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Abstract
Reduced glucose metabolism is an invariant feature of Alzheimer’s Disease (AD) and an
outstanding biomarker of disease progression. Glucose metabolism may be an attractive
therapeutic target, whether the decline initiates AD pathophysiology or is a critical component of a
cascade. The cause of cerebral regional glucose hypometabolism remains unclear. Thiamine-
dependent processes are critical in glucose metabolism and are diminished in brains of AD
patients at autopsy. Further, the reductions in thiamine-dependent processes are highly correlated
to the decline in clinical dementia rating scales. In animal models, thiamine deficiency exacerbates
plaque formation, promotes phosphorylation of tau and impairs memory. In contrast, treatment of
mouse models of AD with the thiamine derivative benfotiamine diminishes plaques, decreases
phosphorylation of tau and reverses memory deficits. Diabetes predisposes to AD, which suggests
they may share some common mechanisms. Benfotiamine diminishes peripheral neuropathy in
diabetic humans and animals. In diabetes, benfotiamine induces key thiamine-dependent enzymes
of the pentose shunt to reduce accumulation of toxic metabolites including advanced glycation end
products (AGE). Related mechanisms may lead to reversal of plaque formation by benfotiamine in
animals. If so, the use of benfotiamine could provide a safe intervention to reverse biological and
clinical processes of AD progression.
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Introduction
Alzheimer’s Disease (AD) affects approximately 5.4 million Americans and is a major
public health problem. One in eight individuals over the age of 65 (13%) and nearly half of
those over the age of 85 (43%) have AD. Between 2000 and 2008 the frequency of deaths
due to AD increased 66%, whereas those from stroke (−20%), prostate cancer (−8%), breast
cancer (−3%), heart disease (−13%) and HIV (−29%) actually decreased. The cost of care is
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projected to increase from $200 billion dollars in 2012 to $1.1 trillion by 2050 (data from
the Alzheimer Association; http://www.alz.org/alzheimers_disease_facts_and_figures.asp).

AD is defined by a decline in cognition and pathological features including plaques and
tangles. The primary protein in plaques is amyloid-β-peptide. Tangles are composed of
hyperphosphorylated tau protein. Although these pathologies are the defining feature of the
disease, many other factors change and may initiate the pathology including altered glucose
metabolism, which is discussed in detail below. Multiple therapeutic strategies are being
tested but no disease modifying therapies have been developed. The majority of treatments
have been directed at modifying plaques by decreasing deposition or enhancing removal
(Rafii and Aisen, 2009). Treatments are also being tested to modify tangle deposition
(Citron, 2010). Multiple treatments have also been proposed to treat the abnormalities in
glucose metabolism (Dumont et al., 2010; Manczak et al., 2010). The strategy described
below is novel.

Reduced glucose metabolism is an invariant feature of Alzheimer’s disease (AD)
regardless of genotype

Fluoro-DeoxyGlucose-PET (FDG-PET) studies in patients with AD show decreased glucose
uptake bilaterally in posterior cingulate, precuneus, parietotemporal and frontal cortex.
Greater decreases in FDG uptake correlate with greater cognitive impairment along the
continuum from normal cognitive status to mild cognitive impairment (MCI) to AD
dementia (Langbaum et al., 2009). A great advantage in patients with a disease causing
mutation is that the temporal response of the changes can be followed. In patients that are
genetically inclined to develop AD, changes in brain glucose metabolism occur decades
before the development of symptoms (Reiman et al., 2004). There are no reports of normal
glucose metabolism in brains of AD patients.

Increases in several markers of oxidative stress also indicate altered metabolism in patients
with AD. In autopsy brains, markers of oxidative stress such as acrolein are more pervasive
than plaques or tangles (Calingasan et al., 1999). Advanced glycation end products (AGE)
occur in 75-95% of pyramidal neurons, which far exceeds the percentage of tau positive
neurons (Munch et al., 2002). Markers of oxidative stress occur in peripheral cells formation
in even mildly cognitively impaired patients (Torres et al., 2011). In animal models of
plaque formation, markers of oxidative stress in brain and urine increase before plaques
occur in brain (Praticò et al., 2001). Despite major advances in early diagnosis,
neuroimaging, and biomarker research, no disease-modifying therapies are currently
available. A possible cause for this failure is that alternative targets are required. Thus,
understanding the changes in glucose metabolism may provide insight into new therapeutic
targets.

Reduced glucose metabolism is the best predictor of progression from “normal” or mild
cognitive impairment to AD

A large, multicenter, longitudinal neuroimaging study [(Alzheimer Disease Neuroimaging
Initiative (ADNI)] was launched in 2004 by the National Institute on Aging, the FDA,
private pharmaceutical companies, and nonprofit organizations to better understand the
initiation and progression of AD. The ADNI study includes 819 adult subjects, 55 to 90
years old that are either healthy, suffer from mild cognitive impairment or mild AD.
Participants receive baseline and periodic physical and neurological examinations and
standardized neuropsychological assessments, and provide biological samples (blood, urine,
CSF) throughout the study. Imaging, including F18 -fluorodeoxyglucose (FDG) positron
emission tomography (PET), is performed at baseline and at regular intervals thereafter. The
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conclusion of these studies is that the best predictor of developing and of progressing from
mild cognitive impairment (MCI) to AD is brain glucose utilization (Jack Jr et al., 2010).

