position 26-29. Little information is known about the
Abeta4?2 fibril structure and many mutant peptides have been synthetized to obtain an
explanation about its secondary structure. The results have showed that the residues at
positions 15-21 and 24-32 are involved in the beta-sheet formation and that the turn at
positions 22 and 23 plays a crucial role in the aggregation of Abeta42.
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The islet amyloid polypetide (IAPP), identified for the first time in 1987 (Westermark et al.)
and also known as amylin, is secreted by the beta cells of the pancreatic islets of Langerhans,
which also secrete the insulin. The occurrence of IAPP in the membranes of beta-cells and
the presence of alterations in the membranes of the same cells (Lorenzo et al., 1994; Janson et
al., 1999) suggest that this interaction is responsible for the cytotoxic effect of these
formations. The primary sequence of the peptide is well conserved in organisms and, in
particular human and mouse IAPPs differ by only six amino acids but the latter does not
form fibrils neither in vitro nor in vivo. The development of IAPP deposits is deeply
associated with T2D because more than 90% of T2D patients presents this type of amyloid
formations as evidenced by autopsy and, further, the amount of aggregates appears to be
correlated with the pathology seriousness.

Human IAPP (hIAPP) consists of 37 amino acids with a S-S bridge between the Cys 2 and
Cys 7. As in Abeta, IAPP is non-toxic in its monomeric form but it exhibits high toxicity
levels when it aggregates into beta-rich amyloid structures. As in other amyloid peptides,
the mechanism of fibrillation occurs through the formation of nuclei with a lag phase whose
duration is concentration-dependent and proceeds by addition of monomers or oligomers to
both fibril terminals. The secondary structure of hIAPP mainly consists of unstructured
regions, with small alpha-helical and beta-sheet components (Goldsbury et al., 2000).
Recently has been suggested that hIAPP oligomers in presence of membranes could exhibit
an alpha-helical structure (Knight et al., 2006).

The three dimensional structure of hIAPP has been extensively studied with different
techniques and the results show that, similarly to other amyloid proteins, the amylin mature
amyloid fibrils show a relevant amount of beta-structure (McLean, 1992; Goldsbury, 2000).
Studies on the mechanism of hIAPP fibrillation indicate that during the process, hIAPP
undergoes a conformational change from an unstructured peptide to beta-sheets and alpha-
helical structures (Goldsbury, 2000).

The IAPP decapeptide sequence between residues 20-29 seems to play an important role in
the fibrillization process (Westermark et al., 1990) even if it does not appear to be the only
region involved in fibril formation. In fact, recent studies have evidenced the importance of
the residues in position 13-18 in the interaction leading to the formation of fibrils (Gilead &
Gazit, 2008). Also the aromatic-aromatic interactions between residues 15, 23 and 37 seem to
be important in amyloid formation althought not essential for fiber formation as evidenced
using IAPP with a triple mutation (Marek et al., 2007).

3. The effect of oxidative stress

The brain has a high energy demand and, although it represents only 2% of body weight, it
accounts for 20% of total body oxygen consumption. This energy requirement is largely
driven by neuronal request of energy to maintain the ion gradients across the plasma
membrane, which are critical for the generation of action potentials. This intense energy
requirement is continuous; even brief periods of oxygen or glucose deprivation result in
neuronal death. Diabetes mellitus leads to functional and structural changes in the brain,
which appear to be most pronounced in the elderly. Furthermore, increased age is
associated with insulin resistance. Increasing data support the idea that mitochondrial
function declines with aging and in age-related diseases such as diabetes and AD.

Normal glucose metabolism is required for the performance of cognitive functions, and
impairments in glucose metabolism might contribute to cognitive dysfunction. Imaging
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studies have revealed that patients with AD and individuals at risk of developing this
disease typically have reductions in glucose metabolism in temporal and parietal brain
regions and hippocampus (Garrido et al., 2002). Moreover, compared to healthy individuals,
patients with AD often have increased plasma insulin levels and/or a decreased
cerebrospinal fluid (CsF)-to-plasma insulin ratio. These findings indicates that glucose
metabolism and insulin signaling are important in normal brain function. The negative
effect of impaired glucose metabolism on cognitive functioning can be caused by an increase
in oxidative stress that is associated with mitochondrial dysfunction.

Mitochondria are essential subcellular organelles for generating the energy that fuels normal
cellular functioning. At the same time, the mitochondria have a strategic task because,
depending on environmental factors, they can decide whether to continue the healthy life of
the cell or to terminate it by apoptosis activation. Mitochondria are essential for neuronal
function because the limited glycolytic capacity of these cells makes them highly dependent
on aerobic oxidative phosphorylation for their energetic needs. However, oxidative
phosphorylation is a major source of endogenous free radicals. A variety of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are produced in vivo through both
enzymatic and non-enzymatic routes. ROS include hydrogen peroxide, hydroxyl radical,
superoxide ion and singlet oxygen, products of normal cellular respiration. The hydroxyl
radical is a highly reactive species and has a relatively short life time. It is abundantly
produced in the mitochondria during respiration cycles and reacts with the proteins, lipids,
and nucleic acids during their production. Peroxynitrous acid is one of the major RNS found
intracellularly and it is involved in the rapid nitration of aromatic residues of proteins, such
as tyrosine, to give 3-nitrotyrosine, which may alter the protein structure. Further it is also a
marker of oxidative stress (Smith et al, 1997). Under normal conditions, antioxidant
defenses can counteract oxidative stress damage. In the absence of an appropriate
compensatory response from the endogenous antioxidant network, the system becomes
redox imbalanced, leading to the activation of a stress-sensitive intracellular signaling
pathway and, in extreme conditions, to apoptosis. Increased oxidative damage and impaired
antioxidant defenses are prominent both in the onset of AD and diabetes (Smith et al., 1996;
Evans et al. 2002). Abnormal glucose metabolism can also increase the production of free
radicals such as reactive oxygen species (ROS) and reactive nitrogen species (RNS). This
overproduction of free radicals can exhaust the antioxidant capacity of the cell and lead to a
condition known as oxidative stress, which is a hallmark of both T1D and T2D and a
contributing factor to diabetic neuropathy (Russell et al., 2008; Vincent et al., 2004).
Oxidative stress is not only associated with diabetes and its complications, but has been
linked to insulin resistance, the subnormal response to a given amount of insulin (West,
2000).

ROS-induced and RNS-induced protein modifications and/or lipid peroxidations result in
cell damage that can lead to cell death, and they are increased in patients with diabetes or
AD compared with healthy controls (Pratico et al., 2004). Brain and cerebrospinal fluid (CSF)
levels of lipid peroxidation biomarkers, including malondialdehyde and 4-hydroxynonenal
(two highly toxic products generated in part by lipid oxidation and ROS), are both higher in
individuals with AD and diabetes mellitus than in healthy people (Reddy et al., 2009; Slatter
et al., 2000). Furthermore, levels of oxidized proteins are increased in the frontal and parietal
lobes and in the hippocampus of patients with mild cognitive impairment compared with
healthy controls, indicating that oxidative damage might occur early in the development of
AD (Butterfield et al., 2007). ROS, as mentioned earlier, are also involved in the damage of
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DNA. Minor modifications of the nucleic acid bases are repaired through base excision
repair involving DNA glycosylase and AP endonuclease, which are located in nuclei and
mitochondria. The progression of AD is associated with the diminished expression of these
DNA repair enzymes (Nakabeppu et al., 2004). The accumulation of the oxidatively
damaged nucleic acids and proteins likely exceeds the limit of cellular repair and
detoxification mechanisms and leads to the onset or progression of diabetic and
neurological pathologies. In general, accumulation of oxidatively damaged proteins, lipids,
and nucleic acids correlates with the onset of age-related diseases, especially in diabetes and
AD (Stadtman, 2001), indicative of a common pathological mechanism.

Oxidative stress and lipid peroxidation seem to be able to induce Abeta accumulation:
studies in a mouse model of AD have demonstrated that brain lipid peroxidation increases
before that Abeta levels increase (Pratico et al., 2001) and that the onset of Abeta deposition
is associated with an increase in the level of RNS (Apelt et al., 2004). Further evidence
supporting this hypothesis has been obtained from studies of a mouse model of AD in
which mutations in the genes encoding APP and presenilin 1 cause an increase in Abeta42
production. In these animals, lipid and protein peroxidation is evident at the disease onset
(Matsuoka et al., 2001). In a triple-transgenic animal model of AD, in which mice develop
Abeta plaques, tangles and cognitive defects, a decrease in antioxidant capacity and an
increase in lipid peroxidation were noted before the development of AD pathology
(Resende et al., 2008). Oxidative stress seems to affect APP either directly, by increasing
APP levels, or indirectly, by modulating APP processing, and both mechanisms could
increase levels of Abeta. Studies in transgenic mice and postmortem brain tissue from
patients with AD suggest also that an increase in Abeta production leads to a rise in the
production of ROS and that oxidative stress occurs early in the development of the disease.

