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ABSTRACT 

 Insufficiencies of the micronutrient thiamine (Vitamin B1) have been associated with 

inducing Alzheimer’s Disease (AD)-like neuropathology. Thiamine is a critical enzyme cofactor 

within the glycolytic metabolic network that is fundamentally required to sustain the bioenergetic 

and anabolic needs of all cells. The hypometabolic state associated with chronic thiamine 

insufficiency (TI) has been demonstrated to be a contributor towards the development of amyloid 

plaque deposition and neurotoxicity within the thalamus, hippocampus, and cortex. However, the 

molecular mechanism underlying TI induced AD pathology is still unresolved. Previously, we 

have established that TI stabilizes the metabolic stress transcriptional factor, Hypoxia Inducible 

Factor-1α (HIF1α). Utilizing neuronal hippocampal cells, TI-induced HIF1α activation triggered 

the amyloidogenic cascade through transcriptional activation and increased activity of -secretase 

(BACE1). Knockdown and pharmacological inhibition of HIF1α significantly reduced BACE1 

and C99 formation. TI also increased the expression of the HIF1α regulated pro-apoptotic protein, 

BNIP3. Correspondingly, cell toxicity during TI conditions was significantly reduced with HIF1α 



and BNIP3 knockdown. The role of BNIP3 in TI-mediated toxicity was further highlighted by 

localization of dimeric BNIP3 into the mitochondria and nuclear accumulation of Endonuclease 

G. Cell toxicity via the HIF1α/BNIP3 cascade required TI induced oxidative stress. TI decreased 

mitochondrial membrane potential and enhanced chromatin fragmentation. In addition, we 

observed that HIF1, BACE1 and BNIP3 expression was induced in 3xTg AD mice after TI. 

Treatment with the HIF1 inhibitor YC1 significantly attenuated HIF1 and target genes levels. 

Overall, these findings demonstrate a critical stress response during TI involving the induction of 

HIF1α transcriptional activity that directly promotes neurotoxicity and AD-like pathology. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

 1.1 Alzheimer Disease   

Dementia is a broad term used to describe diseases characterized by progressive 

deterioration in cognition, function, and behavior. The current prevalence of dementia is estimated 

to 24 million and predicted to quadruple by the year 2050 (Paroni, Bisceglia et al. 2019). The most 

frequent type of dementia is Alzheimer’s Disease (AD). AD is the fifth leading cause of death in 

Americans aged 65 and older and it is associated with estimated health-care costs of $172 billion 

per year (Hendrie, Albert et al. 2006). The most common form of AD is late onset AD affecting 

subjects at an age of 65 years. About 5% of all AD cases have an early-onset reported in subjects 

aged from 30 years to 65 years (Mendez 2017) . 

AD results in a progressive neurodegeneration and shrinkage of the brain. AD warning 

signs include memory loss, decreased problem-solving abilities, confusion, impairment in speech 

and writing, poor judgement and change in personality. Besides these signs, AD etiology is still 

under investigation. Recent studies were able to locate the first areas of damage within the medial 

temporal lobe (MTL) structures, in the hippocampus, responsible for the formation of new 

memories (Bonner-Jackson, Mahmoud et al. 2015). Therefore, MTL atrophy is associated with 

episodic memory impairment which progressively declines over the course of the disease. In the 

successive stages, the damage progresses to the occipital lobe involving the areas that control 

language, to the cortex and, in the worse scenario, to the cerebellum causing movement 

impairment. Rare AD forms may include specific lobes such as the Posterior cortical atrophy 
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(PCA) which affects the parietal and occipital lobes, frontotemporal dementia in the frontal area 

and the Lewy Bodies dementia within the cortex (Nelson, Sweeney et al. 2016).  

 Various factors such as stroke, high blood pressure and hypercholesterolemia, diabetes, 

oxidative stress and inflammation, as well as sedentary lifestyle have been associated with AD. 

Despite their heterogenicity, they all converge to molecular mechanisms centered on amyloid 

plaques and tau neurofibrillary tangles formation, both recognized as AD hallmarks (Figure 1.1). 

 

1.2 Alzheimer Pathology 

The major component of the amyloid plaques is the amyloid-β (Aβ) peptide which derives 

from the amyloid precursor protein (APP). The APP can be processed through two alternative 

pathways. In the nonamyloidogenic pathway APP is cleaved between amino acids 16 and 17 by 

α-secretase, which releases a soluble APP ectodomain and a membrane-bound carboxy-terminal 

fragment of 83 amino acids (C83). C83 can be degraded by lysosomes or further processed by γ-

secretase to produce a short hydrophobic nonamyloidogenic peptides that are collectively called 

p3 fragments (p3) (Rodrigue, Kennedy et al. 2009).  

In the amyloidogenic pathway the cleavage by β-site APP-cleaving enzyme (BACE1) 

forms a C-terminal fragment of 99 amino acids (C99) which is the direct precursor to Aβ after the 

cleavage of -secretase (O'Brien and Wong 2011). When Aβ production reaches a threshold, the 

peptide self-aggregates to form toxic oligomers that trigger degeneration of neuronal cells (Evin 

and Barakat 2014). Neurofibrillary tangles are composed of highly phosphorylated forms of the 

microtubule- associated protein tau. Tau is the major microtubule associated protein (MAP) of a 

normal mature neuron which interacts with tubulin and promotes its assembly into microtubules 

and stabilization of the microtubule network. 
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Figure 1. 1 Alzheimer pathogenesis. 

APP can be cleaved by α-secretase, which releases soluble APP and C83 fragment. C83 can be 

processed by γ-secretase to produce p3 fragments and amyloid intracellular domain (AICD). On 

the contrary, the cleavage BACE1 leads to C99, the direct precursor to Aβ fragments. Hyper-

phosphorylation of the microtubule associated protein Tau causes microtubular dissociation and 

tangles deposition leading to cell death. 
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Tau function is regulated by its grade of phosphorylation. Normal adult human brain tau contains 

2–3 moles phosphate per mole of tau while, in AD, tau is three to four-fold more 

hyperphosphorylated (Iqbal, Liu et al. 2010). In hyperphosphorylated state, tau is polymerized into 

paired helical filaments (PHF) and mixed with straight filaments (SF) forming neurofibrillary 

tangles. Overall, the presence of neurofibrillary tangles within neurons and Aβ plaques outside the 

cells, causes shrinkage pressure, which leads to nerve cell apoptosis.  

 

1.2.1 Familiar and sporadic Alzheimer 

Genetically, AD is divided into Familial AD (FAD) and sporadic AD.  

FAD cases are characterized by Mendelian inheritance and have mostly an early onset. In 

particular, mutations characterize three key genes involved in amyloid processing: APP, presenilin 

(PSEN) 1 and PSEN2 (Piaceri, Nacmias et al. 2013). Mutations in the APP gene account for about 

9% of FAD and are mostly located in exons 16 and 17, in proximity of the -secretase cleavage 

site (Goate, Chartier-Harlin et al. 1991). The most common APP mutation is known as the Swedish 

double mutation (K670N/M671L). Found in a Swedish family, it is located before the BACE1 

cleavage site (Haass, Lemere et al. 1995).  Other pathogenic APP mutations described include the 

Arctic (E693G), London (V717I), Indiana (V717F), Florida (I716V), French (V715M), German 

(V715A), and Austrian (T714I) mutations (Lanoiselée, Nicolas et al. 2017). The majority of them 

have been exploited to recapitulate AD pathogenesis in AD mice models (Esquerda-Canals, 

Montoliu-Gaya et al. 2017). 

PSEN1 and 2 are among the components of the  - secretase complex together with 

nicastrin (NCT), presenilin enhancer-2 (PEN-2) and anterior pharynx defective1 (APH1). 

Pathogenic PSEN1 mutations represent the most common FAD mutations with 185 mutations 
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identified in 405 AD families (Larner and Doran 2006). PSEN1 mutations are typically at early 

onset (average is 45 years) leading to a more severe AD form.  Among the most common PSEN1 

mutations there are M146V, M146L, L286V, E9 while N141I mutation affects PSEN2 (Piaceri, 

Nacmias et al. 2013, Lanoiselée, Nicolas et al. 2017).  They all alter -secretase activity and have 

been exploited in transgenic models.  

The sporadic AD form affects more than 90% of AD patients and usually has a late onset. 

Sporadic AD is more complex and characterized by genetic and environmental influences. To date, 

the presence of the allele E4 on Apoliprotein E (ApoE) has been confirmed as AD risk factor 

(Corder, Saunders et al. 1993, Coon, Myers et al. 2007, Muñoz, Garner et al. 2019). Although 

ApoE regulates cerebral cholesterol homeostasis, its involvement in AD pathogenesis is still 

unclear. It has been suggested that ApoE may bind to the amyloid protein regulating its conversion 

from the monomeric non-toxic form to the oligomeric and fibrillary toxic amyloid (Castano, Prelli 

et al. 1995). In support of this hypothesis, ApoE has been detected in senile plaques and tangles 

(Roses 1997, Muñoz, Garner et al. 2019). According to other studies, ApoE isoforms would not 

interact with amyloid but would instead be involved in an alternative neurological signaling 

pathway affecting neuronal plasticity (Genin, Hannequin et al. 2011).    

 

1.2.2 Experimental limitations in Alzheimer models  

About a century after the discovery of AD, only five drugs have been approved by the US 

Food and Drug Administration (FDA): acetylcholinesterase inhibitors rivastigmine (Exelon), 

galantamine (Razadyne and Reminyl), tacrine (Cognex), donepezil (Aricept), and the N-methyl-

d-aspartate (NMDA) receptor antagonist memantine (Namenda). The majority of the therapeutic 

compounds tested in clinical trials in the past two decades were designed to target  fragments 
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and tangles deposition. However, none of them were successful. The massive trials failure was 

caused by different limitations in vitro as well as in vivo models compared to actual AD patients 

(Doig, Del Castillo-Frias et al. 2017). Aβ and tau are difficult to reproduce experimentally, and 

the concentrations used were too high, causing a spontaneous aggregation which was unlikely to 

occur in humans. Also, none of the available animal models truly replicated the AD 

neuropathology spectrum. Despite the utility of transgenic models to better understand AD 

pathology, most of them are based on mutations from early-onset AD forms which represent only 

5% of the AD total cases (Doig, Del Castillo-Frias et al. 2017).  

 Beside experimental limitations, one of the most evident limits of the amyloid hypothesis 

was its simplicity and divergency with aging. It could not explain the presence of amyloid 

deposition in elderly (90 years) subjects who were not diagnosed with AD or any other type of 

dementia (Dewachter, Van Dorpe et al. 2000, Rodrigue, Kennedy et al. 2009, Fjell, McEvoy et al. 

2014). Moreover, deposited plaques seem to be less toxic compared to the soluble oligomers 

around them, since they are more biologically active (Makin 2018). Plaque and tangles formation 

alone do not imply any cellular and metabolic changes within the neurons. Several studies showed 

that plaques and tangles may be necessary but not sufficient to induce the pathological AD state 

(Provenzano, Muraskin et al. 2013, Fjell, McEvoy et al. 2014, Paroni, Bisceglia et al. 2019). On 

the contrary, energy hypometabolism is among the most recurrent and earliest abnormalities seen 

in AD and in dementia states (Hirai, Aliev et al. 2001, Rosenthal, Amiel et al. 2001). 
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1.3 Metabolic Alterations in AD 

1.3.1 Hypometabolism  

Glucose is the main source of energy exploited by the mammalian brain. It has been 

estimated that the human brain demands for 20% of the glucose-derived energy although it 

represent only 2% of the total body weight (Mergenthaler, Lindauer et al. 2013). Glucose 

metabolism is in fact essential to satisfy neuronal and non-neuronal cell maintenance, 

neurotransmitter synthesis and of course ATP generation. Due to the dependency for high glucose 

demand, brain metabolism is vulnerable to glucose utilization. Subjects experiencing insufficient 

glucose utilization had poor cognitive performances  (Ferris, de Leon et al. 1980, Gold 2005, Euser, 

Sattar et al. 2010). However, when glucose availability was experimentally increased in selected 

brain areas, cognitive and memory tasks improved (Schroeder and Packard 2003, Schroeder and 

Packard 2004). Decrease glucose availability is a condition likely to happen gradually during 

aging. Average cerebral glucose metabolic rate showed a 26% decrease in 78 year old patients 

compared to 18 years old (Kuhl, Metter et al. 1982). However, beside aging, impairment in glucose 

metabolism has been recognized as invariant pathophysiological feature in AD.  