The mechanism for the decline in glucose with AD is unknown
In spite of the tight linkage of glucose metabolism to brain function and to the decline in
AD, only a very limited number of studies have tried to understand why it is diminished. In
related efforts, many experiments to enhance mitogenesis (Burchell et al., 2010) or diminish
oxidative stress in the brain (Dumont and Beal, 2011; Eckert et al., 2011) have been
completed, but none of the therapies have translated to the clinic. The focus of this review is
the reduction in thiamine-dependent processes in AD brains and how they could account for
the decline in glucose metabolism and/or the pathology in AD. The resemblances of the
changes in AD to thiamine (vitamin B1) reversible steps in diabetes suggest that thiamine
may also be beneficial for AD.

Thiamine (vitamin B1)-dependent processes occupy critical steps in glucose metabolism
(Figure 1)

Normal brain function depends on a continuous supply of glucose. Brain glucose
metabolism depends on three thiamine-dependent enzymes (Figure 1): transketolase (TK),
the pyruvate dehydrogenase complex (PDHC) and the α-ketoglutarate dehydrogenase
complex (KGDHC). TK is the rate-controlling step of the non-oxidative branch of the
pentose phosphate pathway (NOPPP), is central to the oxidative branch, and is critical in the
interchange of metabolites between glycolysis and the pentose shunt (Kauffman, 1972;
Novello and McLean, 1968). PDHC is the entry point of carbon into the tricarboxylic acid
(TCA) cycle. KGDHC is arguably the rate-controlling step of the TCA cycle under normal
conditions (i.e., it has a high flux control coefficient)(Gibson and Blass, 1976). Thus,
thiamine-dependent processes regulate essential aspects of brain glucose metabolism that are
critical to normal brain function.

Glycolysis is important for providing some reducing equivalents, pyruvate for the TCA
cycle and precursors for numerous amino acids and neurotransmitters. Oxidant-induced
modification in glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promotes
accumulation of toxic metabolites that may precipitate pathological changes in the other
pathways in both AD and diabetes (see Figure 2). Reductions in the GAPDH reaction by
oxidant stress leads to accumulation of fructose-6-phosphate and glyceraldehyde-3
phosphate, which are precursors of toxic metabolites.

An increase in fructose-6 phosphate leads to leads to increased glucosamine, uridine
diphosphate N-acetylglucosamine (UDP-GlcNAc) and N-acetylglucosamine:

↑ fructose-6-P→ ↑ glucosamine 6-phosphate → UDP-GlcNAC→ N-acetylglucosamine
Several important processes require UDP-GlcNAC such as proteoglycan synthesis and the
formation of O-linked glycoproteins. The glycosylation of the proteins modifies their
actions. Inhibition of the rate-limiting enzyme in the conversion of glucose to glucosamine
blocks hyperglycaemia-induced increases in the transcription of TGF-α, TGF-β1 and PAI-1
(Du et al., 2001). This pathway is also important role in hyperglycemia-induced and fat-
induced insulin resistance (Brownlee, 2001). Virtually every RNA polymerase II
transcription factor has O- acetylglucosaminylated sites. The reciprocal modification by O-
acetylglucosaminylation and phosphorylation of transcription factors other than Sp1 may
function as a more generalized mechanism for regulating glucose-responsive gene
transcription (Brownlee, 2001). This reciprocal interaction may also be critical for the
phosphorylation of tau, which is critical to tangle formation in AD (Liu et al., 2004). A
reduction in the O-acetylglucosaminylation leads to increased phosphorylation and tangle
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formation. Other examples include the inhibition of eNOS activity by hyperglycaemia-
induced O-acetylglucosaminylation at the Akt site of the eNOS protein (Du et al., 2001).
Thus, the O-linked glycoproteins may result in numerous changes in gene expression and
protein function. Abnormally regulated O-acetylglucosaminylation has been found in
diabetes and Alzheimer disease (Wang et al., 2007).

An increase in glyceraldehyde-3-phosphate enhances diacylglycerol pathway that leads to
the increased formation of methyglyoxal which leads to increased advance glycation
endproducts (AGE), which play an important role in the development of chronic disease
including diabetes (Brownlee et al., 1986; Thorpe and Baynes, 1996) (Figure 2). AGEs are a
heterogeneous and complex group of biochemical modifications, which play an important
role in the development of chronic disease including diabetes (Brownlee et al., 1986). AGE
are markers of carbonyl stress, which accumulate due to an increase level of reactive
dicarbonyl compounds (Thorpe and Baynes, 1996). Methylglyoxal and glyoxal are the major
carbonyl species responsible for AGE (Krautwald and Munch, 2010). AGEs damage cells
by a variety of processes including neurotoxicity, oxidative stress and apoptosis (Bettendorff
et al., 1990; Loske et al., 1998). AGEs may elicit their effects via receptors and binding
proteins which are broadly thought to be either inflammatory (e.g. RAGE) or “clearance”
receptors (such as AGE-R1, AGE-R3, CD36, Scr-II) (Bierhaus et al., 1998; Sourris et al.,
2009). Intracellular proteins modified by AGEs have altered function. For example,
extracellular matrix components modified by AGE precursors interact abnormally with other
matrix components and with the receptors for matrix proteins (integrins) on cells. Plasma
proteins modified by AGE precursors bind to AGE receptors on endothelial cells, mesangial
cells and macrophages, inducing receptor-mediated production of reactive oxygen species.
This AGE receptor ligation activates the pleiotropic transcription factor NF-kB, causing
pathological changes in gene expression (Brownlee, 2001). Thus, ameliorating AGE is an
attractive therapeutic approach.