4. The mitochondrial dysfunction

Several studies are consistent with the view that diabetes-related mitochondrial dysfunction
is exacerbated by aging and/or by the presence of neurotoxic agents, such as Abeta. This
suggests that diabetes and aging are risk factors for the neurodegeneration induced by this
peptide. Mitochondrial dysfunction could be one of the common underlying mechanisms
explaining the association between diabetes and AD. Mitochondrial dysfunction and the
resulting energy deficit trigger the onset of neuronal degeneration and death. Mitochondria
serve also as high capacity Ca2* sink, which allows them to follow the changes in cytosolic
Ca?* loads and helps in maintaining cellular Ca?* homeostasis, required for normal neuronal
function (Rizzuto et al., 2000). Conversely, excessive Ca2* uptake inside mitochondria has
been shown to increase ROS production, inhibit ATP synthesis, release cytochrome C, and
induce mitochondrial permeability transition (Brustovetsky et al., 2002). The mitochondrial
permeability transition (MPT) is defined as the sudden increase of inner mitochondrial
membrane permeability to solutes of molecular mass lower than 1500 Da (Bernardi et al.,
1994). Strong evidence now exists that the MPT is due to the opening of a nonselective
megachannel (estimated to be 2-3 nm in diameter). Because the chemiosmotic theory is
based on the impermeability of the inner mitocondrion membrane to solutes that are not
specifically transported, MPT would collapse the mitochondrial membrane potential (AWm)
and uncouple the electron transport system from the production of ATP. Additionally, MPT
results in mitochondrial swelling and can lead to the release of proapoptotic proteins.
Importantly, Ca2*, P;, oxidative stress, and low inner membrane potential promote the onset
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of MPT, whereas cyclosporin A, Mg2+, ADP, and the existence of a high membrane potential
oppose the onset (Bernardi et al., 1994).

Increasing data support the idea that mitochondrial function declines with aging and in age-
related diseases, such as diabetes and AD (Calabrese et al., 2001). Some data show the
existence of an age-related impairment of the respiratory chain and an uncoupling of
oxidative phosphorylation in brain mitochondria isolated from Goto-Kakizaki (GK) rats, as
model of T2D (Moreira et al., 2003). Furthermore, aging exacerbates the decrease in the
energetic levels promoted by diabetes. The maintenance of oxidative phosphorylation
capacity is extremely important in the brain since a large amount of the energy required for
the normal functioning of neurons is provided by mitochondria. Moreover, the CNS
requires a large amount of ATP for the transmission of impulses along the neural pathway,
thus indicating that mitochondrial function impairment can result in neurodegeneration and
loss in neuronal metabolic control (Calabrese et al., 2001).

5. Advanced glycation end products (AGE)

Abnormal glucose metabolism and oxidative stress contribute to the formation of advanced
glycation end products (AGE). This process occurs through the Maillard reaction or “non-
enzymatic browning”, a complex series of reactions between reducing carbohydrates with
lysine side chains and N-terminal amino groups of proteins. This process initially leads to
rather labile Schiff bases which as a rule rearrange to the more stable Amadori products. The
Amadori compounds are slowly degraded, in complex reaction pathways via dicarbonyl
intermediates, to a plethora of compounds (Ledl & Schleicher, 1990) designated summarily
as “advanced glycation end products” (AGEs); this overall reaction sequence proceeds both
in vitro and in vivo. In long-lived tissue proteins, these chemical modifications accumulate
with age and may contribute to pathophysiologies associated with aging and long-term
complications of diabetes and atherosclerosis (Lederer & Klalber, 2000).

Practically, AGEs comprise a heterogeneous group of molecules formed by irreversible,
non-enzymatic reactions between sugars and the free amino groups of proteins, lipids and
nucleic acids. Auto-oxidation of glucose leads to the formation of oxygen radicals, which are
intermediates in the AGE pathway and the predominant source of endogenous AGEs. AGEs
may exist as protein cross-links or as modification of the side chains of a single protein, and
significantly alter protein conformations leading to protein inactivation. Numerous AGEs
have been isolated and characterized by spectroscopic analysis after cleavage from the
protein backbones. AGEs involving protein cross-links include: pentosidine, a dimer of
arginine and lysine; methylglyoxal-lysine dimer (MOLD), a dimer of two lysine residues;
and methylglyoxal-derived imidazolium cross-link (MODIC) and glyoxal-derived
imidazolium cross-link (GODIC), dimers of arginine and lysine residues. Examples of AGEs
resulting from the single protein modification are pyrraline and Ne -(carboxymethyl)lysine
(CML), the lysine-residue modified products, and argpyrimidine, an arginine-residue
modified protein. Although many other AGEs, including the hydroimidazolone adduct MG-
H1, have been characterized in diabetes, some of them have common occurrence in AD
(Rabbani et al., 2008).

The formation and accumulation of AGEs occur during normal aging; however, these
processes are exacerbated in patients with diabetes and the binding of AGE to its receptor
(receptor for AGEs or RAGE) induces a series of biological processes that cause further
diabetic complications (Singh et al., 2001). AGE immunoreactivity is present in both Abeta
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plaques and NFTs in patients with AD. Furthermore, hippocampal neurons from patients
with this neurodegenerative disease contain Abeta-positive, AGE-positive and RAGE
positive granules. (Sasaki et al., 2001). Whether the modifications of Abeta and tau by AGEs
are a primary or secondary event in AD is a controversial topic. Nevertheless, AGEs are
widely accepted to be active participants in the progression of AD, since AGE-induced
glycation of Abeta and tau protein has been shown to cause the Abeta aggregation and the
formation of NFTs, respectively (Ledesma et al., 1994). Moreover, diabetic mice with
cognitive impairments exhibit increased RAGE expression in neurons and glia compared
with wild-type control mice (Toth et al. 2006), and in one clinical study, AGE
immunostaining was increased in postmortem brain slices from patients with AD and
diabetes compared with non-diabetic patients with AD (Girones et al., 2004).

The question of whether AGEs are the cause or consequence of the pathology is not clear,
although there is likely a primary role of oxidative stress in both pathologies. However, it
should be pointed out that glycoxidation and oxidative stress are mutually dependent and
reinforce each other. Thus, while the sources of oxidative stress may widely differ in
diabetes and AD, and while a number of AGEs accumulate in both conditions, other AGEs
found in diabetes have yet to be characterized in AD.

6. Antioxidant therapy in Alzheimer’s disease and diabetes

Given the importance of mitochondria as the primary source of oxidative stress in AD and
diabetes, the use of antioxidants may also be useful. However, the broad occurrence of both
diseases, the non-regenerative nature of the CNS and the fact that AD diagnosis often does
not occur until late in the disease progression, suggest that the ideal antioxidant should be
used as a prophylactic treatment for the aged population. Oxidative stress is one of the
earliest events in the neurological and pathological changes of AD, while the effects of
oxidative stress are manifested in the slow accumulation of AGEs in diabetes. Thus,
antioxidant therapy in combination with AGE inhibitor therapy may be effective approaches
for AD and diabetes-related complications. Oxidative stress leads to irreversible protein
aggregation and consequent neuronal degeneration in AD (Liu et al., 2007). Advanced
lipoxidation products, such as HNE, bind to phosphorylated tau protein to form paired
helical filaments, accelerating the formation of neurofibrillary tangles. Oxidative stress also
results in the covalent crosslinking of tau filaments to form large aggregates that are
resistant to proteolytic cleavage. Larbig and coworkers reported a series of inhibitors for tau
protein aggregation (Larbig et al., 2007). Remarkably, thiazolium-based compounds, which
are also AGE inhibitors and potentially useful for diabetic therapy, are effective inhibitors of
tau aggregation.

Extensive studies of pharmacological interventions based on biological antioxidants have
been carried out both for AD and diabetes (Lee et al., 2010; Maritim et al., 2002). Common
antioxidants include the vitamins A, C, and E, glutathione, and the enzymes superoxide
dismutase, catalase, glutathione peroxidase, and glutathione reductase. Other antioxidants
include lipoic acid, mixed carotenoids, coenzyme Q10, several bioflavonoids, antioxidant
minerals (copper, zinc, manganese, and selenium), and the cofactors (folic acid; vitamins B1,
B2, B6 and B12). They work in synergy with each other and against different types of free
radicals. Vitamin E suppresses the propagation of lipid peroxidation; vitamin C, with
vitamin E, inhibits hydroperoxide formation; metal complexing agents, such as
penicillamine, bind transition metals involved in some reactions in lipid peroxidation.
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Vitamins A, C, and E are interesting antioxidant molecules because are diet-derived and
directly detoxify free radicals. They also interact in recycling processes to generate reduced
forms of the vitamins. Tocopherol is reconstituted when ascorbic acid recycles the tocopherol
radical; dihydroascorbic acid, which is generated, is recycled by glutathione. Under some
conditions, these vitamins also foster toxicity by producing pro-oxidants. Vitamin E, a
component of the total peroxyl radical-trapping antioxidant system, reacts directly with
peroxyl and superoxide radicals and singlet oxygen and protects membranes from lipid
peroxidation (Weber et al., 1997). A deficiency of vitamin E is concurrent with increased
peroxides and aldehydes in many tissues. There have been conflicting reports about vitamin E
levels in diabetic animals and human subjects. Plasma and/or tissue levels of vitamin E are
reported to be unaltered, increased, or even decreased by diabetes (Asayama et al., 1994).

