
 

 

Introduction 
 
Alzheimer's disease is a degenerative central 
nervous system disorder associated with exten-
sive loss of specific neuronal cells, and charac-
terized clinically by progressive loss of memory, 
cognition, reasoning, judgment and emotional 
stability that leads to profound mental deterio-
ration. The disease currently affects as many as 
four million individuals in the United States 
alone. To date, there is no treatment that stops 
or reverses the disease and it presently causes 
up to 100,000 deaths annually.  
 
There are two forms of the disease, a genetics 
based early onset familial Alzheimer’s disease 
and a more prevalent age-dependent form 
called sporadic Alzheimer’s’ disease. Brains of 
individuals with Alzheimer’s exhibit neuronal 
degeneration and characteristic lesions referred 
to as amyloid plaques and neurofibrillary tan-
gles [1,2]. Currently, the only definitive diagno-
sis of Alzheimer’s is presence of these plaques 
in post-mortem brains. According to the domi-
nant scientific hypothesis for Alzheimer’s, called 

amyloid hypothesis,  progressive cerebral depo-
sition of amyloidogenic peptides Aβ peptides, 
plays a detrimental role in the pathogenesis of 
Alzheimer’s and can cause cognitive symptoms 
and onset of dementia [3]. The hypothesis com-
prises of the amyloid cascade of events: in-
creased production of Aβ peptides, their aggre-
gation leading to plaque and neurofibrillary tan-
gle formation, tau phosphorylation, and finally 
cognitive decline (Figure 1). 
 
The Aβ peptides are produced as a result of 
excessive processing of the amyloid precursor 
protein (APP), the parent trans-membrane pro-
tein found in neurons and other cells [4]. Amy-
loid plaques are composed primarily of 40 and 
42 amino acid peptides (called Aβ40 and Aβ42, 
respectively) derived from amyloid precursor 
protein (APP) by sequential proteolysis catalyzed 
by the aspartyl protease, β-secretase for beta-
site APP cleaving enzyme-1 (BACE-1), followed 
by presenilin-dependent gamma-secretase 
cleavage [4] (Figure 1). Aβ42 is more hydropho-
bic and less soluble than Aβ40 and is the pre-
dominant species in amyloid plaques. Aβ42 is 
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more prone to aggregation and deposition and 
therefore the cause of neurotoxicity as well as 
synaptic loss (1, Ref).  
 
Established risk factors for Alzheimer’s may 
trigger neuronal dysfunction [3]. In particular 
ageing, head injury/trauma/stroke, genetics 
such as Apo E4/4 allele carriers, cardiovascular 
disease and type 2 diabetes all predispose an 
individual towards onset of Alzheimer’s disease 
[5]. Two molecular events, which are closely tied 
to onset, progression and pathogenesis of the 
disease, are high oxidative stress and reduced 
energy production by neurons [6,7]. As major 
focus of this review we will cite existing data 
and develop a new energy failure based para-
digm for genesis of Alzheimer’s disease, fol-
lowed by nomination of targets for new thera-
pies. 
 
Energy defects as driver of Alzheimer’s initiation 
and progression 
 
Brain’s energy needs are enormous as indi-

cated by the fact that the 
brain weighs only 2% of total 
body weight but yet con-
sumes 20% of total energy 
produced [8]. The high-
energy needs of neurons are 
required for neurotransmis-
son, synthesis of neuro-
transmitters, myelination 
and other housekeeping 
functions. It is mainly de-
pendent on glucose utiliza-
tion for energy generation 
and is able to use very little 
of other sources such as 
fatty acids etc [9]. Ketone 
bodies can also be used but 
less efficiently than glucose. 
The high energy needs can 
produce a conundrum for 
the brain especially in Alz-
heimer’s disease. Indeed, 
defects in energy production 
by neurons are observed 
very early in this disease 
process [10]. Energy deficits 
in neuron are defined as 
reduction in production of 
ATP, the major form of en-
ergy in cells. Below we will 
review functional and mo-

lecular data from human and animal studies 
that support failing energy production as a plau-
sible cause of disease initiation and progres-
sion. 
 
Functional data showing reduced glucose utili-
zation by the brain, also known as hypo-
metabolism, has been demonstrated in humans 
using positron emission tomography (PET), an 
imaging technique using 2-[18F] fluoro-2-deoxy-
D-glucose (FDG-PET) [11,12]. FDG, is a non-
degradable analog of glucose and suitable as 
tracer to study energy metabolism. The concen-
trations of FDG indicate tissue metabolic activ-
ity, in terms of regional glucose uptake. Such 
studies have demonstrated consistent, early 
and progressive reductions in glucose utilization 
in Alzheimer’s patients [13]. Furthermore, the 
extent and regional location of hypo-metabolism 
in the brain correlate with severity of symptoms. 
Increasing evidence suggests that reductions in 
brain glucose utilization occur at the pre-
symptomatic stages of the disease and ob-
served before the onset of disease [12].  