The response of AGEs to thiamine availability has been demonstrated in vivo. Thiamine has
an essential role in sustaining low levels of cellular defense against the accumulation of
AGE related to glucose metabolism (Depeint et al., 2007). Even marginal thiamine
deficiency (TD) increases plasma AGE (Lonsdale, 2006; Shangari et al., 2003). The
combination of dietary TD and other sources of dietary oxidative stress synergistically
increase AGE (Shangari et al., 2005). Marginal TD increases oxidative stress in a dose
dependent manner that can be assessed by increased plasma and tissue concentration of
AGE (Depeint et al., 2007).

Pentose shunt
The role of the pentose phosphate shunt in brain is controversial. The role of the
transketolase dependent part of the shunt non-oxidative pentose phosphate shunt has
received minimal attention in brain. The shunt is critical for production of riboses for DNA
and RNA synthesis, removal of toxic metabolites and for maintaining NADP(H) (Figure 3).
Recent studies show the pentose shunt in brain is much more active than previously thought;
it has been suggested that the shunt consumes the majority of glucose in neurons (Bolanos
and Almeida, 2010; Bolanos et al., 2010). The results also suggest that neuronal
consumption of glucose by the pentose phosphate shunt to maintain their antioxidant status
may take priority over the use of glucose to fulfill their bio-energetic requirements, which
can be met by other sources. An alternative explanation is that these data are merely an
artifact of cultured neurons severely crippled by the extraction procedure and grown in un-
naturally glucose-rich environment under un-physiological hyper-oxygenation that causes
severe oxidative stress exhausting the natural antioxidant defense capacity of these neurons.
In vivo data and/or alternative strategies are required to distinguish these possibilities.
Furthermore, the shunt is much more active in neurons than in astrocytes. Increasing
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evidence indicates that neurons can use lactate generated by astrocytes to produce energy
(Herrero-Mendez et al., 2009). This provides an explanation for greater sensitivity of neuron
than astrocytes to thiamine deficiency (Park et al., 2000).

The pentose shunt is composed of multiple pathways that are flexible and can vary with the
demands for ribose and NADPH to maintain antioxidant capacity. The pentose shunt is
linked to glycolysis at multiple steps and many of the steps are reversible. This maximizes
the ability to produce energy, riboses or reducing equivalents (i.e., NADPH). Thus, it can
either provide the glycolytic metabolites fructose 6 phosphate (7) and glyceraldehyde 3
phosphate (5) or it can be activated to use fructose 6 phosphate (7) and glyceraldehyde 3
phosphate (5) to make riboses. The latter is important to allow it to remove toxic metabolites
that result from impairment of glycolysis.A simplified version of the predominant pathways
within the pentose shunt are shown in Figure 3. The thiamine-dependent enzyme
transketolase (TK) is critical at two steps in these interacting pathways. The oxidative
pathway is shown in the shaded area. The numbers in the cartoon refer to metabolites of the
pentose shunt. The same number in multiple places indicates the compound is involved in
multiple sites and thus serves as a link between glycolysis and the pentose shunt (#5
glyceraldehyde-3-phosphate is a good example).

Glucose-6-phosphate (1) is oxidatively decarboxylated to yield ribulose-5-phosphate (2)
which is converted to ribose-5-phosphate (3) and xylulose-5-phosphate (4). TK catalyses the
reversible conversion of ribose-5-phosphate (3) and xylulose-5-phosphate (4) into
glyceraldehyde-3-phosphate (5) and sedoheptulose-7-phosphate (6). These latter two react to
form fructose-6-phosphate (7) and erythrose-4-phosphate (8).Transketolase catalyzes the
conversion of xylulose-5-phosphate (4) and erythrose-4-phosphate (8) to glyceraldehyde-3-
phosphate (5) and fructose-6-phosphate (7).

Many of the reactions are reversible so that increasing TK with thiamine supplements
enhances the conversion of fructose-6-phosphate (7) and glyceraldehyde-3-phosphate (5) to
riboses. Since the in vivo concentration of transketolase metabolites is at least one order of
magnitude lower than the Km values, the net flux and direction of the transketolase reaction
is determined by substrate concentration (Schenk et al., 1998). The activation of the pathway
in this direction can reduce the concentration of fructose-6-phosphate (#7) and
glyceraldehyde-3-phosphate (#5). As described previously, inhibition of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) by multiple oxidants leads to accumulation of toxic
metabolites. These compounds accumulate in diabetes. Supplements with thiamine or its
derivative benfotiamine activate transketolase, reduce the concentrations of these
compounds and decrease peripheral neuropathy.