Some AGE inhibitors and AGE crosslink breakers have been utilized as potential therapies.
Some attention to AGE inhibitors was focused on aminoguanidine, which blocks
electrophilically activated 1,3-dicarbonyl compounds, the precursors of AGEs (Thomas et al.
2005; Webster et al., 2005). This compound was not approved by the US Food and Drug
Administration due to adverse side effects in diabetic patients during Phase III clinical trials,
and the search to find alternatives continues. Pyridoxamine (vitamin B6, pyridorin) and
thiamin pyrophosphate have been proposed as potential alternatives to aminoguanidine
(Ahmed et al., 2007; Androver at al., 2008). Furthermore, these compounds are also good
metal ion chelators and attenuate oxidative stress. N-acetylcysteine and lipoic acid act as
inhibitors through attenuation of oxidative stress. While the AGE-inhibitory effect of these
compounds is not clearly understood, a similar mechanism may operate in the case of
AGEs. Carnosine, homocarnosine, and related compounds are potentially suitable as AGE
inhibitors although further studies are needed to prove their efficacy in diabetes and AD
(Reddy et al., 2005). Carnosine protects superoxide dismutase, catalase, and a-crystallin
from non-enzymatic glycation and protein crosslinking (Hipkiss, 2007). OPB-9195 inhibits
AGE formation, especially pentosidine and N2-(carboxymethyl)lysine (CML), apparently
through carbonyl trapping and metal ion chelation (Wada et al., 2001). Thiazolium-based
compounds such as alagebrium chloride (ALT-711) and N-phenyacyl-1,3-thiazolium
bromide (PTB) are effective AGE crosslink breakers, and are potentially useful drugs for
diabetes and AD (Susic, 2007). It should, however, be pointed out that the mechanisms of
the action of the latter compounds are not clearly understood. In addition to their action as
crosslink breakers of AGEs derived from 1,2-dicarbonyl compounds, they may also act as
antioxidants through chelation of transition metal ions. The development of these drugs as
therapeutics thus depends on the detailed understanding of their mechanisms of action. An
alternative strategy involves removal of AGEs through the soluble receptors for AGEs
(sRAGESs). Poor glycemic control in diabetes results in decreased concentrations of sSRAGES,
and upon insulin treatment, significant improvements in the levels of sRAGEs were
observed, with concomitant decrease in AGEs (Devangelio et al., 2007). Treatment of
diabetic patients with rosiglitazone, a 2,4-thiazolidine dione derivative, results in increase of
plasma sRAGEs, comparable to controls (Tan et al., 2007). Significant amounts of plasma
sRAGEs are also produced when angiotensin converting enzyme inhibitors (ACEi; e.g.,
perindopril) were used for the treatment of diabetes (Tan et al., 2006). However, the
protective effect of SRAGEs has been questioned recently as their level are much higher in
experimental animal models than those found in vivo, suggesting they may be only markers
of inflammation (Humpert et al., 2007). Following the trend in using natural antioxidants, a
recent paper has examined the effects of banana (Musa sp. var. elakki bale) flower and
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pseudostem on hyperglycemia and AGEs in streptozotocin-induced diabetic rats. The
results indicate that fructosamine and AGEs formed during diabetes were inhibited in
treated groups when compared with the diabetic group (Bhaskar et al., 2011).

However, the results of clinical trials of antioxidant therapy are not clear because of duration
of treatment as well as recruitment of patients at different stages of the diseases. In spite of
inconsistency in the conclusions of clinical trials on the beneficial effects of antioxidants on
these pathologies, epidemiological studies indicate that antioxidants may reduce the risk of
their insurgence. It is suggested that a combination of antioxidants might be of greater
potential benefit, especially if these agents work in different cellular compartments or have
complementary activity (e.g. Vitamins E, C, and ubiquinone). If oxidative stress plays as
important a role in AD and diabetes pathologies as the literature suggests, regular intake of
antioxidants may be beneficial much before any sign or symptoms of the disease are visible.

7. Insulin resistance, Tau hyperphosphorylation and the amyloid cascade

In addition to being a modulator of food intake and energy homoeostasis, insulin is also an
important neurothrophic factor. It modulates brain activity, particularly for such high
glucose demanding functions such as memory. As mentioned above, T2D is associated with
cognitive impairment. This form of diabetes is characterized by insulin resistance,
hyperinsulinemia and impaired insulin signaling. Insulin resistance is the common link of
the components of the much invoked metabolic syndrome (a cluster of high adiposity,
abnormal glucose level, dyslipidemia, hypertension and high inflammation) and it is known
to cause common diseases such as stroke, heart disease, and cancer. Given the aging of the
population and the epidemic of elevated insulin resistance, evidenced by the rise in elevated
adiposity, prediabetes, and diabetes, it is alarming that insulin resistance could contribute to
AD. Many epidemiologic studies have found an association of elevated adiposity, insulin
resistance, and T2D with cognitive impairment and dementia (Baker et al., 2011). However,
there are several important questions to be addressed for investigators studying the relation
of insulin resistance and AD. For example is not clear if the association between insulin
resistance and AD is causal. However, one of the links found is that defects in brain insulin
signaling have been reported in AD and it has been proposed that insulin resistance could
be an early marker of AD (Baker et al., 2011) (Figure 2).
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Fig. 2. Insulin deficency can lead to Abeta plaques formation and Tau hyperphos-phorylation
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Insulin crosses the blood-brain barrier, and might even be produced locally in the brain,
exerting its effects on cells by binding to a specific cell surface receptor. Insulin receptors are
expressed throughout the CNS, expecially in the hippocampus and cortex, even if their
function in the brain is not fully understood. Binding of insulin to its receptor activates the
intrinsic tyrosine kinase activity of the cytoplasmic domain of the insulin receptor. This
leads to autophosphorylation of tyrosine residues, which initiates several intracellular
signaling cascades. In the brain, insulin influences the release and reuptake of
neurotransmitters, and also appears to improve learning and memory (Zhao et al., 2004).
The initial components of the insulin receptor signaling cascade in the brain are largely
similar to those of the periphery. The downstream targets of the cascade are quite different,
however, probably involving, among others, neuronal glutamate receptors (Zhao et al,,
2004). Neurodegeneration and cognitive impairment in T2D and AD could be caused, in
part, by damage to insulin receptor signaling (de la Monte & Wands, 2005). In fact,
decreases in the sensitivity of such receptors are known to affect the expression and
metabolism of Abeta and tau and impaired insulin receptor activity and hyperinsulinemia
are observed in patients with AD and in animal models of this disease (Frolic et al., 1998). In
addition, dysfunction of insulin receptor signaling is associated with impairments in Abeta
oligomer clearance (Zhao, 2009) and increases the rate of NFT development (Lesort &
Johnson, 2000). In fact, insulin transiently increases tau phosphorylation in primary cortical
neurons, and hyperinsulinemia results in tau hyperphosphorylation in rat brains.
Furthermore, insulin receptor substrate 2 knockout mice demonstrate typical pathological
signs of T2D and have an increased number of NFTs in hippocampal neurons compared
with control wild-type mice (Schubert, 2003). Thus, impaired insulin signaling could
increase tau phosphorylation and cleavage. Insulin receptor signaling leads to the activation
of two major signaling pathways, the mitogen-activated protein kinase (MAPK) pathway
and the Akt signaling pathway. MAPK signaling is a required component of cell
differentiation, cell proliferation and cell death, whereas Akt signaling is involved in the
regulation of cell growth, cell proliferation, protein synthesis (via the mammalian target of
rapamycin signaling pathway) and cell survival (through the inhibition of several
proapoptotic agents).

Akt signaling induces the inhibition of glycogen synthase kinase-3p (GSK-3p)
phosphorylates and, hence, inactivates glycogen synthase, a key enzyme in glycogenesis
(Balaraman et al., 2006). Thus, under normal conditions, insulin signaling via the insulin
receptor leads to GSK-3p inactivation, whereas insulin resistance leads to GSK-3f
dephosphorylation and activation (Balaraman et al., 2006). The regulation of GSK-3p in the
hippocampus and cortex changes in response to changes in glucose and insulin
concentrations and in T2D an increase in GSK-3p activity might lead to insulin resistance by
reducing glucose clearance (Lee & Kim, 2007). Increased GSK-3p activation might also lead
to an elevation in Abeta production (resulting from a GSK-3PB-mediated increase in
presenilin 1 activity) and an increase in tau phosphorylation associated with NFT formation
(Balaraman et al., 2006; Phiel et al., 2003). In contrast, inhibition of GSK-3p attenuates APP
processing and inhibits hyperphosphorylated tau-associated neurodegeneration in cell-
culture and animal models of AD (Phiel et al., 2003).

Another important link between insulin resistance and the amyloid cascade may be related
to the insulin degrading enzyme (IDE). This enzyme is a metalloprotease responsible for
insulin degradation and is also the main enzyme responsible for Abeta degradation (Farris
et al., 2003). IDE is secreted to the extracellular space by microglial cells in the brain, where
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it degrades Abeta peptide, thus reducing the rate of aggregation and the plaque formation
(Qiu et al., 1998). IDE levels have been reported to be decreased in the brains of AD patients
(Cook et al., 2003). It has also been hypothesized that hyperinsulinemia in people with pre-
diabetes and T2D effectively sequesters IDE, reducing Abeta peptide degradation. This
would increase levels of Abeta, and promote many of the pathological features associated
with Alzheimer's disease. Supporting this model, the affinity for the binding of insulin to
IDE is much greater than that for the Abeta (Qiuet al., 1997). In patients with Alzheimer's
disease, IDE expression in the hippocampus is substantially reduced, with regards to
controls, in particular among patients with the APOEvar epsilon4 genotype. This latter
observation could explain the potential interaction between diabetes and the APOEvar
epsilon4 genotype in multiplying the risk of dementia (Cook et al., 2003). Curiously,
although the presence of the APOEvar epsilon4 is associated with an increased incidence of
Alzheimer's disease, it seems that insulin resistance is only a significant risk factor for AD in
those patients without APOEvar epsilon4 (Craft et al., 1998). Subjects with AD without the
APOEvar epsilon4 also had improved memory scores when they had hyperinsulinemia,
which was not the case for people with at least one APOEvar epsilon4 allele (Craft et al.,
1999).

However, unexpectedly, recent clinicopathological studies have shown no evidence that the
pathological hallmarks of AD, including amyloid plaque, were increased in the brains of
diabetic patients. This suggests that T2D could affect the pathogenesis of AD through
mechanisms other than modulation of Abeta metabolism even if the underlying
mechanisms for this association remain largely unknown (Takeda et al., 2011).