A significant decline in cerebral metabolic rate (CMR) for glucose has been shown in 

several studies using Positron emission tomography (PET) imaging combined with 18F-2-deoxy-

2-fluoro-D-glucose comparing AD patients with elderly controls (Ferris, de Leon et al. 1980, de 

Leon, Ferris et al. 1983, Nordberg, Rinne et al. 2010, Marcus, Mena et al. 2014). Declines were 

detected before AD symptomatology and memory impairment in specific brain areas that have 

been linked with dementia such as posterior cingulate, parietal, and temporal cortices (Reiman, 

Caselli et al. 1996, Rosenthal, Amiel et al. 2001). Glucose hypometabolism can be detected years 

before cognitive decline. Mosconi et al. performed an FDG-PET study to track the progression of 
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CMR decline from normal cognition to Mild Cognitive Impairment (MCI) and AD (Mosconi, 

Mistur et al. 2009). The FDG-PET study showed that reduction in glucose CMR was a reliable 

predictor of cognitive decline and the dementia severity years before the clinical symptomatology. 

Moreover, the glucose pattern from PET scans can even predict the progression from MCI to 

dementia (Mosconi, Tsui et al. 2008). Although hypometabolism has been recognized as AD 

hallmark, the causes behind impairment in glucose utilization in AD are still unclear. Diminished 

glucose availability due to diabetes, cerebral hypoperfusion, hypoxic conditions as well as defects 

in glucose transporters and glycolytic enzymes, are so far possible explanations behind the 

sequalae of events that lead to dementia onset.  

 

1.3.2 Decrease in Glucose Utilization  

The Solute Carrier (SLC) family of glucose transporters (GLUTs) have a fundamental role 

in maintaining glucose utilization within the brain and their alterations have been described in AD 

pathogenesis. Due to their inability to synthesize or store glucose, brain neurons rely on glucose 

transport across the Blood Brain Barrier (BBB), which is facilitated by GLUTs (Sweeney, Sagare 

et al. 2018). In particular, GLUT-1 and GLUT-3 are the predominant glucose transporters. GLUT-

1 is specifically expressed on endothelia of the BBB and post-mortem analysis on AD subjects 

have confirmed the decrease in the expression together with a decreased GLUT-3, expressed on 

neurons. BBB alterations in early AD cases have been correlated to decrease in glucose uptake by 

the brain parenchyma due to the diminished activity of GLUT-1 (Nelson, Sweeney et al. 2016). 

Furthermore, the brain areas most vulnerable to glucose impairment are the most metabolically 

active and glucose-dependent, the cortex and hippocampus (Nelson, Sweeney et al. 2016). Liu et 

al. reported than decrease in GLUT-1 and GLUT-3 expression was correlated with the increase in 
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tau hyperphosphorylation as well as in the density of neurofibrillary tangles in human brains (Liu, 

Liu et al. 2008). Additionally, Winkler et al. investigated the contribution of GLUT-1 reductions 

in cerebrovascular impairment and on AD progression suggesting its role as early pathogenic AD 

marker (Winkler, Nishida et al. 2015). Lack of the transporter resulted in altered brain 

angioarchitecture, cerebral blood flow and BBB integrity.  

Besides GLUTs, astrocytes have a critical role in brain energy homeostasis as main 

regulators of neuronal metabolism and glucose transport. Due to the high amount of glycogen 

stored, astrocytes may utilize anaerobic metabolism of glucose and glycogenolysis to produce 

lactate which will serve as alternative source of energy for neuronal metabolism during 

hypoglycemia (Verkhratsky, Olabarria et al. 2010, Stobart and Anderson 2013). Initial 

impairments of brain connectivity and synaptic transmission can result from generalized atrophy 

of astrocytes (Verkhratsky, Olabarria et al. 2010). The atrophy may alter synaptic transmission 

and reduce metabolic support to neurons leading to synaptic loss and early cognitive decline.  

 

1.3.3 Hyperglycemia and Insulin Resistance  

Metabolic alterations such as hyperglycemia and insulin resistance, typically observed in 

diabetes and obesity cases, are a common comorbidity in AD. It is well established that 

Alzheimer’s pathology shares some degenerative pathways with diabetes and obesity, both 

considered AD risk factors. These common mechanisms are involved in oxidative stress, 

mitochondrial dysfunction, and inflammation (Pugazhenthi, Qin et al. 2017). Different clinical 

studies suggest that obese middle-aged subjects are more likely to develop cognitive impairment 

later in life (Anstey, Cherbuin et al. 2011, Xu, Atti et al. 2011, Nepal, Brown et al. 2014). 

Prolonged consumption of a high fat diet, a known causes of obesity, has also been shown to 
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promote dementia (Cole, Ma et al. 2010). Furthermore, carriers of the allele e4 in the lipid 

metabolism gene apolipoprotein E (ApoE) have an increased risk in developing cognitive disorders 

at an earlier age, especially if homozygote for the e4 allele (Corder, Saunders et al. 1993). This 

correlation was further established by imaging studies reporting that ApoE e4 subjects had higher 

levels of amyloid fragments compared to non- carriers (Sunderland, Mirza et al. 2004). On the 

other hand, hyperglycemia, hyperglycosylated hemoglobin and insulin resistance represented key 

factors in cognitive decline in diabetic patients. In particular, postmortem analyses on AD brains 

revealed evidence of insulin resistance implying that insulin positively influences cellular 

processes such as growth and survival (Gudala, Bansal et al. 2013). In particular, decreased 

expression of the insulin receptor and the insulin receptor substrate (IRS), phosphoinositide-3-

kinase (PI3K), AKT and AKT phosphorylation within the insulin pathway have all been reported 

in the AD scenario (Steen, Terry et al. 2005, Lee, Kumar et al. 2009, Moloney, Griffin et al. 2010, 

Liu, Liu et al. 2011). Thus, it is not surprising that insulin is among the current treatments for AD. 

 The beneficial effect of insulin on memory has been showed in several studies which 

reported that mentally impaired individuals (young or elderly) receiving high insulin infusion rates 

exhibited improved memory performance and attention (Craft, Newcomer et al. 1996, Craft, 

Asthana et al. 1999, Kern, Peters et al. 2001). Besides IV administration, direct insulin delivery to 

the CNS has been investigated using intranasal administration via olfactory and trigeminal 

pathways (Born, Lange et al. 2002, Hanson and Frey 2008). When tested on cognitively impaired 

or AD subjects, intranasal insulin improved story recall, attention, and delayed memory (Reger, 

Watson et al. 2008, Craft, Baker et al. 2012). Beside insulin therapy, the insulin-sensitizer drug 

Metformin represents a standard type 2 diabetes therapy. Clinical studies revealed that metformin 

administration was effective in lowering dementia risk in diabetic patients, especially if taken for 
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a prolonged time (Chin-Hsiao 2019). Although the mechanism is still unclear, some studies 

proposed that metformin acts via activation of AMPK-dependent pathway which exerts 

neuroprotective effects in the brain (Markowicz-Piasecka, Sikora et al. 2017, Chin-Hsiao 2019).  

 

1.3.4 Impact in glycolytic enzymes and cofactors  

Due to hypoperfusion, AD patients experience a decrease in cofactors levels. Examples of 

enzyme cofactors are organic molecules such as vitamins (ascorbate, niacin, folic acid, pantothenic 

acid, biotin, riboflavin, and thiamine), or inorganic ions (magnesium, iron, selenium, zinc). 

Geriatric patients with dementia had borderline blood levels of the cofactors pantothenic acid, 

thiamine and ascorbate in a study conducted by Basu et al. (Basu, Jordan et al. 1976). Decreased 

levels of vitamin D (Llewellyn, Lang et al. 2010, Llewellyn, Lang et al. 2011, Toffanello, Coin et 

al. 2014), vitamin C (Dixit, Bernardo et al. 2015, Warner, Kang et al. 2015, Mi, Dixit et al. 2018), 

NAD+/NADH (Hou, Lautrup et al. 2018, Xie, Gao et al. 2019) have been reported in AD subjects 

and are likely to be a predictive indicator for cognitive impairment. A reduction in cofactors levels 

has a direct impact on enzymes functions. In particular, glycolytic enzymes are particularly 

affected during AD. A metabolomic study conducted on CSF of Alzheimer and non -dementia 

patients revealed a significant differences in the metabolites related to glycolysis. In particular, 

phosphoenolpyruvate, 2- and 3-phosphoglycerate, pyruvate and dihydroxyacetone phosphate were 

the Tricarboxylic acid cycle (TCA)  metabolites showing a significant difference between the two 

groups (Bergau, Maul et al. 2019). The TCA and the pentose phosphate pathway (PPP) are two 

predominant pathways for glucose metabolism within the brain parenchyma. Decreases in TCA 

cycle enzyme -ketoglutarate dehydrogenase (KGDH), Pyruvate Dehydrogenase complex (PDH) 

were reported in AD patients (Freeman, Nielsen et al. 1987, Gibson, Sheu et al. 1988, 
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Mastrogiacoma, Bettendorff et al. 1996, Bubber, Ke et al. 2004, Lu'o'ng and Nguyen 2011). 

Impairment in the PPP cytosolic enzyme Transketolase (TK) were also found in AD subject 

(Parker, Filley et al. 1990, Onyango, Dennis et al. 2016). TK is involved in the nonoxidative branch 

of the pentose phosphate pathway, which ultimately supplies NADPH, ATP and GTP for 

antioxidant defenses, fatty acid, and nucleic acid synthesis.  

Interestingly, a diminished activity and/or expression of such enzymes was also described 

in aging and age-related neuropathology (Freeman, Nielsen et al. 1987, Jeyasingham, Pratt et al. 

1987, Hoffman 2016, Yu and Zhong 2018).  Beside playing a key role in glucose metabolism, 

KDGH, PDH and TKT require vitamin B1 or thiamine as a cofactor. Deficiency in thiamine 

represents a well-established AD comorbidity affecting glucose metabolism. Chronic thiamine 

insufficiency (TI) dramatically decreased cerebral oxidative metabolism promoting oxidative 

stress, mitochondrial damage, inflammation, and eventually neuronal loss (Gold, Chen et al. 1995, 

Calingasan, Chun et al. 1999, Sang, Pan et al. 2018). Inadequate levels of blood thiamine highly 

correlate with senile dementia prognosis and is a predictive peripheral biomarker for AD (Pan, Fei 

et al. 2015, Pan, Sang et al. 2017). 

 

1.4 Role of Thiamine in cerebral metabolism  

Thiamine (vitamin B1) is an essential water-soluble micronutrient; continuous dietary 

intake is needed to satisfy cellular metabolism. According to the National Institute of Health 

(NIH), the recommended diet allowance (RDA) for healthy adults’ range between 1.1 to 1.4 mg 

per day with expected plasma level concentrations ranging between 10-20 nanomolar (Zastre, 

Sweet et al. 2013). Structurally thiamine is composed by a pyrimidine and a thiazole ring linked 

together by a methylene bridge. The thiazole ring contains a methyl and hydroxyethyl side chain 
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which is esterified with pyrophosphate to obtain the active cofactor Thiamine Pyrophosphate 

(TPP). The quaternary nitrogen makes thiamine a hydrophilic and a positive charged molecule at 

physiological pH with a consequent need of a carrier-mediated system to regulate its absorption.  

The transporters that facilitate thiamine intake are THTR1 (SLC19A2) and THTR2 

(SLC19A3) and belong to the solute carrier family. In particular, THTR1 is a low affinity – high-

capacity transporter with an estimated Km of 2.5 M while THTR2 has a higher affinity of 27 

nanoM (Ganapathy, Smith et al. 2004, Zastre, Sweet et al. 2013). THTR1 and THTR2 regulate 

thiamine uptake through a passive antiport mechanism. Thiamine is exchanged with hydrogen ions 

in a 1:1 stoichiometry exploiting the transmembrane pH gradient (Ganapathy, Smith et al. 2004). 