TCA cycle
Two other thiamine-dependent processes are closely linked to the TCA cycle, which
provides the majority of reducing equivalents to the electron transport chain. In addition, the
TCA cycle produces guanosine triphosphate (GTP) and provides precursors for multiple
amino acids and neurotransmitters. For example, both PDHC and KGDHC are closely
linked to acetylcholine synthesis (Gibson and Blass, 1976; Gibson et al., 1975). Even mild
impairment of either of these thiamine-dependent enzyme activities reduces acetylcholine
synthesis even though only a small part of total carbons enters acetylcholine. Heme
synthesis also depends on the TCA cycle (Atamna and Kumar, 2010). In addition, under
reducing conditions, PDHC and KGDHC can be the primary sources of H2O2 (Starkov et
al., 2004; Tretter and Adam-Vizi, 2004).

Gibson et al. Page 5

Mol Cell Neurosci. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Thiamine (vitamin B1)-dependent processes are altered in AD
Measurements in autopsy brains suggest that diminished activities of thiamine-dependent
enzymes underlie the glucose deficits. We and others have demonstrated an AD-related
reduction in the thiamine-dependent processes including transketolase, PDHC and KGDHC
(Bubber et al., 2005; Butterworth and Besnard, 1990; Gibson et al., 2000; Gibson et al.,
1988). We propose that these reductions may underlie the decline in glucose metabolism.
The reductions in the activities of KGDHC and PDHC are highly correlated with the clinical
dementia rating score (Morris, 1993) in AD patients prior to succumbing to the disease. The
correlation is 0.77 compared to a correlation of 0.2 for plaques and tangles. Moreover,
thiamine deficiency is known to lead to severe memory deficits in both animals and humans
(Bubber et al., 2005; Butterworth and Besnard, 1990; Gibson et al., 2000; Gibson et al.,
1988).

Although the decline in KGDHC activity occurs in both genetic and non-genetic forms of
AD, the underlying basis for the reduction may vary. For example, in patients bearing the
APP670/671 mutation the protein levels of two components of the KGDHC complex
decline, whereas in non-genetic forms the protein levels do not vary (Gibson et al., 1998).
These changes can be mimicked by selective actions of nitric oxide and peroxynitrite
(Gibson et al., 1999). Inactivation of KGDHC by peroxynitrite diminishes the
immunoreactivity of the same KGDHC subunits, whereas nitric oxide diminishes activity
but does not alter protein levels (Park et al., 1999).

Measurements in peripheral tissues suggest thiamine-dependent processes may be altered
specifically in AD (Gibson et al., 1988). Plasma thiamine levels are diminished in AD
patients and not in Parkinson patients (Gold et al., 1998). The thiamine pyrophosphate (TPP)
effect on transketolase, a measure of thiamine deficiency, is also significantly higher in red
blood cells (RBC) from AD patients compared with controls (Gibson et al., 1988).

Studies in animal models suggest that abnormal thiamine-dependent processes underlie
pathological changes in AD

Animal models suggest that thiamine has a critical role in the pathology of AD. Thiamine
deficiency (TD) is a model of the mild impairment of oxidative metabolism that
accompanies AD. TD induces many markers of oxidative stress in neurons that resemble
those in AD including hydroxynonenal and protein nitration. TD depresses brain glucose
utilization (Hakim and Pappius, 1983). Administering thiamine to TD rats improves their
ability to use glucose (Gibson et al., 1984).TD induces memory loss (Witt and Goldman-
Rakic, 1983). TD in plaque-competent mice exacerbates plaque formation and increases tau
phosphorylation (i.e., promotes AD pathology) (Karuppagounder et al., 2009; Zhang et al.,
2011; Zhao et al., 2011). TD also produces a cholinergic deficit (Gibson et al., 1982). A
cholinergic deficit accompanies AD and is the reason that the acetylcholinesterase inhibitor
donepezil is partially effective in AD..The alterations in glucose metabolism due to TD also
lead to excess glutamate release (Hazell et al., 1993). Unregulated or excessive glutamate
receptor activation, may also have a role in the pathogenesis of Alzheimer’s disease (AD).
Over stimulating various glutamate receptors leads to excitotoxicity and neuronal cell death.
Excess glutamate release is also thought to accompany AD and is the reason the glutamate
receptor blocker memanitine is partially effective in AD (Reisberg et al., 2003) .