Figure 1. Amyloid hypothesis of Alzheimer’s Disease. The classic amyloid hy-
pothesis cascade of events is shown here. The main features are over-
production of Aβ peptides by secretase cleavage, peptide aggregation followed 
by neurotoxicity, tau phosphorylation, plaque and neurofibrillary tangle (NFT) 
formation with end result of cognitive loss and Alzheimer’s disease. 
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What is the underlying cause of these energy 
deficits during disease genesis? Interestingly, 
both human and animal data show that Alz-
heimer’s pathology is preceded and accompa-
nied by significant events as follows that can 
account for energy deficiency: 
 
1) Depletion of nicotinamide adenine dinucleo-
tide (NAD+), a coenzyme involved in ATP generat-
ing redox reactions. Depletion in levels of this 
key coenzyme may occur due to high oxidative 
stress blocking its regeneration as well as con-
sumption by enzymes such as PARP which use 
NAD as a substrate [14,15]. 
 
2) Decrease in activities of important enzymes 
involved in glycolysis namely hexokinase and 
phosphofructokinase and consequent reduction 
in energy production [16,17]. 
 
3) Decrease in activity of enzymes shown below 
involved in mitochondrial tricarboxylic acid cycle 
(TCA cycle) and oxidative phosphorylation proc-
esses, which generate most of cellular ATP.  
 
a) Decrease in activity of alpha-ketoglutarate 
dehydrogenase complex, a rate-limiting enzyme 
in TCA cycle [18]. 
 
b) Decreased expression and activity of cyto-
chrome c oxidase, an important component of 
oxidative phosphorylation via electron transport 
chain [19]. 
 
c) Decrease in activity of pyruvate dehydro-
genase (PDH), a key rate-limiting enzyme in mi-
tochondria to convert pyruvate, the end product 
of glycolysis, into acetyl-CoA, to initiate the TCA 
cycle. PDH is the first enzyme component of 
pyruvate dehydrogenase complex [19]. 
 
The putative mechanism of decrease in PDH 
activity during Alzheimer’s may be its phos-
phorylation by glycogen synthase kinase 3b 
(GSK-3b) [20,21]. GSK-3b is a serine/threonine 
protein kinase that mediates phosphorylation of 
serine and threonine amino acids in enzymes or 
regulatory proteins. Phosphorylation by GSK-3b 
usually inhibits the activity of target protein, as 
in the case of glycogen synthase, the enzyme 
that controls conversion of glucose to glycogen. 
The brain has very little stores of glycogen, mak-
ing it unlikely that GSK-3b plays that role in that 
tissue.  Rather it is now believed that this en-
zyme may play a regulatory role in Alzheimer’s 

via at least two activities: a) its ability to phos-
phorylate microtubule-associated protein tau. 
Hyperphosphorylation of tau disrupts its interac-
tion with tubulin within microtubules and leads 
to accumulation of neurofibrillary tangles and b) 
Phosphorylate PDH and inactivate it [22]. 
 
Another enzyme whose expression is modulated 
directly by neuronal energy deficit is BACE-1. 
Studies have demonstrated that energy depriva-
tion can cause posttranscriptional induction of 
BACE-1 [23,24]. This is an important finding 
because it connects neuronal energy crisis di-
rectly to amyloid hypothesis, i.e. increase in 
BACE-1 activity would lead to increased Aβ42 
and initiate the amyloid cascade.   
 
Energy Targets and approaches to new Thera-
pies 
 
It’s clear that several players may contribute to 
neuronal energy deficiency observed in Alz-
heimer’s. We have integrated above data on 
energy deficiency into a hypothesis around 
which drugs targets can be identified and pur-
sued for discovery of new therapies. We pro-
pose (Figure 2) that risk factors associated with 
Alzheimer’s disease including ageing, traumatic 
brain injury/stroke, genetics and metabolic dis-
eases (e.g. type 2 diabetes) can combine to 
trigger detrimental molecular pathways in neu-
rons. Specifically brain hypoxia and inflamma-
tory cytokine production which occur in stroke 
or traumatic brain injury, insulin resistance and 
dysregulation of insulin signaling in diabetes 
and genetics in patients with apoE4 alleles act 
as switches to bring about gene expression or 
enzyme activity changes. The resulting chronic 
hypo-metabolic state by itself can trigger neu-
ronal dysfunction and cognitive decline. This 
coupled with induced up-regulation of BACE-1 
can further lead to Aβ42 accumulation and fatal 
entry into amyloid cascade culminating in hall-
mark features of Alzheimer’s disease. Since the 
core cause of neuronal dysfunction in our model 
is energy driven we have termed it as bioener-
getics of neurodegeneration model (BEND 
model) (Figure 2).  
 