Both carriers are expressed ubiquitously. In polarized cells, THTR1 has been located 

predominantly on basolateral membrane while THTR2 has been identified on the apical side. 

Furthermore, the organic cationic transport (OCT)1 (SLC22A1) functions as hepatic thiamine 

transporter. OCT1 modulates hepatic glucose and lipid metabolism mediating thiamine uptake in 

the liver (Liang, Yee et al. 2018). Recent studies have identified the thiamine pyrophosphate (TPP) 

transporter TPPT (SLC44A4) in the colon. TPPT regulates the absorption of microbiota generated 

TPP in the large intestine (Nabokina, Inoue et al. 2014).  

Once in the cell, thiamine conversion to Thiamine Pyrophosphate (TPP), the active form, 

occurs through phosphorylation via thiamine pyrophosphokinase-1 (TPK1). TPK1 catalyzes the 

transfer of two phosphate groups onto thiamine in the presence of adenosine triphosphate (ATP) 

and Mg++ (Jonus, Hanberry et al. 2018). Transport of TPP across the mitochondrial is mediated by 

the thiamine pyrophosphate carrier (SLC25A19 gene) (Zastre, Sweet et al. 2013). Four enzymes 

necessitate thiamine as cofactor to function: the cytosolic enzymes transketolase (TKT) and the 

mitochondrial enzymatic complexes -keto glutarate dehydrogenase (KGDH), pyruvate 
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Figure 1.2. Structure of thiamine and thiamine analogues.   

Thiamine or vitamin B1 (A) can be phosphorylated into the active cofactor Thiamine 

Pyrophosphate (B) by TPK1. The compound pyrithiamine (C) is an antivitamin that inhibits 

thiamine uptake and conversion into TPP. Amprolium (D) is an inhibitor of thiamine transporters. 
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dehydrogenase (PDH) and branched chain -keto acid dehydrogenase complex (BCK).  

The cytosolic thiamine dependent enzyme TKT connects the pentose phosphate pathway 

(PPP) to glycolysis. Within the non-oxidative portion of PPP, TKT catalyzes the conversion of 

ribose-5-phosphate into fructose-6-phosphate and glyceraldehyde-3-phosphate in a reversible 

reaction (Lonsdale 2007). Change in TKT activity is exploited to assess thiamine status in the TKT 

assay. In this biochemical assay the increase in the activity of TKT is measured after TPP 

supplementation in whole blood samples or erythrocytes. In case of thiamine deficiency, the 

exogenous TPP will stimulate TKT activity, determining the TPP effect (Basu, Dickerson et al. 

1974, Boni, Kieckens et al. 1980).  

The mitochondrial enzyme KGDH converts α-ketoglutarate (KG) to succinyl-coA and 

NADH providing electrons for the respiratory chain. Beside glycolysis, KG may be derived from 

glutamine deamination as anaplerotic substrate for the TCA cycle. For this reason, KGDH has a 

key role in mediating glutamine metabolism and the TCA cycle (DeBerardinis, Mancuso et al. 

2007). KGDH activity is modulated by low concentrations of calcium and ADP and inhibited by 

high concentration of NADH, succinyl- CoA and reactive oxygen species (ROS) (Tretter and 

Adam-Vizi 2005). 

The mitochondrial enzyme PDH is the rate-limiting enzyme of the pyruvate dehydrogenase 

complex. The PDH complex converts the pyruvate produced by glycolysis to Acetyl-coA for the 

entry into the TCA cycle. Due to its key role in cellular metabolism, PDH is tightly regulated by 

the NADH/NAD+ ratio, coA levels, ATP levels, and pyruvate levels (Bowker-Kinley, Davis et al. 

1998) . PDH activity is regulated by 4 kinases known as pyruvate dehydrogenase kinases (PDKs). 

PDKs inactivate PHD by phosphorylation of three serine residues (Ser293, Ser300, and Ser232) 

(Kolobova, Tuganova et al. 2001). 
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Figure 1.3 Thiamine Homeostasis.  

Thiamine is transported inside the cells via THTR1 and THTR2. OCT1 is expressed in the liver 

while TPPT regulates the entrance of TPP produced by the microbiome in the intestine. Thiamine 

is then converted into thiamine pyrophosphate (TPP) by TPK1 phosphorylation. TPP is the active 

cofactor for transketolase (TKT) in the cytosol and pyruvate dehydrogenase (PDH), -keto 

glutarate dehydrogenase (KGDH) and branched chain -keto acid dehydrogenase complex (BCK) 

in the mitochondria. TPP transport into mitochondria is mediated by the thiamine pyrophosphate 

carrier (TPC). TPP can also be reconverted into thiamine monophosphate (TMP) by Thiamine 

Pyrophosphatase (TPPase) enzyme and back to thiamine by the enzyme Thiamine 

Monophosphatase (TMPase). 
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Among them, Ser293 is the predominant site, and its phosphorylation leads to inactivation. PDK1 

was found to phosphorylate all three sites while the other isoforms primarily target Ser293 and 

Ser300 (Yeaman, Hutcheson et al. 1978).  

BCK regulates the metabolism of essential branched chain amino acids (BCAAs) valine, 

isoleucine, and leucine. Like PDH, BCK is a mitochondria enzymatic complex composed by three 

suubnits. BCAAs undergo transamination to the α-keto acid followed by irreversible oxidative 

decarboxylation by  BCKDC to form an acyl-CoA derivative (Zastre, Sweet et al. 2013). In 

particular, acetyl-coA is derived from leucine and succinyl-coA from valine and isoleucine 

(Harper, Miller et al. 1984). Another similarity with PDH is the regulation via reversible 

phosphorylation by branched-chain α-keto acid dehydrogenase kinase (BDK) and phosphatase 

(BDP) (Harper, Miller et al. 1984). 

 

1.5 Thiamine Insufficiency 

1.5.1 Role of Diet in Thiamine Insufficiency 

A prolonged lack of thiamine within the diet may lead to thiamine insufficiency (TI). 

Although thiamine can be obtained from diverse sources (such as cereals, pork and beef meat, 

seeds and nuts) it can be easily denatured by high temperature and pH changes (Kimura and 

Itokawa 1990). In a physiological state, 25-30 mg of thiamine can be stored in the human body. 

High metabolic organs such as skeletal muscles, heart, brain liver and kidneys are mainly involved 

in thiamine storage (Vangeison, Carr et al. 2008). However, this amount can last approximately 2-

3 weeks in case of prolonged deficiency (Sechi and Serra 2007). According to the World Health 

Organization (WHO), TI due to inadequate diet may happen in war refugees as described in 

Thailand (1980's and in the 1990's), Guinea (1990), Djibouti (1993) and in Nepal (1993-1995) 
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(Vangeison, Carr et al. 2008). Beside this scenario, populations with a poor varied diet may be 

more exposed to TI outbreaks. For example, the WHO estimated that the milled rice-based diet in 

South-East Asia was the cause for the TI outbreaks at the beginning of the century. The 

introduction of polished rice (in which vitamins had not been depleted through the milling process) 

in the diet alleviated the TI symptoms in the population (Vangeison, Carr et al. 2008).  

Yet, a thiamine deficiency state due to inadequate diet is unlikely to happen in developed 

countries. In fact, several commonly consumed foods, such as cereals and breads, are 

supplemented with thiamine, increasing the overall daily intake. TI is still a recurrent comorbidity 

in Western world in cancer (Zastre, Sweet et al. 2013, Isenberg-Grzeda, Hsu et al. 2015, Lonsdale 

2018), diabetes (Abdou and Hazell 2015, Groeneveld, Kappelle et al. 2016, Daulatzai 2017), 

alcoholism (de la Monte and Kril 2014, Ba 2017, Brinkman, Bekema et al. 2017), post-bariatric 

surgery (Goodman 2015, Kerns, Arundel et al. 2015, Maguire, Talwar et al. 2018), cardiac 

disfunction (Ahmed, Azizi-Namini et al. 2015, DiNicolantonio, Liu et al. 2018, Eshak and Arafa 

2018), pregnancy (Butterworth 2001), AIDS-HIV (Butterworth, Gaudreau et al. 1991), aging and 

dementia (Gibson, Sheu et al. 1988, Abdul-Muneer, Alikunju et al. 2018, Whitfield, Bourassa et 

al. 2018).   

 

1.5.2 Genetic Mutations in Thiamine homeostasis genes  

Genetic alterations within thiamine homeostasis genes have been correlated with AD 

pathophysiology (Lu'o'ng and Nguyen 2011). TK structural abnormalities occur in AD patients 

and TK variants have been found in patients with thiamine-deficient encephalopathy (Lu'o'ng and 

Nguyen 2011). Also, a reduction in TK (45%) and KGDH (75%) levels has been described in AD 

patients derived fibroblasts and red blood cells. Mutations of the SLC19A3 gene are associated 
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with cognitive impairment and dementia.  The most common SLC19A3- related genetic disorder 

is Biotin-thiamine-responsive basal ganglia disease (BTBGD) (also called Thiamine metabolism 

dysfunction syndrome 2) whose symptomatology includes encephalopathy characterized by 

confusion, seizures, ataxia, dystonia, ophthalmoplegia (Tabarki, Al-Hashem et al. 1993, Zastre, 

Sweet et al. 2013, Algahtani, Ghamdi et al. 2017). Basal ganglia nuclei, thalamus, infra-and 

supratentorial brain cortex, and brain stem are commonly affected by BTBGD (Brown 2014). 

SLC19A3 was listed among the putative genes responsible for spatial memory performance 

following chronic stress (Jung, Brownlow et al. 2017). SLC19A3 variants have been associated 

with AD and cognitive impairment in a genome wide association study conducted in families with 

multiple AD cases (Saad, Brkanac et al. 2015). Furthermore, SLC19A3 selective inhibition by the 

anticancer compound Fedratinib induced the TI-driven neuropathology Wernicke encephalopathy 

in treated patients, forcing the termination of the clinical trial (Zhang, Zhang et al. 2014, Pardanani, 

Harrison et al. 2015, Vora, Green et al. 2020). SLC19A2 mutations cause Thiamine-responsive 

megaloblastic anemia syndrome (TRMA) or Rogers syndrome. TRMA is an autosomal recessive 

disease characterized by megaloblastic anemia, diabetes mellitus, and sensorineural deafness 

(Labay, Raz et al. 1999). Thiamine supplementation has proven to be beneficial in ameliorating 

anemia and diabetes due to THTR2 functionality (Labay, Raz et al. 1999, Brown 2014, Habeb, 

Flanagan et al. 2018). Thiamine intake does not seem to be effective on deafness or on 

neuropathology associated with TRMA (Onal, Bariş et al. 2008, Brown 2014).  

 

1.5.3 Thiamine Insufficiency as comorbidity in Neuropathology 

Thiamine insufficiency has been linked to diverse neuropathology. One of the first 

neuropathology associated with TI was beriberi that can manifest as dry or wet. Dry beriberi affects 
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the peripheral nervous system causing peripheral neuropathy with sensory and motor impairment 

of distal and proximal limbs  (Stroh, Meyer et al. 2014). If the pathology remains untreated, 

patients may experience loss of muscular strength and paralysis. Patients with wet beriberi show 

cardiomyopathy with heart failure, dyspnea, and peripheral edema (DiNicolantonio, Liu et al. 

2018). Dry beriberi may also affect the Central Nervous System (CNS) with a congruent 

symptomatology of the Wernicke- Korsakoff Syndrome (WKS), the most recurrent yet life-

threating comorbidity in chronic alcoholics affecting the CNS. The term WKS is commonly used 

to include a first reversible phase known as Wernicke Encephalopathy (WE). If untreated, WE will 

eventually lead to the irreversible Korsakoff psychosis (KS). First described in 1881 by Carl 

Wernicke, Wernicke Encephalopathy (WE) is an acute neurological disorder caused by thiamine 

insufficiency. Although it is mostly associated with alcoholism, non-alcoholic WE has been 

described in TI patients with malnutrition that was not caused by alcohol abuse (Butterworth 2007, 

Day and del Campo 2014). WE symptomatology is usually characterized by a triad of symptoms 

i.e., ophthalmoplegia, ataxia and mental confusion. Furthermore, post-mortem analysis of patients 

diagnosed with WKS revealed a selective damage within the thalamus and mammillary bodies 

with upregulated levels of pro-inflammatory cytokines and chemokines suggesting their 

contribution in neuronal cell death (Day and del Campo 2014). This neurodegenerative scenario 

was reported to occur with a regional selectivity for the thalamus and mammillary bodies. In 

contrast other regions like the cortex were unaffected (Fellgiebel, Scheurich et al. 2003). 