The memory loss in thiamine deficient humans (i.e., Wernicke patients) has been compared
to that in Alzheimer’s disease patients. The intercorrelation of eight executive function or
“frontal’ tests in 32 patients with Korsakoff s syndrome and Alzheimer’s disease was
investigated. The defective retrieval of retrograde memories was correlated with frontal
dysfunction in both patient groups. A stepwise regression analysis based on three frontal
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tests could account for 64% of the variability in retrograde memory performance within the
total patient group, 68.5% in the Korsakoff group and 57% in the Alzheimer group. It is
concluded that frontal dysfunction produces a disorganization of retrieval processes which
contributes to the temporally-extensive retrograde amnesia of these two disorders
(Kopelman, 1991).

AD is associated with abnormal calcium regulation (Gibson and Peterson, 1987) and this
can be caused by reductions in thiamine-dependent processes (Gibson et al., 2011).
Increased endoplasmic reticulum calcium store occurs in fibroblasts from AD patients (Ito et
al., 1994) and in fibroblasts and neurons from transgenic mice bearing AD causing
mutations (Leissring et al., 2000) (Figure 4).Furthermore, mutations in presenilin that lead to
AD cause this same increase in endoplasmic reticulum calcium stores. However, the cause
of the change in the vast majority of AD cases in unknown. Reductions in the thiamine-
dependent enzyme KGDHC can also lead to increases in ER calcium. If KGDHC is
diminished by approximately one half by either adenovirus or by using neurons from
transgenic mice that are heterozygous for KGDHC, calcium is also increased in the ER (Shi
and Gibson, 2011) (See Figure 4).

Neuronal death due to thiamine deficiency has many parallels to neuronal death in AD (Ke
and Gibson, 2004). TD induces neuronal death in specific brain regions. Endothelial cells
are particularly sensitive. The neuronal death is preceded by endothelial cell change
including an induction eNOS and ICAM-1 and by microglial activation. As in AD, neurons
die, but microglia, endothelial cells and astrocytes appear to be activated. Studies in
transgenic mice show that blocking the endothelial cell response can be protective (Ke and
Gibson, 2004). The brains of thiamine deficient mice also have increased ROS damage in
their brains including that caused by free radicals derived from nitric oxide (Ke and Gibson,
2004).

Abnormal neurogenesis is common to thiamine deficiency and diabetes. Diminished
neurogenesis is an early event in the mouse plaque models, and the decline can be feasibly
linked to the memory deficits (Demars et al., 2010) (Rodriguez et al., 2008). Reduced
neurogenesis in the hippocampal progenitor zone is an early event in TD (Hata et al., 1987)
and in mice with a reduction of thiamine-dependent enzymes by genetic manipulation
(Calingasan et al., 2008). The reduction in neurogenesis in TD mice is linked to a reduction
in transketolase (Meyer et al., 1985). Thiamine partially reverses the inflammation-
associated impairment of neurogenesis in vitro and in irradiated mice in vivo (Voloboueva et
al., 2010). In diabetes, the level of thiamine correlates to the number of endothelial cell
progenitor cells (Wong et al., 2008).

These observations suggest that thiamine based therapies may be effective
Thiamine normally enters the brain through low capacity transporters. Thiamine is then
phosphorylated to thiamine disphosphate ester (frequently referred to as thiamine
pyrophosphate, TPP), which is the form of thiamine that is required for thiamine dependent
enzymes.

Thiamine→Thiamine Monophosphate (TMP)→Thiamine Diphosphate (TDP or TPP) In
addition, non-cofactor roles of the triphosphorylated derivatives thiamin triphosphate
(ThTP) and adenosine thiamin triphosphate (AThTP) may play a role in metabolic
regulation and may contribute to the pathology of thiamine deficiency-induced brain lesions
(Bettendorff, 2012).

Thiamine is a water soluble compound that does not penetrate membranes very well. This
decreases its absorption from the gut and its movement into cells and across the blood brain
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barrier. Thus, thiamine derivatives that are able to increase cell thiamine more efficiently
than thiamine have been developed (See Figure 5). Benfotiamine is perhaps the best studied
of these derivatives. Benfotiamine (S-benzoylthiamine-O-monophosphate) is the most
potent of the allithiamines, a unique class of thiamin-derived compounds present in trace
quantities in roasted crushed garlic and other vegetables from the Allium genus (such as
onions, shallots, and leeks). Benfotiamine contains an open thiazole ring that is closed on
reduction within the cell. Benfotiamine enters cells more easily than thiamine and maintains
the active form of thiamine (TPP) for longer periods. Thiamine absorption from
benfotiamine is about five times as great as from conventional thiamine supplements (Loew,
1996). Peripheral cells take in five- to twenty-five-fold as much thiamine in the form of
allithiamines as they do of an equal amount of regular thiamine (benfotiamine.org).