8. FOXO: A common biomarker for AD and T2D

There is ongoing interest in defining mechanisms that govern insulin resistance and AD.
The O subfamily of Forkhead/winged helix transcription factors (FOXO) plays important
roles in regulating key physiological functions, including cell proliferation, cell
differentiation, and survival together to cell cycle arrest and apoptosis. (Accili et al., 2004;
Huang et al., 2007: van der Horst & Tindall, 2007). Thus, FOXO transcription factors are key
players in cell death/life pathways. In addition, FOXO works in a complex way to regulate
insulin signaling and glucose and lipid metabolism (Accili et al., 20004; Barthel et al., 2005).
An additional layer of complexity exists in the transciptional activity of FOXO that is
regulated by insulin through the phosphatidyl inositol 3 kinase (PI3K)/Akt signaling
pathway. Both insulin and insulin-like growth factor-1 (IGF-1), through activation of their
receptors, induce PI3K/Akt-dependent phosphorylation of FOXO, which facilitates its
interaction with 14-3-3 protein, leading to nuclear exclusion and eventual ubiquitylation-
dependent proteasomal degradation (Matzusaki et al., 2006). In particular, in presence of
insulin, activated Akt translocates to the nucleus where directly phosphorylates FOXO at
distinct sites stimulating interaction with 14-3-3 protein (Greer and Brunet, 2005). This
chaperone protein promotes the nuclear export and inhibits the nuclear import of FOXO
proteins, driving the cells towards cell survival (van der Heide et al., 2004). In contrast,
FOXO proteins, under conditions of oxidative stress, are phosphorylated by other protein
kinases, including Mstl and JNK, able to disrupt its interaction with 14-3-3, promoting
FOXO nuclear translocation and thereby inducing cell death in neurons, thus opposing
Akt’s action (Sunayama et al., 2005). Thus, it is well established that Akt plays a key role in
repressing FOXO transcriptional activity. Immediately upstream from FOXO, the activity of
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Akt itself is governed by several protein kinases and phosphatases. Akt is activated by
phosphorylation at Thr-308 within its catalytic domain by 3-phosphoinositide-dependent
protein kinase-1 (PDK1) and by phosphorylation at Ser-473 within a C-terminal
hydrophobic motif by mammalian target of rapamycin (mTOR) (Stokoe et al.,, 1997;
Sarbassov et al., 2005). Some studies show that phospho-Thr-308 and phospho-Ser-273 are
dephosphorylated by protein phosphatase 1 (PP1), protein phosphatase 2A (PP2A), and
pleckstrin homology (PH) domain leucine rich repeat protein phosphatase (PHLPP), a
member of the protein phosphatase 2C family (Gao et al., 2005). Akt regulates a variety of
key physiological functions, and there is strong evidence suggesting that defective Akt
signaling contributes to development of insulin resistance (Zdychova & Komers, 2005).
However, although it is clear that FOXO governs multiple events in the insulin signaling
cascade, mediating both positive and negative effects, the underlying molecular
mechanisms are unknown. Some evidence has been reported that FOXO3 activation is also
able to increase basal levels of Akt phosphorylation and kinase activity thus it is capable to
activating its own inhibitor, providing a feedback regulation (Ni et al., 2007) . Moreover,
FOXO transcription factors are involved in both the insulin action and the cellular response
to oxidative stress, thereby providing a potential integrative link between AD and insulin
resistence (Manolopoulos et al., 2010). Both insulin resistence and oxidative stress due to
Abeta stimulus, may promote the transcriptional activity of FOXO proteins, resulting in
hyperglycaemia and a further increased production of ROS.

The consecutive activation of c-Jun N-terminal kinases and inhibition of Wingless (Wnt)
signalling may result in the formation of Abeta plaques and tau protein phosphorylation.
Wnt inhibition may also result in a sustained activation of FOXO proteins with induction of
apoptosis and neuronal loss, thereby completing a vicious circle from oxidative stress,
insulin resistence and hyperglycaemia back to the formation of ROS and consecutive
neurodegeneration. Thus, it has been proposed that FOXO proteins may provide a potential
molecular target for the treatment of both insulin resistence and AD (Manolopoulos et al.,
2010). Recently it has been demostrated that insulin plays a protective role by inhibiting
mithocondrial dysfunction and apoptosis activation triggered by Abeta oligomers (Di Carlo
et al., 2010) (Figure 3).
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Fig. 3. Insulin recovers mitochondrial respiratory activity reduced by rAb42 oligomers. LANS
untreated (control), treated with rAb42 oligomers oligomers), and rAb42 oligomers and
insulin (oligomers+insulin) were incubated with Mito Red and Hoechst 33258. The images
of each sample were merged. Mitochondrial activity is indicated by red arrows,
fragmentation of nuclei is indcate by blu arrows.
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Moreover, unpublished results indicate that insulin counteracts oxidative stress induced by
amyloid beta by activation of Akt survival pathway. Akt traslocates from the cytoplasm to
nucleus where phophorylates FOXO3a that, in turn, moves from the nucleus to the
cytoplasm inhibiting, in this way the transcription of the FOXO-dependent genes. Since
after Abeta-induced oxidative stress are usually activated pro-apoptotic genes, their
trascriptional inhibition helps the survival program (Picone et al.,, 2011). Moreover, it has
been suggested that since insulin signalling in the brain is known to decline with age, the
outcome of the balance of different molecules, as Akt and FOXO, represents a risk factor for
AD that is well suited for therapeutic intervention. By restoring the balance of molecules to
favour neuron survival, new drugs, designed to specifically enhance CNS insulin signalling,
would provide a new and potentially significant class of AD therapeutics.

9. Conclusions

The present chapter highlights the overlap and the many points of intersection existing
between T2D and AD. Insulin resistence in the CNS results in the dysregulation of multiple
extracellular and intracellular signaling cascades and molecular mechanisms, which in turn
could lead to decrease in neuronal and synaptic functions up to neurodegeneration. An
understanding of how each molecular pathway intersects and affects the others is essential
for the development of future drug intervention strategies for these pathologies.
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1. Introduction

Alzheimer disease (AD) is known as a form of type III diabetes due to its similar cellular
responses and pathogenesis. Insulin alters normal brain function and peripheral glucose
metabolism, and conditions that are related to insulin dysregulation, such as obesity,
diabetes mellitus, and cardiovascular disease, have potentially harmful effects on brain
function. Many reports have demonstrated that insulin resistance increases age-related
memory impairments and is a risk factor for AD. The molecular and cellular link between
insulin resistance and AD, however, is unknown. We discuss the potential mechanisms of
these metabolic disorders in the pathogenesis of AD. Glucose homeostasis is critical for
energy maintenance, neurogenesis, neuronal survival, and synaptic plasticity, which are
required for learning and memory. During insulin resistance, one develops reduced
sensitivity to insulin, resulting in hyperinsulinemia, and this impairment in insulin signaling
mediates the pathogenesis of AD, which manifests as brain inflammation, oxidative stress,
alterations in amyloid beta (Ap) levels, and cell death. Human and experimental animal
studies have noted that drugs that modulate insulin resistance decrease the accumulation of
AP in the brain and the cognitive impairments that are associated with AD. Therapeutic
strategies that target the link between insulin resistance and AD might benefit the
development of future AD drugs.

2. Insulin signaling

2.1 Introduction

Insulin is a peptide hormone that comprises 51 amino acids and is synthesized in and
secreted from pancreatic B-cells in the islet of Langerhans (Huang et al., 2010). Its rapid
release is generally triggered by increased levels of glucose in the blood, despite other
mechanisms that release insulin; normal blood glucose levels range from 4.4 to 6.1 mmol/L
(82 to 110 mg/dL).

Of its many functions, the most significant effects of insulin are its promotion of cellular
growth and differentiation, activation or repression of transcription, and regulation of
protein kinases and phosphatases (Saltiel and Pessin, 2002). Defects in insulin signaling can
affect many diseases, such as type 2 diabetes mellitus (T2DM), metabolic syndrome, and
Alzheimer disease (AD). Although most studies have examined the function of insulin and
the dysregulation of insulin secretion or insulin receptor signaling in peripheral tissue, it has
recently been reported to cause serious mental illness (Huang et al., 2010).
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2.2 General effects of insulin signaling

Insulin increases glycogen and lipid synthesis in liver and muscle cells and simultaneously
inhibits glycogenolysis and gluconeogenesis in the liver during feeding (Saltiel and Kahn,
2001). These actions are mediated by its binding to membrane-bound insulin receptors (IRs),
members of the tyrosine kinase receptor family (Saltiel and Pessin, 2002). The binding of
insulin to the alpha subunit of IR induces a conformational change, resulting in the
autophosphorylation of tyrosine residues in the beta subunit of the receptor (Van
Obberghen et al., 2001). This ligation leads to the subsequent tyrosine phosphorylation of
insulin receptor substrates 1-4 (IRS1-4), Shc, Gab-1, Cbl, and APS (Saltiel and Pessin, 2002),
and activates downstream cytoplasmic effectors, such as the lipid kinase
phosphatidylinositol 3-kinase (PI 3-kinase) and mitogen-activated protein kinase (MAPK)
(Cole et al., 2007; Plum et al., 2005).