Nevertheless, the rationale behind TI selective damage is still unknown. Furthermore, TI 

can lead to another neurodegenerative condition known as the Marchiafava-Bignami disease 

(MBD). Subjects diagnosed with MBD manifest dementia, depression, and an altered mental status 

as a consequence of poor nutrition and /or alcoholic syndrome (Hillbom, Saloheimo et al. 2014, 
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Fernandes, Bezerra et al. 2017). A significant association between Parkinson Disease (PD) and 

low levels of serum thiamine has also been demonstrated (Lương and Nguyê∼n 2012, Luong and 

Nguyễn 2013). Diverse pathways are thought to regulate thiamine induced PD pathology; these 

include oxidative stress, inflammation, and cellular metabolism (Lương and Nguyê∼n 2012). 

Genetic studies on PD have pointed out alterations in  DJ-1 gene, excitatory amino acid 

transporters (EAATs), KGDH, coenzyme Q10, lipoamide dehydrogenase (LAD), transcription 

factor p53, the renin-angiotensin system (RAS), heme oxygenase-1 (HO-1), and poly(ADP-ribose) 

polymerase-1 gene (PARP-1) (Luong and Nguyễn 2013).  

 

1.6 Similarities between Thiamine Insufficiency and Alzheimer Pathology  

In congruency with AD, TI induces changes in oxidative metabolism promoting a sequalae 

of events that eventually lead to oxidative stress, mitochondrial damage, inflammation, and 

neuronal loss (Karuppagounder, Xu et al. 2009, Abdou and Hazell 2015). Post-mortem analysis of 

brains from WKS patients revealed a regional selective damage affecting bilaterally thalamic 

nuclei, inferior colliculi, inferior olivary nuclei, mammillary bodies, and lateral vestibular nuclei 

(Todd and Butterworth 1999). Microarray studies conducted on thalamus and inferior colliculus 

of TI models revealed a significant change in expression of genes involved in inflammation, 

oxidative stress, cell death and metabolism (Vemuganti, Kalluri et al. 2006). Reactive astrocytes 

and microglia were detected as well. On the contrary, cortex, caudate nuclei and hippocampi were 

not significantly affected by neuronal loss (Jhala and Hazell 2011, Stobart and Anderson 2013). 

Similar alterations were described in post-mortem analysis of WKS subjects including 

mitochondrial impairment, oxidative stress, inflammation, and excitotoxicity as potential players 
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behind the TI-mediated neuropathology (Todd and Butterworth 1999). In the next section the main 

pathological mechanisms that have been linked to TI-induced neuropathology will be described.  

 

1.6.1 Mitochondrial dysfunction 

Mitochondrial dysfunction is a well-characterized hallmark in neuropathology (Bubber, 

Haroutunian et al. 2005, Bubber, Hartounian et al. 2011). First mitochondrial alterations within 

the brain parenchyma were reported in the 1970s in electron microscopy studies (Johnson and 

Blum 1970, Wiśniewski, Terry et al. 1970). Key hallmarks of mitochondrial dysfunction include 

compromised glucose metabolism, imbalanced oxidative stress and hypometabolism. 

Interestingly, all alterations were described during TI-mediated brain damage. Loss of thiamine as 

cofactor results in a dramatical impairment within the TCA cycle enzymes and oxidative 

metabolism with decrease in ATP production and energy levels (Aikawa, Watanabe et al. 1984, 

Bettendorff, Sluse et al. 1995). Congruently, TK activity gradually decreases with prolonged TI 

(Trebukhina, Ostrovsky et al. 1983). In particular, decrease and loss in activity of the 

mitochondrial enzyme KGDH has been detected in early TI stages and seem to have a key role in 

initiating the cascade of biochemical lesions in selective brain regions (Butterworth 2007). KGDH 

dysfunction contributes to the changes in energy metabolism, synthesis of glucose-derived 

neurotransmitters, focal lactate accumulation as well as to cell death via cytochrome c release and 

caspase activation (Butterworth, Giguère et al. 1986, Héroux and Butterworth 1988, Butterworth 

1989). Lactate accumulation is a result of the preferential pyruvate conversion into lactate due to 

the blockage of its entering to the TCA cycle (Huckabee 1958). This step is regulated by the 

mitochondrial thiamine-dependent enzyme PDH whose loss of activity is mainly caused by TI. 

Lactic acidosis is a major consequence of TI and it can lead to cytotoxic edema (Goldman, 
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Pulsinelli et al. 1989). Glial cells and astrocytes in particular are the main cells susceptible to 

lactate-induced swelling that will lead to brain edema and excitotoxicity (Kimelberg, Rutledge et 

al. 1995, Abdou and Hazell 2015).  

 

1.6.2 Oxidative Stress  

One of the most devastating consequence of TI-driven mitochondrial dysfunction is the 

increase in Reactive Oxygen Species (ROS). Thiamine has antioxidant properties that are lost in 

case of inadequate levels resulting in loss of balance in ROS regulation (Lukienko, Mel'nichenko 

et al. 2000, Sharma, Bist et al. 2013, Jonus, Hanberry et al. 2018). 

Imbalanced production of ROS such as superoxide anion, hydroxyl radical, and hydrogen 

peroxide contributes to the early phases of AD pathology (Li, Calingasan et al. 2004, Swerdlow 

and Khan 2004, Ham and Raju 2017, Tönnies and Trushina 2017). Although they may have a 

physiological role at small concentrations, high ROS concentrations lead to oxidative stress with 

direct damage to nuclear and mitochondrial DNA, increased lipid and protein peroxidation, and 

decreased brain glucose metabolism (Bardaweel, Gul et al. 2018). Oxidative stress has been 

associated to aging (Harman 1956, Harman 1972, Hekimi, Lapointe et al. 2011) as well as with 

Aβ fragments and tangles production highlighting a possible involvement in the clinical aspects of 

AD (Westermann 2009). Amyloid fragments in turn accelerate ROS production by binding to 

mitochondrial membranes, leading to a disruption in cell metabolism and to synapsis loss (Beal 

2005, Calkins, Manczak et al. 2011). In a similar trend, WKS patients exhibit elevated oxidative 

stress markers and lipid peroxidation. TI models exhibited elevated levels of oxidative stress 

markers such as ICAM-1, hemeoxygenase, endothelial NOS, iNOS, heme oxygenase-1, 

superoxide dismutase, ferritin, and malondialdehyde together with lipid peroxidation (Gibson and 
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Zhang 2002, Karuppagounder, Xu et al. 2009, Abdou and Hazell 2015). On the contrary, levels of 

antioxidative enzymes such as superoxide dismutase, catalase, and glutathione peroxidase were 

significantly reduced in TI brain (Langlais, Anderson et al. 1997, Gibson and Zhang 2002, 

Karuppagounder, Xu et al. 2009).  Thiamine dependent enzymes showed a very low tolerance to 

oxidative damage with KGDH being the most sensitive enzyme (Schoonen, Wanamarta et al. 

1990). Another deleterious effect of free radicals’ accumulation is the impairment of BBB, which 

has been reported in TI cases (Watanabe and Kanabe 1978, Watanabe, Tomita et al. 1981, Abdou 

and Hazell 2015). Impairment in endothelial cells transport and integrity have been described as 

free radicals’ mediated damages contributing to BBB breakdown. Furthermore, cerebral 

endothelial cells forming brain capillaries exhibited a decrease in GLUT-1 expression (Sarkar, 

Liachenko et al. 2016). Due to the key role of capillaries in oxygen diffusion, TI lesions may be a 

consequence of hypoperfusion and changes in metabolism (Binnewijzend, Benedictus et al. 2016, 

Wolters, Zonneveld et al. 2017). 

The rise in oxidative stress occurred in late TI stages in selective brain regions preceding 

brain damage and cell death (Langlais, Anderson et al. 1997). The sub medial thalamus nuclei 

have been suggested as initial site of TI- mediated damage since elevated levels of iNOS, the 

oxidative stress marker heme oxygenase-1 (HO-1) together with the lipid peroxidation product, 4-

hydroxynonenal (HNE) are observed (Calingasan, Chun et al. 1999).  

 

1.6.3 Alzheimer Pathogenesis 

The most interesting but yet unresolved connection between TI and AD is the fact that TI can 

recapitulate the pathological AD hallmarks. In congruency with AD, TI is characterized by 

selective neuronal loss, decreased activities of TPP-dependent enzymes, cholinergic deficits and 



 

25 

memory loss. Early studies with rats and mice fed with a TI diet, showed that TI accelerated 

neurodegeneration (Freeman, Nielsen et al. 1987, Freeman and Gibson 1988). Neuronal loss was 

achieved after 9-11 days of TI in mice and its pattern corresponded to elevation in iNOS and heme 

oxygenase (OH)-1 production in microglia (Calingasan, Chun et al. 1999).  

Furthermore, TI induced plaques resembled the AD amyloid plaques. Rats fed with a TI 

diet and injected with the thiamine antagonist pyrithiamine (PT) showed pathological lesions 

accompanied with APP positive plaques and abnormal neurites within the thalamus, mammillary 

bodies and medial geniculate nucleus after 13 days (Calingasan, Gandy et al. 1995). However, TI 

did not affect presenilin 1 (Calingasan, Gandy et al. 1995). In mouse brain, TI produces region-

specific alterations of the BBB that preceded APP alterations and neuroroxicity (Calingasan, 

Gandy et al. 1996).  Another study using TI mice reported that TI facilitated the nuclear 

traslocation of the carboxy-terminal fragments (C99) of APP at day 3 of TI (Karuppagounder, Xu 

et al. 2008). This event precedes neuronal loss within the sub-medial thalamic nucleus (SmTN) at 

day 9. No CTF accumulation was detecetd within the cortex. This finding suggest that APP 

metabolism is an early TI event that may play a key role in TI-slective neuronal loss.  Further 

studies tested the effect of TI on transgenic Tg19959 AD mice (overexpressing a doubly mutated 

human APP). TI exacerbated AD pathology by increasing plaque deposition, astroglia activation 

and neuritic cluster formation. In particular plaques were detected within cortex, hippocampus, 

and thalamus together with an increase in C99 levels by 33% and BACE1 protein levels by 43% 

(Karuppagounder, Xu et al. 2009). The detection of  fragment within the cortex was of 

particular interest due to the highly selective TI-damage within the thalamic area.  The same study 

also reported an increase in tau phosphorylation in TI mice although the mechanism was not clear.  
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1.6.4 Inflammation 

Microglia-driven inflammatory response is a key player in TI-induced regional selective 

neuropathology. Microglia, together with astrocytes, are a key component in the spatial and 

temporal events of inflammation. Further studies confirmed that microglia activation and the 

following inflammatory response, contributes to the initial phase of the TI neurological 

dysfunction (Calingasan, Park et al. 1998, Todd and Butterworth 1999). Recently, Bowyer et al. 

showed that microglial activation occurs 24-48 hours prior to neuronal and astrocyte degeneration 

and vascular leakage in a TI model. In particular, the microglial response within the thalamus 

seems to impact the vasculature leading to vascular dysfunction (Bowyer, Tranter et al. 2018). 

Lack of thiamine has an effect in changing inflammatory markers, lipid peroxidation and 

leukocytes recruitment profile during sepsis (de Andrade, Gayer et al. 2014) leading to increase in 

peroxynitrite, ROS and pro-inflammatory cytokines production (Butterworth and Heroux 1989, 

Butterworth 2007). In particular, up-regulation of inflammatory genes was reported within the TI 

susceptible areas of thalamus and inferior colliculus. Pro-inflammatory cytokines such as IL-6, IL-

18, tumor necrosis factor (TNF)-, chemokines such as Monocyte Chemoattractant Protein 

(MCP)-1, interferons and innate immune genes together with transcription factors involved in 

inflammatory response  were reported to be increased (Vemuganti, Kalluri et al. 2006). 