Studies in humans show that benfotiamine increases blood thiamine and thiamine
diphosphate much more than equivalent dosages of thiamine (Frank et al., 2000; Loew,
1996). Benfotiamine only penetrates the cells after de-phosphorylation by intestinal alkaline
phosphatases. It then enters the bloodstream as S-benzoylthiamine that is converted to
thiamine in erythrocytes and in the liver. Following oral administration of 250 mg
benfotiamine in humans, thiamine peaks within one hour in blood, and returns to normal by
25 hours. However, thiamine diphosphate peaks in blood at about 5 hours at about 2 times
control value and remains at that level for 25 hours (Ziems et al., 2000). Several groups have
shown in mice, similar to humans, that administration of benfotiamine rapidly increases
thiamine in liver and blood to reach a maximum in about one or two hours, respectively.
During this time, brain thiamine does not increase. The reported effects after longer-term
administration (10-14 days) vary. In one report, thiamine does not increase in brain (Volvert
et al., 2008), whereas in the other (Pan et al., 2010b) brain thiamine is elevated. Neither
show increases in the thiamine esters. One study showed a 90% increase in thiamine
diphosphate levels in brain of rats that received benfotiamine in their diet for 6 months
followed by 6 months of thiamine (Netzel et al., 2000). In the paper in which plaque levels
were diminished (see below) (Pan et al., 2010b), the treatment was over an eight-week
period. However, thiamine was only measured one hour after a single dosage or after a 10-
day trial. In both, benfotiamine increased the levels of thiamine but not TMP or TDP in
brain, whereas the levels of all were increased in blood. As with all the studies, the increase
in blood and liver was much larger than in brain (Pan et al., 2010b). Our unpublished studies
in mice demonstrate that six months of benfotiamine feeding increases blood thiamine by 40
fold and brain thiamine by over 50% (Dumont et al.). What is not known is if the brain is
thiamine deficient, how the different thiamine derivatives will replace the missing thiamine.

Sulbutiamine is a lipophilic derivative of thiamine that more readily crosses membranes than
thiamine. Chronic administration of sulbutiamine improves long-term memory formation in
mice (Micheau et al., 1985). Chronic treatment with sulbutiamine improves memory in an
object recognition task and reduces some amnesic effects of dizocilpine in a spatial delayed-
non-match-to-sample task (Bizot et al., 2005).

Fursultiamine has not been studied as extensively as sulbutiamine of benfotiamine. Studies
show that it increases brain thiamine as effectively as benfotiamine (Pan et al., 2010b).

Measuring thiamine levels in brain may not provide an adequate measure of the functional
consequences of thiamine supplements. For example, one group claims benfotiamine
increases brain thiamine (Pan et al., 2010a), whereas others claim it does not (Volvert et al.,
2008). Another report found slight increases after six months (Netzel et al., 2000). Others
report that both benfotiamine and fursultiamine increase brain thiamine, but not thiamine
esters, and only benfotiamine diminishes plaques (Pan et al., 2010a). Measures of the
functional consequences of thiamine supplementation provide an effective screen for
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thiamine-mimetics that may correct a functional thiamine deficiency in brain. The reversal
of the decline in the activities of KGDHC and transketolase following TD provides a
measure of the functional consequences of thiamine (Gibson et al., 1984). The various
thiamine derivatives have not been tested in this manner. A limitation of any method is that
providing thiamine (or a derivative) to thiamine sufficient animal models may not provide
an adequate method to test for effects in functional deficient in patients. Further, tests done
by adding thiamine or thiamine derivatives to thiamine deficient animals do not provide the
possibility of testing for prolonged times since the reversal is rapid.

Thiamine supplements and AD pathology
The studies described above suggest that supplementation with thiamine or thiamine
derivatives may be able to reverse AD pathological processes. Remarkably, supplements
with thiamine derivatives decrease plaque formation and improve memory, even in mice that
are genetically engineered to make plaques. Specifically, recent studies in mice show
supplementing with the thiamine derivative benfotiamine diminish plaque formation and
improve memory (Pan et al., 2010b). Another thiamine derivative, fursultiamine, is not
effective, and our unpublished studies show that thiamine does not diminish plaque
formation. The precise basis for this selectivity between thiamine and different thiamine
derivatives is a matter of speculation, and is discussed in more detail later in the review. The
inability of thiamine and fursultiamine to reverse plaques may be related to their ability to
enhance thiamine dependent processes within the brain.

Diabetes, AD and thiamine
Diabetes predisposes to AD (Arvanitakis et al., 2004) and is also accompanied by profound
alterations in glucose metabolism including a reduction in brain glucose metabolism. Insulin
levels and insulin activity in the central nervous system are reduced in AD. Reduced levels
of insulin and of insulin activity may contribute to a number of pathological processes that
characterize AD. Indeed, recent studies examined the effects of intranasal insulin
administration on cognition, function, cerebral glucose metabolism, and cerebrospinal fluid
biomarkers in adults with MCI or AD. Insulin improved delayed memory, preserved
caregiver-rated functional ability, preserved general cognition as assessed by the ADAS-cog
score and functional abilities as assessed by the ADCS-ADL scale. Insulin treatment
minimized the progression of deficits in glucose metabolism (Craft et al., 2012).

Considerable evidence suggests a role of thiamine-dependent processes in diabetes so that
these studies can inform us about the role of these processes in AD. Diabetes, AD and
thiamine deficiency share some pathological markers including AGE and their receptor
RAGE. Diabetic peripheral neuropathy in both human and animal models of diabetes is
responsive to thiamine or to the thiamine-mimetics that increase tissue thiamine better than
thiamine. Induction of transketolase by thiamine is particularly important for the efficacy of
thiamine’s efficacy in diabetes (Hammes et al., 2003).