Based on above model we selected enzyme 
targets in our bioenergetics breakdown para-
digm. The choice of targets was based on drug-
gability factors, i.e. low possibility of toxicity 
when target is modulated, likelihood of efficacy 
when target is regulated, information available 



Bioenergetics paradigm for Alzheimer’s disease  

 
 
136                                                                           Int J Physiol Pathophysiol Pharmacol 2011;3(2):133-139 

on crystal structure and availability of existing 
chemistry scaffolds to design compounds. The 
selected targets are discussed below and listed 
in Table 1: 
 
a) PDH: As the enzyme, which is conduit be-
tween glycolysis and TCA cycle, PDH is pivotal in 
energy generation. There has been interest in 
this target from oncology perspective [25]. Be-
cause of work already done in oncology, there is 
a lot of information available about regulating 

this target. In case of Alzheimer’s, the objective 
would be to increase PDH’s activity and en-
hance energy production. Pharmacologically it’s 
more difficult to activate an enzyme than to in-
hibit is activity. But in case of PDH there are 
avenues available to activate it through allos-
teric approaches. An example of this is that the 
enzyme uses alpha lipoic acid as a cofactor and 
its mimetics can be designed to boost activity 
[26,27]. Secondly, PDH activity can be modu-
lated by either pyruvate dehydrogenase kinase 

Figure 2. Bioenergetics of neurodegeneration model (BEND model). An “energy deprivation” based model of Alz-
heimer’s is proposed. The model states that known disease risk factors trigger molecular pathways, which leads to 
decrease in enzyme activities important in cellular energy generation. Energy defects can result in neuronal dysfunc-
tion/loss, BACE-1 induction and cognitive decline.  

Table 1. Proposed energy sensitive targets for new therapeutics 
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[28] or GSK-3b. It would be efficient to design 
drugs around these kinases and GSK-3b inhibi-
tion is especially attractive and will be dis-
cussed below.  
 
b) GSK-3b: This enzyme is an especially attrac-
tive target for several reasons. Its involvement 
in Alzheimer’s is at least at two separate levels-
one which fits well with our energy paradigm-
blocking GSK-3b activity should result in contin-
ued activation of PDH and second its role in 
phosphorylation of tau protein. In addition, inhi-
bition of GSK-3b has also been shown to de-
crease Aβ42 production [29,30]. Thus inhibition 
of this target could improve energy production 
as well as tie into the amyloid plaque formation 
and tau phosphorylation.  
 
GSK-3b has been studied extensively as a tar-
get for diabetes because of its role in insulin 
signaling related pathway [31,32]. There is vast 
published literature on highly potent inhibitors 
for this enzyme and some of those chemical 
structures can be starting points for a brain 
penetrable inhibitor for Alzheimer’s [33,34]. 
 
c) BACE-1: This enzyme is already being pur-
sued vigorously for design of new therapeutics 
for Alzheimer’s as a way to decrease Aβ42 [35]. 
There are preclinical and clinical data available 
for some early stage drug candidates as well 
[36,4]. The reason for including this target in 
our list of “energy sensitive” targets is because 
of its regulation by cellular energy deprivation. 
While direct inhibition continues to be a favored 
approach for this target, because of this en-
zyme’s involvement with other substrates, se-
lectivity and toxicity will always be a burden. In 
contrast, if one could modulate cellular energy 
and indirectly lower BACE-1 activity, it could ac-
complish dual objectives of safety and efficacy.  
 
Conclusions 
 
Because of urgent need for new safe and effica-
cious therapies for Alzheimer’s, large amounts 
of investments are being made in identifying 
new approaches and drugs. Targeting amyloid 
hypothesis continues to be the favored ap-
proach, but other approaches must be consid-
ered since amyloid based drug candidates to 
date have failed in the clinic [37,38,39,40]. 
Based on existing literature and evolving ideas 
[5,41] we have reiterated energy crisis as the 
central theme and as basis of novel drug discov-

ery approaches. We propose three targets: a) 
PDH, which is upstream of amyloid cascade; b) 
GSK-3b, a bridge between energy crisis and 
amyloid cascade; and c) BACE-1, an integral 
part of amyloid cascade but may be modulated 
by energy improvements. Evolution of new ideas 
and targets will enhance the likelihood of gener-
ating successful drugs in the near future.  
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