Furthermore, the close relationship between the inflammatory response and TI was further 

validated in sepsis patients who exhibited TI as a comorbidity. Experimental sepsis conditions 

showed a greater pro-inflammatory and oxidative stress when conducted in TI conditions 

compared to regular thiamine concentration (Moskowitz and Donnino 2020). Recent clinical 

studies tested whether intravenous infusion of vitamin B1 had any beneficial effect on subject with 

sepsis or sepsis shock (Donnino, Andersen Lw Fau - Chase et al. , Moskowitz, Andersen et al. 
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2017, Mitchell, Ryan et al. 2019). Although none of the studies show any significant benefit after 

thiamine IV, septic patients with acute kidney injury (AKI) experienced an improvement in renal 

function suggesting a potential role for thiamine in sepsis-related renal injuries (Moskowitz, 

Andersen et al. 2017).  

 

1.6.5 Excitotoxicity  

Glutamate injections caused TI-like lesions (Todd and Butterworth 1999).This finding 

prompted the investigation toward glutamate-mediated excitotoxicity as a TI mediated 

mechanism. Further research conducted on WKS cases found that glutamate concentration was 

selectively elevated within the thalamic nuclei and that use of a selective antagonist of the N‐

methyl‐D‐aspartate (NMDA) receptor had neuroprotective effects (Todd and Butterworth 1998) . 

Thalamic lesion in TI patients resemble excitotoxic mediated events such as the downregulation 

of astrocytic glutamate transporters GLT-1 (Glutamate Transporter 1) and GLAST 

(Glutamate/Aspartate Transporter) (Hazell, Rao et al. 2001). Furthermore, glutamate transporters 

seem vulnerable to oxidative damage resulting in reduction in their function and build-up of 

neurotoxic glutamate. This mechanism has been described in TI as well as in Alzheimer’s Disease 

due to the key role of glutamate receptors in cognitive process and memory (Trotti, Danbolt et al. 

1998, Hynd, Scott et al. 2004, Esposito, Belli et al. 2013).  

 

1.6.6 Thiamine Insufficiency as predictive peripheral Alzheimer’s biomarker  

Due to the correlation between low thiamine levels and dementia, blood thiamine 

derivatives levels were recently considered as a predictive peripheral AD biomarker. Current 

approaches for AD diagnosis do not include a routine diagnostic test for AD due to their high cost 
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and difficulty in performance (Molina, Jiménez-Jiménez et al. 2002, Mosconi 2005, Mosconi, Pupi 

et al. 2008, Anoop, Singh et al. 2010, Nordberg, Rinne et al. 2010). On the other way, either 

amyloid and tau fragments (Mattsson, Zetterberg et al. 2016) or Aβ40-Aβ42 (Lövheim, Elgh et al. 

2017) failed as reliable predictive markers. Thus, more attention was given to brain glucose 

hypometabolism and associated factors, as invariant feature of AD pathophysiology. FDG-PET 

studies showed that glucose metabolism and blood TPP levels were both significantly reduced in 

patients with AD. Interestingly, no significant correlations between blood TMP or TPP levels and 

amyloid deposition were found in AD within the frontal, parietal, or temporal cortex. These results 

suggested that brain amyloid deposition did not significantly affect TPP levels in AD patients 

(Sang, Pan et al. 2018). Furthermore, thiamine levels in plasma and red blood cells were 

significantly decreased in senile dementia of the Alzheimer’s type (SDAT) but not in non-dementia 

subjects (Gold, Chen et al. 1995) or idiopathic Parkinson patients (Chiu, Tsai et al. 2016). These 

studies suggested that thiamine may be considered a biomarker specific for AD.  

This hypothesis was further strengthened by HPLC fluoroscopic studies conducted by Pan 

et al. who measured blood thiamine metabolites in AD patients compared to controls, vascular 

dementia (VD) and fronto-temporal dementia (FTD) subjects, respectively (Pan, Sang et al. 2017). 

Blood TPP levels in all dementia patients were significantly reduced as compared with control 

subjects. However, the AD group retained the lowest TPP values thus demonstrating that thiamine 

metabolites can differentiate AD from non-AD dementia cases (Chen, Pan et al. 2017). To clarify 

the mechanics behind TPP decrease, the activities of three main thiamine metabolizing enzymes 

thiamine diphosphatase (TDPase), thiamine monophosphatase (TMPase), and thiamine 

pyrophosphokinase (TPK) were studied in AD patients and control subjects (Pan, Sang et al. 2017). 

The study showed enhanced TDPase and TMPase activities, which leads to elevated 
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dephosphorylation in thiamine which cannot act as active cofactor. On the contrary, no significant 

change in TPK1 activity was detected. The authors concluded that this imbalance between 

phosphorylation and dephosphorylation in thiamine metabolism may contribute to brain glucose 

hypometabolism in AD, representing a potential target for AD prevention and treatment. 

Interestingly, blood TPP levels were significantly decreased in female AD patients compared to 

AD male patients but no sex-related difference was detected in controls (Wang, Fei et al. 2018). 

Thus, TPP levels may be another factor contributing to the greater AD prevalence rate in females.   

 

1.6.7 Thiamine analogues in Alzheimer 

One major limitation of thiamine is its low bioavailability, estimated around 5%, which 

affects its clinical effectiveness (Tallaksen, Sande et al. 1993). To overcome this problem, lipid-

soluble thiamine derivatives benfotiamine, solbuthiamine and fursultiamine have been developed 

with an advanced pharmacokinetic profile. To date, only one clinical trial (Mimori, Katsuoka et 

al. 1996) and one study (Ollat, Laurent et al. 2007) focused on fursultiamine effects on dementia. 

Although the compound showed mild beneficial effect on cognitive abilities in AD patients 

without adverse reactions, its neuroprotective effect has not been fully clarified yet. On the 

contrary, benfotiamine has shown beneficial effects in diabetes, inflammation, vascular endothelial 

dysfunction, and Alzheimer’s disease (Fraser, Diep et al. 2012, Raj, Ojha et al. 2018, Safavi, 

Hosseini-Sharifabad et al. 2020). Benfotiamine administration improved mice survival rate and 

behavioral deficits (Pan, Gong et al. 2010, Tapias, Jainuddin et al. 2018),  reduced stress-induced 

suppression of hippocampal neurogenesis (Vignisse, Sambon et al. 2017), and  ameliorated the 

cognitive ability of patients with mild to moderate AD, without reducing  amyloid deposition (Pan, 

Chen et al. 2016). These findings further support the theory that alteration in cognitive capacities 
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do not depend on amyloid deposition. A recent study among MCI and mild AD patients showed 

that oral benfotiamine was able to minimize the decline in glucose utilization and slow the 

cognitive decline associated with the progression of dementia (Gibson, Luchsinger et al. 2020).  

 

1.7 Rational and Goal  

Several preclinical and clinical studies have highlighted the similarities in pathophysiology 

and in memory deficit between TI and Alzheimer’s patients suggesting the possible role of 

thiamine as predictive biomarker for AD (Gibson, Sheu et al. 1988, Agbayewa, Bruce et al. 1992, 

Gibson and Zhang 2002, Karuppagounder, Xu et al. 2009, Gibson, Hirsch et al. 2016, Sang, Pan 

et al. 2018, Tapias, Jainuddin et al. 2018, Gibson, Luchsinger et al. 2020).  In congruency with 

AD, TI state triggers the amyloidogenic cascade, oxidative stress, inflammation, excitotoxicity 

leading to neuronal death. Nevertheless, the molecular mechanism behind TI-induced 

neurotoxicity and AD-like pathophysiology has not been elucidated yet.  

Our previous work has shown that thiamine insufficiency stabilizes Hypoxia Inducible 

Factor (HIF) 1α, the main transcription factor involved in hypoxic stress, through an oxygen 

independent mechanism (Sweet and Zastre 2013, Zera and Zastre 2017). Our lab was the first to 

link thiamine and thiamine homeostasis genes with the hypoxic transcription factor in breast 

cancer. We report that the high affinity thiamine transporter THTR2 (SLC19A3) was a hypoxia 

responsive gene in breast cancer (Sweet, Paul et al. 2010). Further studies confirmed that HIF1α 

directly binds to the SLC19A3 promoter to adaptively induce its expression during hypoxic stress 

(Zera, Sweet et al. 2016).  

During normal oxygen levels, HIF1α is rapidly hydroxylated by Prolyl Hydroxylases 

(PHDs) and directed towards proteasome-mediated degradation. In hypoxia state, PHDs activity 
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is altered due to the lack of oxygen. This results in HIF1α stabilization and migration in the nucleus 

where it can function as transcription factor. HIF1α can be stabilized even in the presence of 

normal oxygen conditions known as pseudo-hypoxia. We previously showed that in TI conditions 

a buildup of the metabolic intermediate pyruvate can create a pseudo-hypoxic state in which HIF1α 

is stabilized (Zera and Zastre 2018). This mechanism is driven by a PDH complex which needs 

TPP as cofactor. This complex utilizes pyruvate formed as the product of glycolysis to generate 

acetyl coA for entry into the TCA. Because PDH activity is essential to the maintenance of cellular 

energy status, it is tightly regulated in response to various metabolic changes such as the 

NADH/NAD+ ratio, CoA levels, ATP levels, and pyruvate levels. In case of thiamine deprivation 

and TPP lacking, pyruvate cannot be converted and accumulates within the cells. This pyruvate 

surplus results in the inhibition of PHDs due to its structural similarity with their cofactor 2-

oxoglutarate. Subsequently, HIF1α is stabilized and can migrate in the nucleus acting as 

transcription factor even in the absence of hypoxia.  

HIF1 target genes may induce a protective effect or a pro-apoptotic and pro-inflammatory 

response (Semenza 2002, Semenza 2012). Although the exact mechanism has not been fully 

elucidated, an acute activation of HIF1 is likely to regulate the transcription of genes involved in 

oxygen utilization, angiogenesis, and metabolism. For example, erythropoietin (EPO) controls red 

blood cells production and Vascular endothelial growth factor (VEGF) regulates the formation of 

new vessels and promotes angiogenesis (Gleadle and Ratcliffe 1997). HIF1 also mediates the 

switch from oxidative to glycolytic metabolic metabolism via activation of metabolic enzymes 

such as lactate dehydrogenase A (LDHA), Glucose transporter (GLUT)1 and Pyruvate 

Dehydrogenase Kinase (PDK)-1. In this way, HIF1 maintains glucose metabolism while 

reducing TCA cycle, oxidative phosphorylation, and consequently oxidative stress induction.  In 
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particular, upregulation of PDK1, activation of the hypoxia-sensitive subunit 2 in cytochrome c 

oxidase and induction of autophagy are among the mechanisms proposed to explain the 

HIF1 protective response (Brunelle, Bell et al. 2005, Fukuda, Zhang et al. 2007, Zhang, Bosch-

Marce et al. 2008).  

Chronic HIF1 activation resulted in a pro-apoptotic response. Prolonged hypoxia 

potentiated cell death in dendritic cells and endothelial cells together with transplanted stem cells 

in ischemic myocardium (Hu, Wei et al. 2011, Filippi, Morena et al. 2014, Jian, Shi et al. 2015).  

Upregulation of proapoptotic proteins such as BNIP3, Nix and Noxa after a chronic hypoxia 

condition has been described (Halterman and Federoff 1999, Bruick 2000, Kothari, Cizeau et al. 

2003, Mellor and Harris 2007). In particular, activation of BNIP3 in presence of oxidative stress 

was shown to trigger cell death by membrane depolarization and mitochondrial pore opening 

(Kubli, Quinsay et al. 2008). Other studies have highlighted the role of HIF1 in the regulation of 

p53-mdm2 signaling during hypoxia (An, Kanekal et al. 1998, Koumenis, Alarcon et al. 2001, 

Chen, Li et al. 2003). Caspase 3 induction by HF1 was also described after photothrombotic 

cerebral ischemia (Van Hoecke, Prigent-Tessier et al. 2007). This mechanism would contribute to 

promote cytochrome c release and inhibition of electron transport chain (Greijer and van der Wall 

2004).  

Thus, HIF1α seems a promising candidate to bridge TI neuropathogenesis with cognitive 

decline. Therefore, the purpose of this work was to investigate if HIF1 may be the critical 

upstream mediator between TI and AD pathophysiology.  