During insulin-mediated glucose uptake, the phosphorylated residues of insulin receptor
and IRS1, 2, and 3 are recognized by the Src homology 2 (SH2) domain (Bevan, 2001) of the
p85 regulatory subunit of PI 3-kinase. The catalytic subunit of PI 3-kinase, p110,
phosphorylates phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P2), leading to the
formation of Ptd(3,4,5)P3 (Lizcano and Alessi, 2002). Ptd(3,4,5)P3 then binds to the plasma
membrane and associates with phosphoinositol-dependent kinase-1 (PDK-1) and induces
the phosphorylation and activation of protein kinase B (PKB)/Akt, a serine-threonine
kinase. Activated Akt enters the cytoplasm, where it evokes the phosphorylation and
inactivation of glycogen synthase kinase 3 (GSK3), which promotes glycogen synthesis.

By activating PI3-kinase and AKT (Lizcano and Alessi, 2002), insulin affects the
translocation of glucose transporter 4 (GLUT4) from intracellular stores to the plasma
membrane: When insulin concentrations are low, GLUT4 exists in cytoplasmic vesicles.
After insulin binds to its receptors, GLUT4-containing vesicles fuse with the plasma
membrane, and the newly inserted GLUT4 takes up glucose efficiently. In parallel, there is a
PI 3-kinase independent pathway that recruits GLUT4 to the plasma membrane, led by the
phosphorylation of the proto-oncogene Cbl, which is associated with the adaptor protein c-
Cbl-associated protein (CAP) (Saltiel and Kahn, 2001).

Insulin promotes the uptake and synthesis of fatty acids in the liver and prevents lipolysis
by inhibiting the intracellular lipase that hydrolyzes triglycerides to release fatty acids.
Although insulin promotes the synthesis of glycogen in the liver, further synthesis is
suppressed when the liver is saturated with glycogen. Any additional glucose that is taken
up is then shunted into pathways that lead to fatty acid synthesis (Saltiel and Kahn, 2001).
One study has indicated that lipid synthesis requires increased expression of the
transcription factor steroid regulatory element-binding protein (SREBP)-1c (Shimomura et
al., 1999), which is synthesized as a membrane protein in the endoplasmic reticulum (ER)
(Sato, 2010). Insulin is believed to induce SREBP-1c proteolytic activity and, consequently,
insulin-mediated lipogenesis (Sato, 2010). Further, insulin inhibits lipid metabolism by
decreasing cellular concentrations of cAMP through activation of a cAMP-specific
phosphodiesterase in adipocytes (Kitamura et al., 1999).

Insulin stimulates amino acid uptake into cells, inhibits protein degradation, and promotes
protein synthesis (Saltiel and Kahn, 2001) by stimulating components of the translational
machinery, including eukaryotic initiation factors (elFs) and eukaryotic elongation factors
(eEFs) (Proud, 2006). This entails the activation of PKB, leading to the phosphorylation and
inactivation of GSK3, which in turn promotes phosphorylation and inhibition of a guanine
nucleotide exchange factor, eIlF2B, to regulate the initiation of translation (Proud, 2006).
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Moreover, PKB phosphorylates the tuberous sclerosis complex 1 (TSC1)-TSC2 complex,
relieving its inhibition of the mammalian target of rapamycin (mTOR) (Proud, 2006), which
promotes protein synthesis through p70 ribosomal S6 kinase (p70S6k) and inhibition of elF-
4E binding protein (4E-BP1), and thereby governs ribosomal protein translation (Proud,
2006).

2.3 Insulin in the brain

The brain is the primary consumer of glucose, requiring two-thirds of total circulating
glucose daily (Peters, 2011); thus, the regulation of glucose homeostasis by insulin in the
central nervous system (CNS) is paramount for normal brain function. Insulin, by a
saturable transport process that is mediated by insulin receptor, can cross the blood-brain
barrier (BBB), which governs the transduction between the CNS and peripheral tissues
(Neumann et al., 2008). Although insulin is synthesized locally in the brain (Banks et al.,
1997; Devaskar et al., 1994; Rulifson et al., 2002), its function is unknown.

IRs in the CNS are widely expressed throughout the brain in neurons and glial cells, at
particularly high concentrations in the cerebral cortex, hippocampus, hypothalamus, and
olfactory bulb (Neumann et al., 2008). They have disparate functions, molecular weights,
and structures from IRs in peripheral organs (Heidenreich et al., 1983), but it is unknown
whether the counter effects of insulin in the CNS compared with those in peripheral tissues
are attributed to such differences. Insulin increases glucose and inhibits feeding in the CNS,
but decreases glucose and stimulates feeding in peripheral tissue (Florant et al., 1991). A
recent report observed that impaired brain insulin activity might affect unrestrained
lipolysis that initiates and exacerbates type 2 diabetes mellitus in humans (Scherer et al.,
2011).

2.4 Role of insulin in cognitive function

In humans, brain insulin enhances learning, memory, and, in particular, verbal memory
(Benedict et al., 2004). Insulin signaling in the limbic system and hypothalamus is especially
important for cognitive function (Zhao et al., 1999), independent of changes in peripheral
glucose (Craft et al., 1999; Kern et al.,, 1999). These functions have been supported by
evidence that insulin modulates the concentrations of neurotransmitters, which influence
cognition, such as Ach (acetylcholine) (Kopf and Baratti, 1999). Insulin also alters synaptic
plasticity by regulating the endocytosis of 3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA) receptor, which causes long-term depression (LTD) of excitatory synaptic
transmission in the hippocampus and cerebellum (Huang et al., 2003; Man et al., 2000; Wang
and Linden, 2000), and by enhancing N-methyl-D-aspartate (NMDA) receptor-mediated
synaptic transmission at hippocampal CA1 synapses (van der Heide et al., 2005).

2.5 Insulin-like growth factor (IGF)

Insulin-like growth factors are polypeptides that are similar in sequence to proinsulin
(Clemmons, 2007). Insulin-like growth factor 1, which stimulates cell growth and
proliferation, especially in nerve cells, binds to IGF receptor and IRs (Jones et al., 2009). IGF-
1 functions similarly to insulin receptor. IGF-1, a tyrosine kinase, initiates signaling cascades
through IRS and enhances insulin activity (Clemmons, 2007).

Deficiency of or irresponsiveness to IGF-1 causes not only growth failure but also
dyslipidemia (Twickler et al., 2003), insulin resistance (Conti et al., 2002; Twickler et al.,
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2003), and obesity (Rasmussen et al., 1995). According to recent longitudinal studies, these
phenotypes are closely related to a high risk of neurodegenerative disorders, such as
dementia and AD (Luchsinger et al., 2004; Ott et al., 1996, Ronnemaa et al., 2008). Similarly,
mice in which IGF-1 has been deleted develop increased AP levels in the brain, suggesting
that IGF-1 promotes the clearance of AP (Carro et al., 2002). Moreover, IGF-1 mediates
transient site-selective increases in tau phosphorylation —hyperphosphorylated tau is a
pathological hallmark of AD —in primary cortical neurons via GSK-3 pathways (Lesort and
Johnson, 2000).

Periphery

Fig. 1. Schematic diagram of the effects of peripheral insulin resistance on insulin, insulin-
degrading enzyme (IDE) and A levels. Peripheral insulin resistance and hyperinsulinemia
triggers an excess release of FFA from adipocytes to liver and muscles. A three-fold increase
of FFAs reduce insulin-dependent skeletal muscle glucose uptake by 50% (Roden et al.,
1996), thereby hampering further insulin signal transduction (Hotamisligil et al., 1996;
Schinner et al., 2005). In addition, Increased peripheral FFA levels invoke elevations in
TNFa in the periphery and in the CNS, which may result in increased accumulation of Ap.
Chronic elevations in plasma AP may result in increased transport of Ap into the brain. In
contrast, peripheral hyperinsulinemia decrease insulin transport into the CNS. Low insulin
level in CNS, and low level of IDE may contribute to the formation of senile plaques via
disability to degrade AP peptides (Jones et al., 2009), further promoting intraneuronal Af
accumulation, which is the hallmark of AD. <modified from Craft’s paper (Craft, 2007)>



Insulin Resistance and Alzheimer's Disease 57

2.6 Insulin-degrading enzyme (IDE)

Insulin-degrading enzyme is the chief enzyme that degrades excess insulin and other
substrates, including AP, a peptide that is implicated in the pathogenesis of AD (Wang et al.,
2010). IDE knockout mice experienced decreased AP degradation, hyperinsulinemia, and
hyperglycemia (Farris et al., 2003). As insulin levels rise, IDE expression increases to prevent the
chronic activation of insulin (Zhao et al., 2004). Reduced IDE activity might contribute to the
formation of senile plaques through the inability to degrade A peptides (Jones et al., 2009).

3. Insulin resistance

3.1 Definition of insulin resistance

Insulin resistance is a physiological condition in which one loses or reduces his sensitivity to
insulin—that is, it becomes less effective at lowering glucose levels in the blood. There are
several representative phenotypes of insulin resistance that are used to diagnose diabetes,
such as hyperinsulinemia (elevated levels of insulin that are required to maintain normal
glucose levels in the bloodstream) and hyperglycemia (elevated glucose levels in the
bloodstream that result from the failure of insulin to mediate glucose uptake or insufficient
production of insulin by P-cells). Thus, insulin resistance reduces glycogen storage in
muscle and fat cells and decreases hepatic glucose uptake.

High cortisol and uric acid levels and low vitamin D levels (Chiu et al., 2004; Vuorinen-
Markkola and Yki-Jarvinen, 1994) are believed to be dietary conditions that precipitate
insulin resistance. In addition, insulin resistance is closely related to obesity, hypertension,
polycystic ovarian syndrome, dyslipidemia, and atherosclerosis (Saltiel and Pessin, 2002).

