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a b s t r a c t

Thiamine (vitamin B1) deficiency, the underlying cause of Wernicke–Korsakoff syndrome, is associated
with the development of focal neuronal loss in vulnerable areas of the brain. Although the actual mech-
anism(s) that lead to the selective histological lesions characteristic of this disorder remain unresolved,
oxidative stress has been shown to play a major role in its pathophysiology. In this review, the multifac-
torial influence of oxidative stress on a variety of processes known to take part in the development of
structural lesions in TD including excitotoxicity, neuroinflammation, blood–brain barrier integrity, mito-
chondrial integrity, apoptosis, nucleic acid function, and neural stem cells will be discussed, and thera-
peutic strategies undertaken for treating neurodegeneration examined which may have an impact on
the future treatment of this important vitamin deficiency.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Vitamin B1 (thiamine) deficiency is a disorder involving impair-
ment of oxidative metabolism in which selective cerebral vulnera-
bility is a major consequence. This is manifested in the form of
Wernicke–Korsakoff syndrome (WKS), a serious and potentially
life-threatening neuropsychiatric disorder (Carmichael and Stern,
1931) consisting of Wernicke’s encephalopathy (WE), the neuro-
logical component of the disorder characterized by acute thiamine
deficiency (TD) in association with confusion, ophthalmoplegia,
and ataxia but no permanent structural damage, and Korsakoff’s
psychosis, a debilitating amnesic state due to chronic TD and
accompanied by irreversible diencephalic lesions. Neuropathologi-
cally, the disorder is characterized by focal areas of the brain devel-
oping symmetrical hemorrhagic and ischemic-like lesions,
occuring most frequently in diencephalic structures, in particular
the thalamus and mammillary bodies (Fig. 1), extending caudally
through the midbrain (inferior colliculus) and brainstem areas that

include the vestibular nuclei and inferior olivary complex (Victor
et al., 1989).

2. Pathophysiology of thiamine deficiency

The pathophysiological mechanisms involved in TD are com-
plex. Four major enzyme systems utilize thiamine in the form of
thiamine diphosphate (TDP) as a major cofactor, i.e. pyruvate
dehydrogenase (EC 1.2.4.1) complex (PDHC), an organized enzyme
assembly that connects glycolysis with the tricarboxylic acid (TCA)
cycle, a-ketoglutarate dehydrogenase (EC 1.2.4.2) complex
(KGDHC), a multicomponent enzyme complex associated with
the TCA cycle, transketolase (EC 2.2.1.1) (TK), a key participant in
the pentose phosphate shunt involved in nucleic acid and lipid bio-
synthesis, and branched-chain a-ketoacid dehydrogenase (EC
1.2.4.4) complex (BCKDHC) involved in accumulation of the
branched chain amino acids leucine, isoleucine, and valine
(Wendel et al., 1983), and which is associated with a rare inborn
error of metabolism, maple syrup urine disease. Chronic thiamine
deprivation is accompanied by region-selective reductions in levels
of thiamine-dependent enzymes in brain (Butterworth, 1986),
including KGDHC and TK (Fig. 2). While the exact role of PDHC,
BCKDHC and transketolase remains unclear in the development
of thiamine-deficiency induced lesions, KGDHC appears to be
responsible for many of the reversible changes accompanying TD
(Gibson et al., 1984; Butterworth and Heroux, 1989) (see Fig. 2).
During experimental TD, onset of neurological symptoms occurs
when TDP concentrations fall to less than 15% of normal values,
and these reductions in TDP levels are accompanied by reductions
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in KGDHC activity in both affected animals (Héroux and
Butterworth, 1995) and in autopsied brain tissue from alcoholic
patients with neuropathologically-confirmed WKS (Butterworth
et al., 1993).