We also hypothesize that the HIF-BNIP3 signaling may mediate the TI-induced 

neurotoxicity in accordance with our previous work in astrocytes where TI induced a time-

dependent increase in the pro-apoptotic and pro-inflammatory HIF1α target genes MCP1, BNIP3, 
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Nix and Noxa (Zera and Zastre 2017). Understanding the role of HIF1 may help clarify the 

pathophysiology of TI. This will give a better comprehension of AD as well as other TI- mediated 

neurological disorders such as Wernicke-Korsakoff syndrome and Parkinson’s. Thus, targeting the 

HIF1α signaling may provide potential therapeutic benefits to AD and dementia patients. 

 

In summary, the objectives for this work were:  

Object 1: Investigate if TI-induced neurotoxicity is mediated by the HIF-BNIP3 signaling  

Object 2: Elucidate if HIF1 mediates AD-pathogenesis via BACE1 activation during TI 

Object 3: Determine the role of TI-induced HIF1 in AD-pathogenesis and neurotoxicity in an in 

vivo AD model 
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CHAPTER 2 

THIAMINE INSUFFICIENCY- INDUCED HIF1 TRIGGERS NEUROTOXICITY 

VIA BNIP3 1  

1 Valle M.L, Anderson Y., Grimsey N., and Zastre J. 

To be submitted to Journal of Neurochemistry. 
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2.1 Introduction     

Neurotoxicity is a well-established consequence of thiamine insufficiency (TI) and related 

neuropathology (Freeman, Nielsen et al. 1987, Freeman and Gibson 1988, Hazell, McGahan et al. 

1998). The impaired oxidative metabolism caused by decreased activity of thiamine-dependent 

enzymes leads to a multifactorial cascade of pro-apoptotic events including focal lactic acidosis, 

glutamate excitotoxicity, production of free radicals and BBB alterations (Hazell, McGahan et al. 

1998, Hazell, Todd et al. 1998, Todd, Hazell et al. 1999).  

TI neurotoxicity was shown to be regional selective within the thalamus and inferior 

colliculus. In these regions a significant increase in genes involved in inflammation, oxidative 

stress, cell death and metabolic perturbation was reported during TI (Vemuganti, Kalluri et al. 

2006). NMR studies in rats injected with PT reported an increased synthesis of lactate within the 

medial thalamus to 148% and 226% compared to controls (Pannunzio, Hazell et al. 2000). WE/TI 

mice exhibited damaged BBB permeability with loss in protein expression of occludin, ZO-1 and 

ZO-2 (Beauchesne, Desjardins et al. 2009). Furthermore, rat astrocytes within the TI-vulnerable 

thalamic region showed a significant decrease in protein levels of the astrocyte glutamate 

transporters GLT-1 and GLAST as well as in aquaporin-4 (Hazell, Rao et al. 2001, Hazell, 

Pannunzio et al. 2003, Chan, Butterworth et al. 2004, Hazell and Wang 2005).  

Despite the numerous studies trying to elucidate TI neuropathology, the molecular 

mechanism of TI induced neurotoxicity is less clear.  In our previous study on primary murine 

astrocytes, TI induced a time-dependent increase in proapoptotic HIF1 target genes and induced 

apoptotic death in congruency with ischemic injury (Zera and Zastre 2017). In particular, the 

proapoptotic HIF1 target gene BNIP3 was significant upregulated during TI.  
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In congruency with TI, upregulation of proapoptotic protein BNIP3 has been described 

after chronic hypoxia and early AD stage models (Halterman and Federoff 1999, Bruick 2000, 

Kothari, Cizeau et al. 2003, Mellor and Harris 2007, Zhang, Yang et al. 2007, Ułamek-Kozioł, 

Czuczwar et al. 2019).  Thus, these findings suggest that the HIF-BNIP3 signaling may be involved 

in TI-induced neurotoxicity. For the purposes of this dissertation, additional background 

information on hypoxia, HIF1 and BNIP3 has been included in the introduction. 

 

2.1.1 Role of hypoxia in neurodegeneration  

Cerebral hypoperfusion is a well-established comorbidity in patients with mild cognitive 

impairment (MCI) or dementia, mostly caused by pre-existent vascular damage. Significant 

differences in cerebral blood flow (CBF) rates were detected via MRI in controls compared to 

Alzheimer’s Disease (AD) subjects, with MCI patients scoring intermediate values (Binnewijzend, 

Benedictus et al. 2016). Furthermore, subjects in advanced AD states had lower CBF rates 

compared to patients with less severe grades of AD (Binnewijzend, Kuijer et al. 2013, 

Binnewijzend, Benedictus et al. 2016). Reduced CBF leads to a diminished delivery of oxygen 

and metabolites that will eventually result in neuronal energy crisis and neurodegeneration 

(Wolters, Zonneveld et al. 2017). Hypoxia is a natural consequence of inadequate cerebral oxygen 

perfusion, likely to eventually trigger neuronal death. Chronic hypoxia is one of the most critical 

risk factors in AD pathogenesis (Sapin, Peyron et al. 2015, Macheda, Roberts et al. 2019, Zhang, 

Niu et al. 2019). Elderly patients with a history of a chronic hypoxia conditions are prone to 

develop AD symptomatology due to the repeated exposure to low oxygen levels followed by re-

oxygenation (Daulatzai 2013). Prolonged exposure to hypoxic conditions impacted amyloid and 

tau metabolism, autophagy, neuroinflammation, oxidative stress, and mitochondrial and synaptic 
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dysfunction (Iyalomhe, Swierczek et al. 2017). Examples of chronic hypoxia scenarios reported in 

elderly are stroke, traumatic brain injury (TBI), chronic respiratory conditions, or sleep disorders 

like obstructive sleep apnea syndrome (OSAS) and chronic obstructive pulmonary disease 

(COPD). About 30% of ischemic strokes are followed by an immediate or delayed vascular 

cognitive impairment. Microinfarction, microvascular changes, and focal neuronal atrophy are 

among the critical post-ischemia alterations which lead to dementia (Kalaria 2016). Furthermore, 

early midlife TBI patients have a risk two to four-fold higher to develop dementia during aging 

compared to the general population. Multiple cerebral traumas seem to increase the risk as well 

(Shively, Scher et al. 2012, Nordström and Nordström 2018). Interestingly, alteration in glucose 

utilization has been reported in those hypoxia-driven conditions. Glucose intolerance has been 

diagnosed as comorbidity in cases of chronic pulmonary disease and obstructive sleep apnea 

(Oltmanns, Gehring et al. 2004), TBI, (Young, Ott et al. 1989, Jauch-Chara and Oltmanns 2014) 

and stroke (Hewitt, Castilla Guerra et al. 2012). At a molecular level, hypoxic response is 

controlled by the hypoxia inducible transcription factor, HIF1. 

 

2.1.2 HIF1 regulation 

HIF1 is a heterodimeric transcription factor composed by an oxygen-dependent α subunit 

and a  subunit (also known as ARNT, Aryl hydrocarbon nuclear translocator) constitutively 

expressed. The 826 aa-long alpha subunit contains the domain required for the oxygen-dependent 

degradation (ODD), a basic helix-loop-helix (bHLH) domain, a PAS (Per Arnt Sim) homology 

domain and an amino and carboxy terminal transactivation domains (N-TAD and C-TAD) 

involved in the heterodimer formation (Wang and Semenza 1993, Semenza 2003, Semenza 2012). 

Beside HIF1, the isoforms HIF2 and HIF3 have been identified (Semenza 2002).  HIF2 
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regulates cellular response to hypoxia similarly to HIF1. The protein shares the same consensus 

sequence and domain structure with HIF1 a part for the N-TAD domain, responsible for gene 

specificity (Moniz, Biddlestone et al. 2014). Nevertheless, HIF2 has limited expression and 

activity compared to HIF1 (Raval, Lau et al. 2005). HIF2α has been implicated in mediating 

tumor growth, cell cycle progression and maintaining stem cell pluripotency (Covello, Kehler et 

al. 2006, Toledo, Qin et al. 2013). Less clear is the role of HIF3 that has been suggested to act as 

a dominant negative isoform of HIF1 (Duan 2016).  

The oxygen dependent regulation occurs via post-translational modifications on proline 

residues 402 and 564 by prolyl hydroxylase isoforms (PHDs) that hydroxylate HIF1α using 

molecular oxygen as cofactor. PHDs belong to the α-ketoglutarate dependent dioxygenase family 

together with collagenase hydroxylases (Semenza 2012). These enzymes rely on iron, ascorbate 

and α-ketoglutarate as cofactors and use oxygen to hydroxylate their substrates on the LXXLAP 

target motif. In particular, in the hydroxylation reaction one oxygen atom is added to a proline 

residue to form hydroxyproline, whereas the other is used in a coupled decarboxylation reaction 

that converts α-ketoglutarate into succinate (Berra, Ginouvès et al. 2006). Oxygen activation is 

mediated by iron which is in turn maintained in a reduced state by ascorbate. Iron binds to the 

active site of the enzyme after the decarboxylation reaction and is therefore necessary for its re-

activation (Smirnova, Hushpulian et al. 2012). The hydroxylation on Proline 402 and Proline 564 

allows the binding of the von Hippel-Lindau protein factor (VHL) that, once bound, recruits the 

Elongin C ubiquitin-ligase complex. Then, the enzyme SSAT2 (spermidine/spermine N-

acetyltransferase-2) binds to the HIF1-VHL-Elongin C complex leading to HIF1α 

polyubiquitination and degradation via the 26s proteasome (Baek, Liu et al. 2007). In contrast, 

hypoxia state causes the loss of oxygen inactivating PHDs. This results in HIF1α stabilization with 
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consequent binding with HIF1β and translocation to the nucleus. Within the nucleus, HIF1α binds 

to the hypoxic responsive elements (HREs) containing the sequence 5’-RCGTG-3’ in the promoter 

region of various target genes involved in a wide array of processes including angiogenesis, 

proliferation, glucose metabolism, apoptosis, tumor invasion and metastasis (Semenza, Nejfelt et 

al. 1991, Wang and Semenza 1993). An alternative regulation of HIF1α involves the Factor 

Inhibiting HIF-1 (FIH-1). FIH-1 acts via hydroxylation of asparagine 803 on C-TAD but this 

modification prevents the interaction with co-activators p300 and CREB Binding Protein (CBP) 

resulting in an inhibition of the transcriptional activation of HIF1α (Semenza 2002, Semenza 

2003). Other post-translation modifications involving HIF1α include phosphorylation and 

acetylation that may accelerate or inhibit transcriptional activity according to the targeted residue 

(Semenza 2002). 

 

2.1.3 Prolyl Hydroxylases (PHDs) 

In mammalian cells, three Prolyl Hydroxylases (PHDs) isoforms known as PHD1, PHD2 

and PHD3, have been described. PHD2 is the most abundant isoform, and it can be found in almost 

every tissue (Freeman, Hasbani et al. 2003). PHD1 and PHD3 are highly localized within 

the heart and testis, but cerebral expression has also been reported (Freeman, Hasbani et al. 

2003).PHDs are considered as oxygen sensors due to their low oxygen affinity and a Km of 230-

250 M (Lu, Dalgard et al. 2005). Beside HIF1, PHDs recognize other substrates such as p53 

(Deschoemaeker, Di Conza et al. 2015), the transcription factors ATF4 and FOXO34 (Hiwatashi, 

Kanno et al. 2011, Zheng, Zhai et al. 2014) as well as the NFkB modulator IKK (Cummins, Berra 

et al. ). Due to their dependency on oxygen as cofactor, hypoxia/ischemia led to PHDs 
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Figure 2.1 Canonical HIF1 Regulation. 

During normoxia, HIF is rapidly hydroxylated by Prolyl Hydroxylases (PHDs) and directed to 

proteasome mediated degradation via VHL (von Hippel-Lindau Factor). During hypoxia, PHDs 

do not function properly leading to HIF stabilization and activation. Once stabilized, HIF 

migrates to the nucleus where it binds to HIF and transactivate target genes involved in 

angiogenesis, survival, apoptosis, or metabolism.  
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inactivation. However, PHDs inhibition can be oxygen independent. In cancer cells with 

deficiency or mutation of the mitochondrial enzymes’ fumarate hydratase and succinate 

dehydrogenase the build-up of succinate and fumarate were shown to competitively inhibit PHDs 

activity even in the presence of oxygen. The same effect was also reported with isocitrate, pyruvate 

and lactate accumulation, respectively (Kaule, Timpl et al. 1998, Dalgard, Lu et al. 2004). 