Thiamine diminishes adverse event related to diabetes
Hyperglycaemia increases the formation of AGE. Thiamine, especially the thiamine
derivative benfotiamine, reduces hyperglycemia induced AGE in endothelial cells (La Selva
et al., 1996; Stracke et al., 2001; Thornalley et al., 2001). Benfotiamine can also diminish
cerebral oxidative stress associated with diabetes (Reggiani et al., 1984). In addition to the
many small studies that have been done, a multi- center trial showed positive results. These
studies also carefully document the safety of administering benfotiamine (Stracke et al.,
2008). Strong evidence suggests that benfotiamine or thiamine does this by inducing
transketolase. The data suggests that activation of transketolase reduces the AGE by
activation of non-oxidative branch of the pentose phosphate shunt (Hammes et al., 2003;
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Stracke et al., 2008). Growing cells in high glucose is one model of diabetes. Culturing cells
with high glucose does not significantly depress transketolase, but the addition of thiamine
or its derivatives to stressed cells increases transketolase and diminishes the toxic
metabolites. If the increase in transketolase is blocked by using antisense oligonucleotides,
thiamine is no longer neuro-protective. Thiamine does not increase transketolase in controls
(Hammes et al., 2003). Successful treatment of diabetic peripheral neuropathy by activation
of transketolase with thiamine-mimetics suggests a similar strategy may work in AD.

AGEs appear to be important components in the pathology of AD and diabetes. In AD
brains, intracellular accumulation of AGE occurs in 75-95% of pyramidal neurons, which
far exceeds the percentage of tau positive neurons. They also occur by the age of 35-45
years (Munch et al., 2002). In addition, AGEs may represent a driving force in acceleration
of amyloid deposition and plaque formation (Loske et al., 2000). High levels of AGEs occur
in neurofibrillary tangles (Jono et al., 2002) and CSF (Ahmed et al., 2005). The Mini-Mental
State Examination (MMSE) score correlates negatively with oxidant-induced protein
modification (Ahmed et al., 2005). Thus, the evidence for AGE is overwhelming for AD.
These results raise the question of whether the AGEs in AD are due to a functional TD and/
or if increasing thiamine availability in brain could overcome these deficits.

Thiamine may also be protective in AD and diabetes by acting at a transcriptional level. In
bacterial systems, thiamine is known to regulate the transcription of the thiamine
biosynthetic enzymes through well characterized riboswitches (Sudarsan et al., 2005). Such
riboswitches have not been demonstrated in mammals, which do not make thiamine. In
mammalian systems, indirect experiments with blood cells and brain suggest that thiamine
can regulate the transcription of transketolase. Thiamine deficiency decreases steady-state
transketolase and PDHC, but not KGDHC mRNA levels in three human cell types
(Pekovich et al., 1998). The actions of the thiamine-mimetics suggest that actions not related
to traditional thiamine-dependent enzymes may be important. Several metabolic proteins are
increased following thiamine administration (e.g., glucose transporter2), but it is unknown if
this is a transcriptional effect.

Implications of these findings for the treatment of AD are summarized in Figure 6
Decreased thiamine-dependent enzymes, diminished glucose metabolism, decreased
metabolism and increased plaques and tangles all occur in brains from AD patients.
However, the sequence of events is not certain. The data are consistent with the suggestion
that the AD related decline in glucose utilization leads to the symptoms and is caused by a
reduction in thiamine (vitamin B1) dependent enzymes in the brain. If this interpretation is
correct, the inverse (i.e., increasing thiamine-dependent enzymes) could be beneficial.

Although thiamine-dependent processes appear to be appropriate therapeutic targets, the few
previous trials have been minimally effective. One cause of the failure was that all were
greatly under-powered so neither positive nor negative results are credible. The studies with
thiamine were for short time periods and had small numbers of patients (i.e., they were
poorly powered). The first was a double-blind, placebo-controlled crossover study, in which
each patient received either placebo or thiamine followed by 3 months of the alternate
treatment. Efficacy measures were the Mini-Mental State Examination (MMSE), and the
caregiver-scored Haycox behavioral scale. While mean MMSE scores during treatment with
thiamine were significantly better scores on the behavioral rating scales than during the
placebo period, no significant difference was observed in (Blass et al., 1988). A one year
trial of thiamine failed to replicate the changes described in this study (Nolan et al., 1991).
Another study examined the effects of 3 to 8 g/day thiamine administered orally. The results
suggest that thiamine at these pharmacologic dosages may have a mild beneficial effect in
dementia of Alzheimer’s type. (Meador et al., 1993).

Gibson et al. Page 10

Mol Cell Neurosci. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Clinical studies have also been performed with thiamine derivatives. Fursultiamine had a
mild beneficial effect in patients with Alzheimer’s disease in a 12-week open trial. The
improvement could be observed on emotional and other mental symptoms as well on
intellectual function. Mildly impaired subjects showed cognitive improvement as shown by
Hasegawa Dementia Scale and the Mini-Mental Status Exam (MMSE)(Mimori et al., 1996).
As discussed above, in mouse models of plaque formation, fursultimaine did not clear the
plaque even though benfotimine did.