3.2 Peripheral effects of insulin resistance

Advanced glycation end products (AGEs) production is a pathological phenotype that
results from hyperglycemia (Jager et al., 2007). Activation of the jun-N-terminal kinase
(JNK) pathway by the binding of AGEs to their receptor (RAGE) leads to serine
phosphorylation of IRS proteins and disrupts the imbalance in glucose levels further (Han et
al., 2011). In addition to excess AGE production, prolonged hyperglycemia activates the
transcription factor nuclear factor kappa B (NF-kB), which regulates proinflammatory and
antiapoptotic pathways by modulating the transcription of cytokine and antioxidant genes
(Baeuerle and Baltimore, 1996); it also controls the expression of genes that mediate immune
responses and proliferation.

Peripheral insulin resistance mediates the progression to hyperglycemia and affects other
functions of insulin. In particular, it affects reduced uptake of circulating lipids and
increased hydrolysis of stored triglycerides. Such dysfunctional lipid homeostasis has been
identified as a significant trigger of insulin resistance (Jones et al., 2009)

Because insulin resistance is linked to metabolic syndrome, which is generally characterized
as overweightedness and obesity, and is often observed in persons with hyperglycemia and
visceral adiposity, visceral fat is believed to accelerate insulin insensitivity, since visceral fat
is less sensitive to the antilipolytic activity of insulin than subcutaneous fat (Jones et al,,
2009), thereby triggering excessive release of free fatty acids (FFAs) (Schulingkamp et al.,
2000) into the bloodstream. FFAs increase 3-fold above basal levels, reducing insulin-
dependent skeletal muscle glucose uptake by 50% (Roden et al., 1996). This phenomenon, a
direct cause of insulin resistance, induces inhibits serine phosphorylation of IRS and
decreases its chances of binding to insulin receptor, further hampering insulin signaling
(Hotamisligil et al., 1996; Schinner et al., 2005).
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3.3 Central insulin resistance

As discussed, an abnormality in peripheral insulin is a risk factor for memory loss and
neurodegeneration. In addition, chronic exposure of neurons to high insulin levels has a
negative impact on memory, according to animal model studies. Chronic hyperinsulinemia
impairs BBB function and IR activity and reduces insulin transport to the brain (Strachan et
al., 1997). In contrast, some studies have noted that acute increases in brain insulin enhance
memory (Craft et al., 1999; Park et al., 2000).

4. Link between insulin resistance and Alzheimer disease

Many studies have suggested that patients with diabetes have a higher risk of AD. Luchsinger
et al. found that hyperinsulinemia increased risk for AD (Luchsinger et al., 2004). Also, it has
been shown that high levels of insulin and insulin resistance are associated with a higher risk
of AD in Rotterdam study, a population-based cohort study (Ott et al., 1999; Schrijvers et al.,
2010). Although relationship between diabetes and AD remains controversial (Profenno et al.,
2010), the abnormalities in insulin metabolism, which influence the onset of AD
mechanistically, are believed to mediate AD through their influence on the synthesis and
degradation of AP, tau hyperphosphorylation, oxidative stress and/or inflammation.

4.1 Impaired insulin/IGF-1 system in the AD brain

By positron emission tomography (PET) of early-stage AD and mild cognitive impairment
(MCI), glucose uptake and metabolism decline significantly in the cortex (Jagust et al., 1991).
According to another study, cerebral glucose utilization and blood flow fall by 45% and
18%, respectively, in the early stages of AD. In late-stage AD, cerebral blood flow is reduced
by 65% (Hoyer and Nitsch, 1989). These data indicate that brain metabolism is altered in the
AD brain, resembling T2DM. In addition, AD patients experience decreases in insulin in the
CSF, reflecting dysregulation in insulin transport to the brain (Messier and White, 1987).

The AD brain also exhibits reduced expression of IR and IGF-1R, IRS, and trophic factors
(Steen et al., 2005). IGF-1R expression decreases in AD brains in proportion to disease
severity, and IGF-1 mRNA levels decline in late-stage AD (Frolich et al., 1998). IRS1/2
expression is decreased in the AD brain (Bosco et al., 2011; Squire, 1986). Because IRS1 and 2
regulate insulin and IGF-1 signaling, these findings suggest that insulin/IGF-1 signal
transduction is altered in the AD brain.

There is much evidence of altered insulin signaling in AD. Inhibition of insulin/IGF-1
signaling in AD blocks the Wnt pathway (Doble and Woodgett, 2003), which mediates
normal physiological processes in animals (Gogolla et al., 2009). Further, decreased PI3K
signaling reduces GLUT4 translocation, inhibiting glucose uptake (Johnston et al., 2003).
Since the brain depends on glucose as an energy source, altered glucose metabolism reduces
the synthesis of acetyl-CoA and, ultimately, acetylcholine, an important neurotransmitter
(Gibson et al.,, 1981). This decrease disrupts synaptic transmission and, consequently,
impairs memory (Craft et al., 2003).

4.2 Insulin resistance and APP processing

Recent studies have indicated that abnormalities in insulin metabolism mediate the onset of
AD through their influence on the synthesis and degradation of AP peptides (Table 1).
Insulin significantly upregulates extracellular levels of AP40 and AP42 peptides through
acceleration of amyloid precursor protein (APP)/Ap trafficking from the Golgi/ trans-Golgi
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network (TGN), a major site of AP generation, to the plasma membrane (Gasparini et al.,
2001). Also, certain downstream signaling pathways of IR might also regulate the generation
of AP peptides by modulating the expression or activity of B-secretase or y-secretase (Phiel
et al.,, 2003; Zhang et al., 2011), major components of APP processing (Edbauer et al., 2003;
Vassar et al., 1999).

Under AD-like conditions, the expression levels of the neurotrophin receptors TrkA
(tyrosine kinase receptor A) and p75NTR (p75 neurotrophin receptor) change markedly,
increasing AP production by stabilizing [-secretase through the activation of
sphingomyelinase (Puglielli et al., 2003). Chronic treatment of neuronal cells with IGF-1
(which induces insulin resistance) results in alteration in expression of TrkA and p75NTR,
as in AD brains, increasing AP production (Costantini et al., 2006). Ap is a ligand of p75NTR
(Yaar et al., 1997), and AP stimulates p75NTR-mediated cell death in vitro and in vivo
(Coulson, 2006; Sotthibundhu et al., 2008).
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Fig. 2. Amyloid plaque and neurofibrillary tangles as hallmarks of Alzheimer disease (AD).
AD is a progressive neurodegenerative disease characterized by senile plaques,
neurofibrillary tangles and neuronal loss. Abnormal aggregates of amyloid-beta peptide
(Ap) are found in extracellular senile plaques and associated with neurodegeneration in AD.
Neurofibrillary tangles are aggregates of the microtubule-associated protein (MAP) tau
protein which is hyperphosphorylated by kinases and accumulated inside the neurons
themselves.
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In AD brains, AP accumulates on not only alterations in Af3 generation but also dysfunction
of AP clearance. Several mechanisms of AP clearance have been examined: 1) Enzymatic
degradation by microglia or endopeptidases, such as IDE (Qiu and Folstein, 2006),
neprilysin (Iwata et al., 2000), endothelin-converting enzyme (ECE) (Eckman et al., 2003),
angiotensin-converting enzyme (ACE) (Lehmann et al., 2005), matrix metalloproteinase-9
(MMP-9), and plasmin (Nalivaeva et al., 2008); 2) Influx into receptor-mediated transport
across the BBB primarily via RAGE (Deane et al., 2003; Han et al., 2011); and 3) Receptor-
mediated BBB transport by binding to low-density lipoprotein receptor-related protein-1
(LRP1) after ligation with apolipoprotein E (APOE) or a2-macroglobulin (a2M), to be
delivered to peripheral sites of degradation (Shibata et al., 2000).

With regard to insulin resistance, insulin induces the accumulation of AP by limiting Af
degradation through direct competition for IDE. IDE is a zinc metalloendopeptidase that
preferentially cleaves proteins that tend to form p-pleated sheet-rich amyloid fibrils, such as
AP peptides (Qiu and Folstein, 2006). IDE activity in the brain correlates negatively with Ap
levels (Farris et al.,, 2003), and IDE expression is decreased in the AD brain (Cook et al.,
2003). Insulin regulates the levels of IDE, and insulin resistance reduces Ap clearance by
down-regulating IDE expression or competing with it for binding (Farris et al., 2003; Ho et
al., 2004). A recent report has indicated that AP oligomers disrupt IR signaling, resulting
from a rapid and substantial loss of neuronal IRs on dendrites by Ap oligomer (Zhao et al.,
2008). There is also evidence that AP reduces insulin binding to IRs and induces insulin
resistance (Xie et al., 2002).

4.3 Insulin resistance and tau phosphorylation

AD is a multifactorial disease in which protein alterations, oxidative stress, inflammation,
dysregulated immunity, impaired neuronal-glial communication, and increase of neurotoxic
agents triggering neuronal death. AD is defined by A pathology (AP plaques) and tau
pathology [neurofibrillary tangles (NFTs)], but whether tau mediates AD pathology has
been discussed for many years. Nevertheless, there is increasing evidence that when tau
proteins assume pathological forms, they compromise neuronal function and affect cell
death. These results suggest that tau is an important mediator of A toxicity and AD
pathology (Pritchard et al., 2011).

Microtubule (MT)-associated protein (MAP) tau is the major MT-associated phosphor-
protein in normal neuronal cells (Cleveland et al., 1977). Normally, tau proteins assemble
with tubulin to stabilize microtubules and vesicular transport. Neurofibrillary tangles are
hyperphosphorylated and aggregated forms of tau proteins. When it is
hyperphosphorylated, tau becomes insoluble and lacks affinity for microtubules, leading to
neurodegeneration (Igbal et al., 2005).