Interestingly, PHDs expression has been associated with different oxygen vulnerability in different 

brain regions (Freeman, Hasbani et al. 2003).  

Lamanna et al. showed an age-dependent correlation between PHDs expression and 

activity and oxygen sensitivity in senescent brain (Ndubuizu, Chavez et al. 2009). Based on the 

decreased HIF1 expression within the cortex, PHD1 and PHD3 mRNA and expression were 

found increased in 24-month rats exposed to hypoxia while PHD2 were found elevated even in 6 

month rats. Interestingly, pharmacological inhibition of PHDs by iron chelators or 2-oxoglutarate 

analogues was associated to neurodegeneration. For example, in vivo PHDs inhibition by DMOG 

in hippocampus showed an impairment in long-term potentiation within the CA1 region (Wall, 

Corcoran et al. 2014). Also, PHDs inhibition by iron chelators was associated to neurodegeneration 

in Alzheimer’s and Parkinson’s (Speer, Karuppagounder et al. 2013, Lane, Ayton et al. 2018, 

Ratan 2019) suggesting the potential of PHDs as therapeutic target not limited to hypoxic 

conditions.  

 

2.1.4 Dual role of HIF1 during hypoxia/ischemia  

2.1.4.1 HIF1a protective response  

It is well established that HIF1 mediated pathway may either induce a protective effect or a pro-

apoptotic and pro-inflammatory response (Semenza 2002, Semenza 2012). 
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Table 2.1. Main characteristics of Prolyl Hydroxylases (PHDs).  

 PHD1 PHD2 PHD3 

Alternative Names EGLN-2, HPH-3 EGLN-1, HPH-2 EGLN-3, HPH-1 

Protein length 407 aa 426 aa 239 aa 

Cellular Location Nucleus Cytoplasm Nucleus + Cytoplasm 

Tissue location Testis > Brain Ubiquitous Heart = Liver > Brain 

Oxygen Km 230-250 M 230-250 M 230-250 M 

Homozygous loss in 

vivo 
Tolerated Not compatible with life Tolerated 

 

Substrates HIF1, IKK , FOXO3a, Cep192, MAPK6, p53, ATF4 

Inhibitors 
Deferoxamine (DFO), Dimethyloxalylglycine (DMOG), Roxadustat, 

Ethyl 3,4-dihydroxybenzoate (EDHB) 

 

Although the exact mechanism behind the nature HIF1 response has not been fully 

elucidated, an acute activation of HIF1 is likely to regulate the transcription of genes involved in 

oxygen utilization (EPO), angiogenesis (VEGF), glucose metabolism (GLUT1) and metabolic 

adaptation to glycolytic metabolism (LDHA, PKM2 and PDK1) (Gleadle and Ratcliffe 1997). A 

non-lethal acute insult seems to protect the brain from a prolonged and more severe ischemic 

episode in animal models. In particular, a mild hypoxic episode may induce tolerance to a more 

severe insult allowing for an adaptative modification mediated by HIF1 that will prepare for an 

earlier recovery of the tissue. This scenario is known as ‘hypoxic preconditioning’ (HP) and it is 

particularly relevant in ischemic studies. 

Studies conducted in newborn rats subjected to hypoxia preconditioning (8% O2 for 3 

hours) reported significant reduced brain damage after cerebral hypoxia compared with controls 

(Gidday, Fitzgibbons et al. 1994, Vannucci, Towfighi et al. 1998). Using the same model, 
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Bergeron and Chen groups highlighted the key role of HIF1 signaling in mediating an adaptative 

response elicited by the hypoxic precondition (Bergeron, Gidday et al. 2000, Chen, Jadhav et al. 

2008). High levels of HIF1 and HIF1 within the more susceptible brain areas to hypoxia (cortex, 

hippocampus, thalamus, and striatum) were detected. The same result was achieved with the use 

of the divalent metal cobalt chloride and the iron chelating agent desferrioxamine (DFO), as 

chemical inducer of HIF1 stabilization (Guo, Song et al. 2006). Additional studies showed that 

hypoxic preconditioning led to changes in protein expression of GLUT-1, VEGF, ALD, and LDH, 

which are genes involved in the maintenance of cellular energy supplies (Jones and Bergeron 2001, 

Miller, Perez et al. 2001, Wick, Wick et al. 2002, Wacker, Perfater et al. 2012).  Furthermore, after 

inducing mild ischemia (30 min ischemia with unilateral common carotid artery occlusion) to a 

neuron-specific knockdown of HIF1α murine model, Baranova et al. observed a detrimental effect 

in tissue damage and reduced survival rate (Baranova, Miranda et al. 2007). With a similar trend, 

a short-term hypoxic preconditioning (up to 24 hours) led to a HIF1α-driven protective response 

in dendritic cells and transplanted stem cells in ischemic myocardium (Hu, Wei et al. 2011, Filippi, 

Morena et al. 2014). Using wild type and HIF heterozygote (HET) mice, Cai et al. found that HET 

mice lost the acute cardio protection after HP and exhibited more caspase 3 activation and cell loss 

(Cai, Zhong et al. 2007). A reduced level of EPO was also found in HET mice.  

Different mechanisms have been postulated in order to clarify the protective effect and 

metabolic reprogramming mediated by HIF1α activation. Induction of the HIF1α target gene 

Pyruvate Dehydrogenase kinase (PDK) 1 was considered as protective mechanism to prevent 

excessive ROS production. PDK1 limits Pyruvate Dehydrogenase (PDH) activity, resulting in a 

decreased flux towards the TCA cycle, oxidative phosphorylation but also in ROS generation. 

Directing the pyruvate towards reduction to lactate would also allow NAD+ regeneration to permit 
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glycolysis and ATP production during hypoxia. This model could also justify the role of hypoxia-

induced mitochondrial ROS in the stabilization of HIF1α (Brunelle, Bell et al. 2005, Kaelin 2005). 

In a feedback mechanism, this response would lead to PDK1 activation that will in turn attenuate 

any potential lethal ROS.  

Another proposed mechanism focused on the role of mitochondria during hypoxia. HIF1α 

activation would trigger the switching from subunit 1 to the hypoxia-sensitive subunit 2 of 

cytochrome c oxidase (COX). This adaptative response may optimize COX activity during 

hypoxia due to the greater oxygen affinity of subunit 2 (Fukuda, Zhang et al. 2007). Furthermore, 

using renal carcinoma cells lacking VHL, Zhang et al. showed that HIF1α negatively regulates 

mitochondrial metabolism and biogenesis by inhibition of c-Myc (Zhang, Gao et al. 2007). 

Induction of mitochondrial autophagy has also been taken into consideration as component of the 

HIF1α mediated metabolic adaptation (Zhang, Bosch-Marce et al. 2008). Studying the response of 

HIF1α knock out mouse embryonic fibroblasts (MEFs) in hypoxia, Zhang et al. showed that 

hypoxia induced autophagy via BNIP3. In particular, the HIF1α target gene BNIP3 would disrupt 

the interaction between Beclin1 and Bcl2 leading to Atg5 dependent autophagy. As adaptative 

metabolic cell response, the induction of autophagy would prevent increase in ROS level and cell 

death.   

 

2.1.4.2 HIF1a pro-apoptotic and pro-inflammatory response  

Chronic hypoxia stimuli resulted in a pro-apoptotic and pro-inflammatory responses and 

cell death. Neuronal primary culture exposed to glucose and oxygen deprivation showed reduced 

neuronal damage with a HIF dominant negative construct (Carmeliet, Dor et al. 1998). Prolonged 

hypoxia state (48-72 hours) triggered cell death in dendritic cells, endothelial cells together with 
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transplanted stem cells in ischemic myocardium (Hu, Wei et al. 2011, Filippi, Morena et al. 2014, 

Jian, Shi et al. 2015). In primary cortical neurons exposed to hypoxia, HIF1 induced delayed cell 

death via p53 activation (Halterman and Federoff 1999).  In particular, HIF1 would lead to 

transcriptional upregulation of p53-dependent BH3-only family members, such as NOXA or 

PUMA (Cregan, Arbour et al. 2004, Aminova, Siddiq et al. 2008). HIF1 mediated growth arrest 

and apoptosis via p21 and p27 was also reported in embryonic stem cells exposed to prolonged 

hypoxia or hypoglycemia (Koshiji, Kageyama et al. 2004).  

As possible mechanism to explain HIF1 induced cell death, direct binding between 

HIF1 and p53 to the ODD domain has been proposed (Hansson, Friedler et al. 2002). Hansson 

et al. localized two homologous p53 binding motifs separated by 120 residues within the ODD 

domain with a binding affinity independent or the proline 564 hydroxylation state. The authors 

speculated that each sequence would bind to different p53 subunits in order to strengthen the 

binding. Interestingly, HIF1 interacts with wild type p53 but not to the tumor derived mutant p53 

(An, Kanekal et al. 1998). This finding seems to suggest that the HIF1- p53 interaction may be 

mediated by the p53 ubiquitin ligase mdm2 (Chen, Li et al. 2003). Mdm2 is a E3 ubiquitin ligase 

that regulates both p53 degradation and nuclear export of p53 through ubiquitination (Haupt, Maya 

et al. 1997). Wildtype p53, but not the tumor-derived p53, is capable of induction of endogenous 

mdmd2. Thus, because of the lack of function of tumor p53, HIF1 would fail to interact with p53 

due to the low levels of mdm2 in cells. Although the exact mechanism has not been elucidated yet, 

several studies have highlighted the key role of HIF1 in the regulation of p53-mdm2 signaling 

during hypoxia (An, Kanekal et al. 1998, Koumenis, Alarcon et al. 2001, Chen, Li et al. 2003) . 

Another mechanism to induce cell death involves the upregulation of proapoptotic proteins such 

as BNIP3, Nix and Noxa after a chronic hypoxia condition (Halterman and Federoff 1999, Bruick 
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2000, Kothari, Cizeau et al. 2003, Mellor and Harris 2007). The most investigated apoptotic 

effector in hypoxia/ischemia studies is BNIP3. BNIP3 may activate apoptotic, autophagic, or 

necrotic pathways (Kubli, Ycaza et al. 2007, Burton, Eisenstat et al. 2009). However, their 

overexpression has been shown to be necessary but not sufficient to mediate death. The addition 

of a secondary event such oxidative stress or acidosis, would potentiate HIF1-induced oxidative 

death (Aminova, Siddiq et al. 2008, Chen, Ostrowski et al. 2010). In the case of BNIP3, an acidic 

pH seems to protect the protein from protease degradation (Lee, Kubli et al. 2015). Oxidative stress 

instead, seems to favor the dimerization of BNIP3 allowing its migration to the mitochondria 

where it triggers cell death by membrane depolarization and mitochondrial pore opening (Kubli, 

Quinsay et al. 2008).  

Cerebral ischemia initiates inflammation which contributes to aggravate the pathogenesis. 

HIF1 target gene inducible Nitric Oxide Synthase (iNOS) showed a key role in mediating the 

inflammatory events during cerebral ischemia (Jung, Palmer et al. 2000). Expression of iNOS was 

increased in post-ischemic brain after transient focal ischemia contributing to the ischemic brain 

damage (Iadecola, Zhang et al. 1996). Treatment with isoflavonoid shortly before induction of 

middle cerebral artery occlusion (MCAO) in rats, attenuated focal cerebral ischemia and reduced 

infarct size. Interestingly, the compounds significantly decrease the expression of HIF1, iNOS, 

caspase 3 and necrosis factor- (TNF-) in ischemic regions (Chang, Hsieh et al. 2009). In 

addition, HIF1 regulates several pro-inflammatory cytokines during ischemic stroke. Among 

them, human monocyte chemoattractant protein 1 (MCP1/CCL2) and murine monocyte 

chemoattractant protein 5 (MCP5/Ccl12) are potent chemokines produced by astrocytes during 

hypoxia. In human and murine astrocytes, Petrovic et al. showed the presence of HIF1-binding 

sites on MCP1 and MCP5 promoter regions adding them to the HIF1 target genes (Mojsilovic-
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Petrovic, Callaghan et al. 2007). MCP1 and MCP5 induce transmigration of 

monocytes/macrophages across the BBB to reach the inflammatory sites within the brain 

(Feuerstein, Wang et al. 1998).  