Sulbutiamine potentiates cholinergic and glutamatergic transmissions, mainly in the
hippocampus and prefrontal cortex. A multicenter, randomized and double-blind trial
evaluated the effects of the association of sulbutiamine to a cholinesterase inhibitor on
cognitive functions in patients with AD at an early stage (episodic memory, working
memory, executive functions, attention). Patients first had anti-cholinesterase or
sulbutiamine for three months. During this period, attention improved in both groups.
During the three following months, one group received a placebo with the
anticholinersterase and one group received sulbutiamine with the anticholinersterase.
Compared to entry results, episodic memory decreased in the group with anticholinersterase
but improved in the group with sulbutiamine plus anticholinersterase. At the same time the
improvement of attention persisted in both groups. Activities of daily living also improved
in the sulbutiamine group (Ollat H et al., 2007).

Thus, thiamine-dependent processes are abnormal in AD and diabetes. Thiamine based
therapies have been successful in treating peripheral neuropathies in diabetes. The limited
trials in AD have provided positive hints, but have generally been underpowered. Methods
should be established for increasing functional thiamine in the brain and should then be
tested in AD.
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Abbreviations

AD Alzheimer’s Disease

ADNI Alzheimer Disease Neuroimaging Initiative

AGE advanced glycation end products

ER Endoplasmic reticulum

FDG-PET Fluoro-DeoxyGlucose-Positron Emission Tomography

GAPDH glyceraldehyde-3-phosphate dehydrogenase

KGDHC α-ketoglutarate dehydrogenase complex

ICDHC isocitrate dehydrogenase complex)

MCI mild cognitive impairment

MMSE Mini-Mental State Examination

MDH malate dehydrogenase

NOPPP non-oxidative branch of the pentose phosphate pathway

PDHC pyruvate dehydrogenase complex

RAGE Receptor for advanced glycation endproducts
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RBC red blood cells

SDH succinate dehydrogenase

TCA tricarboxylic acid

TD thiamine deficiency

TK transketolase

TMP Thiamine Monophosphate

TDP Thiamine Diphosphate or TPP

TPP Thiamine pyrophosphate

TTFD Fursultiamine

UDP GlcNAc uridine diphosphate N-acetylglucosamine
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Figure 1.
Normal brain metabolism depends on thiamine dependent processes that are diminished in
patients with AD. The thiamine dependent processes are in red and marked with an *. The
percents are the reduction in autopsy brains of patients that died with AD.
The abbreviations are as follows: PDHC (pyruvate dehydrogenase complex), KGDHC (α-
ketoglutarate dehydrogenase complex), ICDHC (isocitrate dehydrogenase complex), SDH
(succinate dehydrogenase), MDH (malate dehydrogenase).
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Figure 2.
Oxidant induced inhibition of the glycolytic enyzme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) leads to accumulation of toxic metabolites. UDP-GlcNAc refers
to uridine diphosphate N-acetylglucosamine

Gibson et al. Page 19

Mol Cell Neurosci. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The interactions of the pentose shunt with glycolysis and toxic metabolites. The numbers
refer to the metabolites of the pentose shunt.
1 Glucose-6-phosphate
2. Ribulose -5- phosphate
3. Ribose-5-phosphate
4 Xylulose-5-phosphate
5 Glyceraldehyde-3-phosphate
6. Sedoheptulose-7-phosphate
7 Fructose6-phosphate
8. Erythrose-4-phosphate
GAPDH refers to glyceraldehydes-3-phosphate dehydrogenase
TK refers to transketolase
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Figure 4.
Endoplasmic reticulum (ER) calcium stores are exaggerated in fibroblasts from AD patients
and in neurons deficient in KGDHC.
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Figure 5.
Thiamine derivatives may provide more bio-available thiamine than thiamine itself.
Thiamine contains an aminopyrimidine ring and a thiazole ring with methyl and
hydroxyethyl side chains linked by a methylene bridge
FursultiamineN-[(4-amino-2-methylpyrimidin-5-yl)methyl]-N-{(1E)-4-hydroxy-1-
methyl-2-[(tetrahydrofuran-2-ylmethyl)disulfanyl]but-1-en-1-yl}formamide
Sulbutiamine[4-[(4-amino-2-methyl-pyrimidin-5-yl)methyl-formyl-amino]-3-[2-[(4-
amino-2-methyl-pyrimidin-5-yl)methyl-formyl-amino]-5-(2-methylpropanoyloxy)pent-2-
en-3-yl]disulfanyl-pent-3-enyl] 2-methylpropanoate
BenfotiamineS-[(2Z)-2-{[(4-amino-2-methylpyrimidin-5-yl)methyl] (formyl)amino}-5-
(phosphonooxy)pent-2-en-3-yl] benzenecarbothioate.
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Figure 6.
Role of thiamine dependent processes in AD and their potential reversal by benfotiamine.
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