The kinases that regulate tau phosphorylation are grouped according to specificity: 1)
proline-directed protein kinases, such as cyclin-dependent kinase 5 (CDK5), glycogen
synthase kinase 3 (GSK3p), MAPK1, p38, JNK, and ERK2; and 2) nonproline-directed
protein kinases, such as cAMP-dependent protein kinase A (PKA), PKC, CaMKII, CKII, and
MAP/microtubule affinity-regulating kinase (MARK) (Baudier et al., 1987, Drewes et al.,
1992; Goedert et al., 1997; Hanger et al., 1992; Morishima-Kawashima et al., 1995).

Tau hyperphosphorylation can also be induced by decreased dephosphorylation. Several
protein phosphatases (PPs), including PP1, PP2A, PP2B, and PP5, catalyze tau
dephosphorylation (Drewes et al, 1993; Liu et al., 2005). The appearance of tau
hyperphosphorylation in the brain reflects an early stage of AD (Maccioni et al., 2010).
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Insulin and IGF-1 are related to the phosphorylation state of tau (Table 1). Transient insulin
treatment increases tau phosphorylation temporarily, correlating with the sequential
activation and deactivation of GSK3p in SH-SY5Y cells (Lesort et al.,, 1999). Further, tau
phosphorylation in primary cortical neurons is regulated by insulin and IGF-1 (Lesort and
Johnson, 2000). In IRS-2 knockout mice, defects in IRS-2 signaling promotes neuronal death
and induces the hyperphosphorylation of tau, suggesting that tau-mediated
neurodegeneration is regulated by the IRS-2 branch of the insulin-IGF signaling pathway
(Schubert et al., 2003).

Neuron-specific deletion of insulin receptor (neuronal/brain-specific insulin receptor
knockout (NIRKO)) in mice leads to tau hyperphosphorylation (Schubert et al., 2004).
However, the patterns of phosphorylation in NIRKO mice and IRS-2 knockout mice differ,
suggesting that tau phosphorylation is regulated not only by insulin resistance, but also by
other factors (e.g., hyperinsulinemia, hyperglycemia, inflammation) (Schubert et al., 2003;
Schubert et al.,, 2004). There are other evidences on the relationship between insulin
signaling and tau hyperphosphorylation. In IGF-1 knockout mice, tau is
hyperphosphorylated at Ser202 and Ser396, implicating IGF-1 as protective against tau
hyperphosphorylation (Cheng et al., 2005). Separately, the peripheral administration of
insulin induced site-specific tau phosphorylation (at Ser202), which occurred rapidly after
acute insulin administration but prolonged (Freude et al., 2005).

4.4 Insulin resistance and oxidative stress

The increase in oxidative stress and the resulting activation of many signaling pathways are
associated with AD (Markesbery and Carney, 1999; Nunomura et al., 2001).

Oxidative stress is manifested by damage to proteins (Smith et al., 1991; Smith et al., 1996),
lipids (Sayre et al., 1997), and nucleic acids (DNA, RNA) (Gabbita et al., 1998; Mecocci et al.,
1994; Nunomura et al., 1999). In AD, neurons that show increased oxidative damage have
significantly more mtDNA, indicating that mtDNA sustains high oxidative stress in AD
(Hirai et al., 2001).

Mitochondria from the brains of AD patients experience structural damage and are the site
of AP accumulation (Gouras et al., 2005; Hirai et al., 2001). Further, important mitochondrial
enzymes become impaired in the brains of AD transgenic mice (Caspersen et al., 2005).
Dysregulated mitochondria release oxidizing free radicals, with peroxidation of membrane
lipids and the output of toxic aldehydes that cause considerable oxidative stress in AD
(Smith et al., 1996).

Oxidative stress is a common feature in AD and insulin resistance. In Drosophila, oxidative
stress increases signaling through c-Jun N-terminal kinase (JNK), which is a related pathway
of AD and insulin resistance (Ozcan et al., 2004). Hydrogen peroxide-induced JNK activation
induces y-secretase activation, and increases AP generation (Shen et al, 2008). Insulin
resistance leads to greater oxidative stress, DNA damage, mitochondrial dysfunction, and,
ultimately, cell death (de la Monte, 2009). In AD patient brains, the expression of pro-oxidant
enzymes that catalyze the generation of reactive nitrogen (RNS) and oxygen species (ROS),
such as nitric oxide synthase (NOS) and NADPH oxidase (NOX), rises significantly, which
accelerates insulin resistance in the brain (de la Monte and Wands, 2006).

4.5 Insulin resistance and inflammation
There are many reports that inflammation mediates the progress of AD. In brains of AD
model mice and AD patients, Ap plaque and NFTs activate astrocytes and microglia,
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resulting in the release of inflammatory molecules (cytokines and chemokines) and the
production of complement, and ultimately causing neuroinflammation (Eikelenboom et al.,
2002; Hoozemans et al., 2002; McGeer and McGeer, 2003; Tansey et al., 2007). In fact, in AD,
neurons themselves induce the production of inflammatory molecules, such as interleukin
(IL)-1, IL-6, TNF-a, and complement proteins (Li et al., 2000; Tchelingerian et al., 1996; Yu et
al., 2002).Further, AP can attract and activate microglia, affecting the recruitment of
microglia to AP plaques, and increase the secretion of proinflammatory molecules, such as
IL-1, IL-6, and IL-8 (Rogers and Lue, 2001). Astrocytes are also activated by AP peptide to
produce proinflammatory cytokines and chemokines in AD (Smits et al., 2002). Conversely,
inflammatory cytokines, such as IL-6, regulate APP processing, resulting in elevation of
AP42 levels (Papassotiropoulos et al., 2001).

Alteration in APP Defect in signal Oxidalive Biress Change im signal
processing transduLbon {e.g. ROS, AMS) transduction in glial
l {e.9. GEKIR) )
Sokaie ApT A l Induction of pro-
ABAZ-ARAD ratio Tau hyper- Mitochormvdrial Delect in srwigy Infarsmatory
AR placue [ phesphonglation ] [ dystunction ] [ metaboli L gene ]
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Fig. 3. Schematic representation of molecular pathways linking insulin resistance and
Alzheimer disease. Peripheral insulin resistance leads to decrease insulin signaling in CNS,
followed by alteration in brain metabolism. Increased Ap toxicity, Tau
hyperphosphorylation, oxidative stress and neuroinflammation are attributed to central
insulin resistance, which leads to neurodegeneration.

Chronic administration of insulin induces inflammatory responses, although low doses of
insulin is anti-inflammatory (Krogh-Madsen et al., 2004), suggesting that insulin contributes
to inflammation. Several reports have noted that insulin modulates many inflammatory
networks. Co-administration of insulin and lipopolysaccharide has a synergistic effect on
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the release of inflammatory cytokines, such as IL-1p and IL-6 (Soop et al., 2002). Insulin can
regulate norepinephrine uptake in the locus coeruleus by modulating the expression of
norepinephrine transporter protein (NET) (Figlewicz et al., 1993). Because norepinephrine is
an endogenous anti-inflammatory neuromodulator that prevents IL-1 expression (Heneka
et al., 2002), chronic administration of insulin might have abnormal inflammatory effects.

5. Clinical studies on insulin resistance and AD

Much evidence suggests that insulin resistance and peripheral hyperinsulinemia are risk
factors for AD, implicating them as novel targets (Craft, 2005, Watson and Craft, 2003). For
example, optimal doses of insulin and glucose in patients with AD improve declines in
cognition (Watson et al.,, 2005). Using hyperinsulinemic-euglycemic clamps, intravenous
insulin infusion in older subjects and in AD patients improves memory (Craft et al., 2003).
Recently, intranasal administration of insulin was shown to improve cognitive function and
modulate APP processing, resulting in increased AP40/A{42 ratio (Reger et al., 2008).

1. A metabolism

(Gasparini et al.,

Insulin increases the extracellular level of A by promoting its secretion.

2001)
Insulin increases the extracellular level of AP by inhibiting its degradation via (Gasparini et al.,
insulin-degrading enzyme (IDE). 2001)
Chronic treatment with IGF-1 increases A production by switching from (Costantini et al.,
TrkA to p75NTR. 2006)
IGF-1 reduces BACE-1 expression in PC12 cells via activation of PI3K and
ERIEl /2 signaling pathways. (Zhang etal,, 2011)
IGF-1 enhanced APP phosphorylation at Thr668, contributing to the neuronal (Araki et al., 2009;
degeneration in AD. Chang et al., 2006)
Infusion of insulin under glucose clamp originated a rapid increase in CSF Ap | (Watson and Craft,
levels in older subject 2003)

Systemic administration of IGF-1 increases CSF Ap levels.

(Carro et al., 2002)

IGF-1 increases neuronal excitability and release of Ap is enhanced by
neuronal activity.

(Gomez, 2008)

2. Tau hyperphosphorylation

Insulin and IGF-1 treatment results in increase in tau phosphorylation in
primary cortical neurons.

(Lesort and
Johnson, 2000)

Peripheral administration of insulin induces site-specific tau phosphorylation

(Ser202). (Freude et al., 2005)
In IGF-1 knockout mice, tau is hyperphosphorylated at Ser202 and Ser396. (Cheng et al., 2005)
In IRS-2 knockout mice, IRS-2 regulates tau-mediated neurodegeneration. (Schuzlz)eor;)et al.,
Neuronal/brain-specific insulin receptor knockout (NIRKO) in mice leads to (Schubert et al.,
tau hyperphosphorylation. 2004)

Table 1. The direct role for insulin or IGF-1 as a possible mediator of AD.