During TD, decreased ATP production, pyruvate accumulation
and lactate production are a consequence of inhibition of oxidative
decarboxylation of pyruvate and a-ketoglutarate (Aikawa et al.,
1984; Navarro et al., 2005) (Fig. 2). Unless thiamine is rapidly sup-
plemented, acidosis and death can occur within twenty four hours.
Areas of increased lactic acidosis in brain are localized to regions
that subsequently develop histological lesions (McCandless,

1982; Hakim, 1984; Munujos et al., 1993), and probably play a sig-
nificant role in the pathophysiology.

3. Oxidative stress and excitotoxicity in TD

Considerable evidence for development of oxidative stress has
been demonstrated in TD, including the presence of increased pro-
duction of reactive oxygen species (ROS) (Langlais and Zhang,
1997), and increased expression of heme oxygenase (HO-1) and
intercellular adhesion molecule-1 (ICAM-1) (Gibson and Zhang,
2002) as well as microglial activation (Todd and Butterworth,
1999), along with induction of the endothelial isoform of nitric
oxide synthase (eNOS) (Hazell and Butterworth, 2009). Moreover,
selective induction of the endothelial isoform of nitric oxide syn-
thase (eNOS) has been reported in the brains of TD animals. Signif-
icant complications of oxidative stress include changes in the
levels of superoxide dismutase and apoptosis (Kokoszka et al.,
2001) which are also reported to occur in TD (Calingasan and
Gibson, 2000; Matsushima et al., 1997).

Considerable evidence have been provided for the existence of
excitotoxic-mediated cell death in TD. Reduced incorporation of
[14C]-glucose into glutamate (Gaitonde et al., 1975) is consistent
with reduced activities of KGDHC, resulting in reduced energy sta-
tus in TD animals (Aikawa et al., 1984). In addition, decreased neu-
ronal damage was reported following treatment with the
noncompetitive NMDA glutamate receptor antagonist MK-801
(Langlais and Mair, 1990). We and others first reported focal in-
creases in extracellular glutamate concentration that was re-
stricted to vulnerable brain regions in TD (Hazell et al., 1993;

Fig. 1. Pathological hallmarks of Wernicke’s encephalopathy. The brain is sectioned
coronally at the level of the thalamus with black arrows showing structural lesions
(dark areas) in this brain region. Lowest pair of arrows indicate the mammillary
bodies, also showing considerable histological damage. Modified from Victor et al.
1989, with permission.
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Fig. 2. Diagram showing a number of key components of the event cascade associated with focal vulnerability in thiamine deficiency (TD). Biochemical changes due to TD
include decreased activity of the thiamine-dependent enzymes a-ketoglutarate dehydrogenase complex (KGDHC) and transketolase (TK). Reduced activity of KGDHC leads to
wide-ranging effects that include development of energy deficits due to resulting impairment of the TCA cycle producing diminished Na+–K+–ATPase activity and excitotoxic
conditions which can ultimately lead to cell death. Decreased KGDHC function also results in the development of lactic acidosis in response to impaired TCA cycle activity.
This acidosis can contribute to cytotoxic brain edema, a contributor to excitotoxicity. Impaired mitochondrial function involving diminished KGDHC activity also leads to a
net increase in ROS production and oxidative stress along with development of inflammatory processes, both of which can result in cell death. Compromised mitochondrial
function associated with decreased KGDHC activity also leads to increased net ROS production that contributes to neuronal dysfunction and cell death. Impaired KGDHC
activity due to TD results in decreased glucose utilization that leads to alterations in cerebral blood flow, along with compensatory stimulation of lactic acidosis. KGDHC
impairment also results in increase in production of amyloid precursor protein (APP) and amyloid-b (Ab) peptide formation, increased synthesis of matrix metalloproteinase-
9 (MMP-9), and upregulation of endothelial nitric oxide synthase (eNOS), all of which contribute to blood–brain barrier breakdown (BBB). BBB disruption then leads to
vasogenic edema. Reduced TK activity results in decreased fatty acid synthesis that can lead to demyelination, and decreased nucleic acid synthesis.
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