In addition to insulin, insulin-sensitizing compounds have been used as pharmacological
treatments. Thiazolidinediones (TZDs) act as agonists of nuclear receptor PPAR-y
(peroxisome proliferator-activated receptor-gamma) and improve insulin sensitivity by
reducing circulating insulin, FFA levels, and glucose uptake. TZDs are also anti-
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inflammatory drugs that decrease the levels of many inflammatory mediators (Jiang et al.,
2008; Neumann et al., 2008; Rojo et al., 2008). Pioglitazone and rosiglitazone are some of the
TZDs that are available for clinical use. The dual function of TZDs also affects hallmarks of
AD pathogenesis, such as Ap levels and tau hyperphosphorylation. PPAR-y agonists, such
as pioglitazone and indomethacin, can regulate AB42 levels and AP plaque loads (Heneka et
al., 2005; Sastre et al., 2003).

Troglitazone decreases tau phosphorylation at Ser202 and Ser396/404 through a PPAR-y-
dependent/independent mechanism (d'Abramo et al., 2006). In a recent report, rosiglitazone
reduced tau phosphorylation through JNK inhibition (Yoon et al., 2010).

TZDs improve memory in animal models and patients with AD. Rosiglitazone, a TZD,
attenuates learning and memory deficits in Tg2576 mouse, an animal model of AD
(Pedersen et al., 2006). Recently, pioglitazone was noted to preserve cognitive function in
AD (Sato et al., 2009). This pilot study on 42 patients who were treated with 15-30 mg
pioglitazone daily or placebo observed cognitive improvement in the pioglitazone groups.
In another study, 511 AD patients were assigned to receive 2, 4, or 8 mg rosiglitazone
(rosiglitazone group) or nothing (control group) (Risner et al., 2006); the rosiglitazone group
improved cognition significantly, and this result was restricted to non-APOE &4 carriers.
Insulin-sensitizing hormones, such as ghrelin, also affect AD pathogenesis. Ghrelin is a 28-
amino-acid endogenous hormone that is a ligand of growth hormone secretagogue receptor
la (GHSR-1a) (Kojima et al., 1999). Several studies have shown that ghrelin reduces tau
hyperphosphorylation in high-glucose-induced neurons (Chen et al., 2010), and ghrelin
enhances hippocampus-dependent memory in rodents (Carlini et al., 2010). Recently, Moon
et al. observed that ghrelin ameliorates cognitive dysfunction in oligomeric Ap42-injected
mice (Moon et al., 2011). These and other reports demonstrate that brain insulin resistance
leads to AD pathologies and thus suggest that insulin-sensitizing agents, such as the TZDs
and ghrelin, are useful therapeutic agents.

6. Conclusion

Insulin resistance is characterized by chronic peripheral insulin elevations, central reduction
of insulin levels and abnormality of insulin activity. Insulin modulates not only peripheral
glucose metabolism but also normal brain function, and thereby conditions related to
insulin dysregulation, such as obesity and diabetes mellitus, have deleterious effects on
brain function. According to recent longitudinal studies, insulin resistance increases the risk
of memory deficit and AD. Potential mechanisms linking insulin resistance to AD
pathogenesis include the alteration in APP processing, defects in signal transduction related
to both neuronal function (e.g. GSK3p) and cellular toxicity including oxidative stress and
inflammation. Identification of underlying mechanisms for relevance of insulin resistance to
AD is exigent goal to develop effective therapeutic strategies targeting AD. Many evidences
have noted that agents modulating insulin resistance, including TZDs and insulin-
sensitizing hormones, alleviate cognitive impairments associated with AD. Therapeutic
strategies focused on preventing or regulating insulin resistance may thus benefit the
development of drugs for AD.
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1. Introduction

The pharmacotherapy of Type 2 Diabetes Mellitus (T2DM) has, in the past 60 years, been
developing in unison with the advances in our understanding of diabetes pathophysiology.
As our knowledge developed and changed, so did appear new drugs which better and in
more targeted fashion rectified the pathological processes leading to the development of
diabetes.
If we look into the history of T2DM treatment, the first antidiabetic medicine was insulin - a
hormone. Insulin is without a doubt the most important hormone in regulation of
glycaemia. The secretion of insulin in response to increasing glucose levels in the
bloodstream postprandially is influenced by several mechanisms in three stages:

Neuronal (cephalic) phase

Gastro-enteral phase (in response to gastrointestinal hormones)

Nutritional phase (beta cell stimulation in response to nutrients - glucose,

aminoacids, FFA)
The gastro-enteral phase has been described many years ago as entero-insular axis. This
description has been based on observation that the same glucose load administered orally
stimulates higher insulin response than when administered intravenously. The difference
has been described as an “incretin effect’.
However, for decades to come, oral antidiabetics have never been able to capitalise on this
mechanisms and took the route of influencing glucose homeostasis via peripheral insulin
resistance, endogenous hepatic glucose production, or direct stimulation of beta cells.
Currently, it is understood that glucose homeostasis is governed by complex interaction of
several hormones: Insulin, amylin, incretins (GLP-1, GIP and possibly others) in balance
with the contraregulatory hormones that include glucagon, cortisol, catecholamines and GH
with IGF-1. Our understanding of diabetes pathophysiology has developed from dual basis
of insulin resistance (IR) and insulin deficiency (ID), via trio of IR in skeletal muscle, ID in
beta cell and increased hepatic gluconeogensis, all the way to DeFronzo’s (2009) ‘Ominous
Octet” of muscle, liver, and p-cell dysfunction, and additionally, fat cell pathology
(accelerated lipolysis), gastrointestinal tract (incretin deficiency/resistance), a-cell
(hyperglucagonemia), kidney (increased glucose reabsorption), and brain (insulin
resistance) disorders.
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Such advances in the understanding of the pathological basis of diabetes led, after a long
time, to development of new drugs to treat hyperglycaemia of diabetes, notably three quite
unique antidiabetics, approved by the FDA (Food and Drug Administration) for clinical use:
¢  Pramlintide in March 2005

e  Exenatide in April 2005, and

e  Sitagliptin in October 2006

First experiences with these new drugs were quite varied, ranging from almost euphoria in
some authors regarding their ability to lower glycaemia, to quite open scepticism and
urging to use the new medicines only to those not reaching adequate diabetic compensation
with traditional medication, which is much cheaper and with well documented long term
efficacy and safety data.

However, over time new strategies for treatment of DM2T have been developed, with some
amendments to treatment guidelines to incorporate the new drugs (ADA 2011) and
according to expectations, pharmaceutical companies introduced a host of new molecules,
notably in the classes of incretin therapy - incretin enhancers (gliptins) and incretin
mimetics (analogues of glucagon-like peptide 1) or, more accurately, agonists of GLP-1
receptor.

We therefore have another hormonal treatment option, apart from insulin, based on the
GLP-1 hormone. GLP-1 has been selected as a target for therapeutic intervention due to the
fact that it has been demonstrated that Type 2 diabetics have got lower level of GLP-1 in
their bloodstream and are somewhat resistant to its action, compared to same-weight same-
age nondiabetic individuals. Secondly, GLP-1 is the most potent of known incretins, in
stimulation of postprandial insulin secretion.

GLP-1 is a peptide with 30-31 aminoacids, produced from proglucagon in L cells of distal
ileum and proximal colon. Its target tissue is in pancreas; it stimulates insulin secretion in
beta cells and inhibits glucagon secretion in alpha cells. Its bloodstream level rises 5-10times
postprandially, with half-life of just 2 minutes and it exerts its action by binding to a specific
receptor. It is excreted by kidney via glomerular filtration and tubular catabolism. Specific
receptors for GLP-1 are present not only in the membrane of beta and alpha cells of the
pancreas, but throughout the body - in the liver, central and peripheral nervous tissues, in
the heart, lungs, kidneys and the gastrointestinal tract (Martin, 2011) A fine tuned
cooperation of tissues and organs is needed to achieve normoglycaemia (Table 1.)

Due to GLP-1 action on the suppression of glucagon secretion, and its effect on delaying
gastric emptying, it exerts multiple effects on glucose homeostasis: it increases the feeling if
satiety, reduces hunger and can lead to a moderate weight loss. It plays a substantial role in
DM2T, and the disruption in GLP-1 production and action can lead to impaired glucose
tolerance.

In the pancreas, GLP-1 not only influences the production and secretion of insulin in the
beta cell, but can also stimulate proliferation and neogenesis of beta cells and was shown to
delay their apoptosis (Keating, 2005).

As was noted earlier, Type 2 diabetics suffer from decreased GLP-1 production, have
decreased GLP-1 levels in the bloodstream and decreased sensitivity to GLP-1 after it binds
to its receptor. The decreased sensitivity of beta cells can be overcome by supraphysiological
(pharmacological) doses of GLP-1 receptor agonists. This was demonstrated in vivo by GLP-
1 infusion to Type 2 diabetics. However, due to the short half life of GLP-1, which is
immediately cleaved by dipeptidylpeptidase-IV enzymes, native GLP-1 is unsuitable for
subcutaneous administration.
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Pancreas

Increase in glucose stimulated insulin secretion

Increase in insulin gene transcription

Decrease in glucagon secretion

Increase in somatostatin secretion

Increased beta cells responsiveness to glucose

Neogenesis and proliferation of beta cells
Gastrointestinal tract

Delayed gastric emptying

Decrease in gastric acid production
Cardiovascular system

Modest decrease in blood pressure
Central nervous system

Reduction in appetite

Increased production of TSH, LH and corticoids
Fat tissue

Increase in insulin mediated glucose uptake in fat cells
Muscle and liver

Increase i