 

2.1.5 BNIP3 regulation  

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) is a 194 amino acid 

protein constituted by four domains. The N- terminal proline (P), glutamic acid (E), serine (S), 

threonine (T), aspartic acid (D) domain known as PEST involved in BNIP3 degradation, the BH3 

domain, a conserved domain and the carboxy-terminal transmembrane (TM) domain that allows 

BNIP3 migration to the mitochondria (Vasagiri and Kutala 2014). Unlike the other members, 

BNIP3 does not require its BH3 domain for dimerization or the involvement of Bcl-2 proteins for 

its pro-death activity (Ray, Chen et al. 2000). The TM domain is of particular importance for 

BNIP3 pro-apoptotic function since it allows BNIP3 binding to mitochondrial membrane. The 

GXXXG motif (a tandem AXXXG ‘‘glycine zipper’’ motif Ala 176, Gly 180, and Gly 184) within 

TM domain is essential for BNIP3 dimerization (Sulistijo and MacKenzie 2006). Sulistijo et al. 

showed that residues Ser 172 and His 173 are essential for the electrostatic interactions that 

regulate dimer formation and its stability (Sulistijo, Jaszewski et al. 2003, Sulistijo and MacKenzie 

2006).  Since its overexpression induces cell death, BNIP3 expression is tightly regulated. BNIP3 

is mostly activated by HIF1 due to the presence of a HRE motif on its promoter (Kothari, Cizeau 

et al. 2003). Glucocorticoids and nitric oxide have also been described as BNIP3 induced stimuli 

in neurons and macrophages, respectively (Yook, Kang et al. 2004, Sandau and Handa 2007). On 

the other hand, excessive hypoxia-induced cell death by BNIP3 may be attenuated by 

Retinoblastoma protein (Rb) or Nuclear Factor kappa-light-chain-enhancer of activated B cells 
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(NFkB) signaling (Baetz, Regula et al. 2005, Tracy, Dibling et al. 2007). In normal tissues and 

non-hypoxic cells BNIP3 is detectable in the cytosol. However, its cellular localization may 

change with the effect of preventing or inducing cell death. Nuclear localization of BNIP3 

correlates with a pro-survival response probably via transcriptional repression of the apoptosis 

inducing factor (AIF) gene (Burton, Eisenstat et al. 2009, Burton and Gibson 2009, Burton, Henson 

et al. 2013). This scenario has been reported in solid tumors, in particular glioblastoma, where high 

levels of BNIP3 have been detected in viable cells within hypoxic region suggesting its 

contribution to cell survival (Giatromanolaki, Koukourakis et al. 2004, Burton, Eisenstat et al. 

2009). On the contrary, apoptosis is triggered by BNIP3 localization to the mitochondria. Here, by 

opening the permeability transition pore, the protein in its dimeric form triggers loss of 

mitochondrial membrane potential (MMP) as well as increase reactive oxygen species production, 

eventually leading to apoptosis (Zhang, Yang et al. 2007, Burton and Gibson 2009).   

Previous studies analyzing the HIF1-BNIP3 signaling, reported that the BNIP3 pro-death 

function could be achieved only with a secondary event identified with oxidative stress (Aminova, 

Siddiq et al. 2008). Lee et al. examined the difference sensibility to BNIP3 mediated death between 

of young and adult cardiomyocytes (Lee, Kubli et al. 2015). After hypoxia, adult myocytes were 

more protected from BNIP3 toxicity due to a higher presence of antioxidant enzyme manganese 

superoxide dismutase. Overexpression of BNIP3 alone was not sufficient to induce toxicity but 

addition of oxidants stimuli caused MMP disruption and apoptosis. Kubli et al. suggested the role 

of BNIP3 as oxidative stress sensor during myocardial ischemia and reperfusion (I/R) (Kubli, 

Quinsay et al. 2008). The group showed that BNIP3 exist in an inactive state in adult myocyte and 

increase in ROS during I/R would promote its activation by targeting the serine 64 residue on the 
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N-terminal domain. This conserved residue is a known activation switch for BCL2 family proteins 

and would promote dimerization by disulfide bonding.   

In alternative, BNIP3 localization to mitochondria has also been correlated with autophagy 

and mitochondrial degradation (Tracy, Dibling et al. 2007). Depending on the cell type, BNIP3 

induced cell death may involve or not caspase activation. In particular, a caspase-independent 

mechanism has been proposed in neurons after hypoxia (Zhang, Yang et al. 2007). According to 

the study, during neuronal apoptosis BNIP3 would trigger the release of endonuclease G (EndoG) 

from the mitochondria but not cytochrome c. Once released, EndoG migrates to the nucleus 

allowing the caspase-independent cleavage of chromatin into nucleosomal fragment. 

 

2.1.6 Rationale and Goal  

The purpose of the work presented in this chapter is to elucidate the molecular mechanism 

regulating TI - induced neurotoxicity. Our hypothesis is that TI-induced HIF1 stabilization will 

activate BNIP3 expression leading to apoptosis.  

Upregulation of proapoptotic protein BNIP3 has been described in our previous study with 

astrocytes exposed to TI (Zera and Zastre 2017) together with hypoxia and early AD stage models 

(Halterman and Federoff 1999, Bruick 2000, Kothari, Cizeau et al. 2003, Mellor and Harris 2007, 

Zhang, Yang et al. 2007, Ułamek-Kozioł, Czuczwar et al. 2019).  In rat cortical neurons exposed 

to amyloid protein fragments, Zhang et al. showed that BNIP3 had a key role in mediating the 

amyloid- induced oxidative stress (Zhang, Zhang et al. 2007). Also, in an early AD stage model, 

death of pyramidal neurons in the hippocampal region of CA3 was dependent on BNIP3, Beclin 

and Caspase-3 overexpression (Ułamek-Kozioł, Czuczwar et al. 2019). BNIP3 pro-apoptotic 
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activation can be achieved only with a secondary event, identified with oxidative stress (Kubli, 

Ycaza et al. 2007, Aminova, Siddiq et al. 2008).  

The importance of oxidative stress in BNIP3 induced cell death represents an interesting 

connection with TI mediated toxicity. Increase in oxidative stress is a well-established TI 

consequence due to the mitochondrial dysfunction (Calingasan, Chun et al. 1999, Sharma, Bist et 

al. 2013, Liu, Ke et al. 2017). In primary cultures of rat cerebellar granule cells exposed to TI, 

supplementation of vitamin E as antioxidants resulted in neuroprotection (Todd and Butterworth 

1998, Pannunzio, Hazell et al. 2000). Treatment of TD rats with the antioxidant N-acetylcysteine 

resulted in a decreased EAAT2 downregulation in the medial thalamus, and reduction in astrocytes 

and neuronal loss (Beauchesne, Desjardins et al. 2010, Hazell, Sheedy et al. 2010). These findings 

suggest a key role for ROS in induced neuronal death during thiamine depletion. 

Therefore, we hypothesize that neurotoxicity during TI is mediated by HIF-BNIP3 

activation in presence of oxidative stress. 
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2.2 Materials and Methods  

2.2.1 Reagents  

Cell culture reagents including RPMI 1640 media, penicillin/streptomycin, and 

trypsin/EDTA were purchased from Corning (Manassas, VA). Fetal bovine serum (FBS) was 

obtained from Sigma Aldrich (St. Louis, MO). Thiamine deficient RPMI was custom formulated 

by United States Biological (Salem, MA). Cell culture treated flasks and dishes were purchased 

from Greiner Bio-One (Monroe, NC). Chemicals including Dimethyloxallyl Glycine (DMOG), 

pyrithiamine hydrobromide (PT) and ethyl pyruvate (EP) were purchased from Sigma Aldrich (St. 

Louis, MO). YC1 (3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole) was purchased from Tocris 

(Minneapolis, MN) and Octyl--ketoglutarate (Octyl-KG) from Cayman Chemical (Ann Arbor, 

MI).  

 

2.2.2 Cell culture treatments 

HT22 murine hippocampal cells were a kind gift from Dr. William Hill (Augusta 

University, GA). Cells were cultured in RPMI 1640 supplemented with 1% 

penicillin/streptomycin and 10% fetal bovine serum at 37°C with 5% CO2. HT22 were plated on 

100-mm culture dishes at a density of 10,000 cell/cm2 and let to attach overnight. The next day 

medium was removed, and treatments were started. Control cells were maintained in regular RPMI 

1640 media containing 3 μM thiamine for the duration of all treatments. For all treatments, media 

was changed every 24 h. To induce thiamine insufficiency, custom formulated thiamine deficient 

RPMI 1640 (TD-RPMI) containing 10 nanoM thiamine was utilized. TD-RPMI was supplemented 

with 10% FBS and 1% penicillin/streptomycin with the addition of 10 μM of the thiamine 

antagonist Pyrithiamine hydrobromide (PT) for 72 h. This protocol was previously used to induce 
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TI in primary astrocytes (Zera and Zastre 2017). In addition, other PT concentrations were also 

tested (Supplemental Figure 2.S.1). To confirm that the HIF1α activation was due to the induction 

of TI and not to a non-specific PT effect, cells were also treated with the thiamine transporter 

inhibitor amprolium  (Moraes, Rodrigues et al. 2018). Pharmacological inhibition of HIF was 

achieved by supplementation of the HIF1α inhibitor YC1 (Kim, Yeo et al. 2006) . After a 24 h 

pre-treatment with a 20 μM dose, 10 μM of YC1 was added for 3 days with or without PT. This 

protocol was previously described to attenuate HIF1α signaling in primary astrocytes (Zera and 

Zastre 2017). To restore Prolyl Hydroxylase (PHDs) activity, HT22 were treated with 2 mM Octyl-

KG (MacKenzie, Selak et al. 2007). 10 μM PT was added after 24 h of pretreatment with Octyl-

KG. To investigate the role of pyruvate in PHDs inhibition, 1 mM of EP was added to HT22 as 

previously described (Kim, Choi et al. 2010). To limit pyruvate accumulation during PT treatment, 

an inhibitor of pyruvate kinase (NCGC00188636) was used as previously described (Zera and 

Zastre 2018). Cells were treated with 50 μM of pyruvate kinase inhibitor (PKI) for 3 days with or 

without 10 μM PT (Supplemental Figure 2.S2). As positive control for HIF stabilization, HT22 

were treated with 150 μM of Dimethyloxallyl Glycine (DMOG), a known PHD pan inhibitor 

(Wall, Corcoran et al. 2014) . 

 

2.2.3 qRT-PCR 

Gene expression was assessed using quantitative real time PCR analysis. RNA was 

extracted using the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek, Norcross, GA) following the 

manufacturer’s instructions. RNA was quantified using a Nanodrop 2000c Spectrophotometer 

(Thermo Scientific), and 1 μg was reverse transcribed to cDNA with the qScript cDNA Synthesis 

Kit (Quanta BioSciences) following the manufacturer’s instructions. Changes in gene expression 
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of HIF1, BACE1, LDHA and BNIP3 were evaluated using a LightCycler 480 II (Roche Applied 

Science, Indianapolis, IN) and calculated by the 2-ΔΔCt method. Gene specific primers were 

designed through the Roche Universal Probe Library website to correspond with a specific 

fluorescein-labeled hydrolysis probe. The actin reference assay kit supplied by Roche Applied 

Science was used as housekeeping gene. 

 

Table 2.2. Mouse RT-PCR Primers. Primer sequences and probes from Roche Universal 

Probe Library used for RT-PCR analysis in HT22 cells. 

       Gene         Primer sequence Probe 

HIF1 
F: 5’-gcactagacaaagttcacctgaga-3’ 

R: 5’-cgctatccacatcaaagcaa-3’ 
# 95 

LDHA 
F: 5’-ggcactgacgcagacaag-3’ 

R: 5’ -tgatcacctcgtaggcactg-3’ 
# 12 

BNIP3 
F: 5’-cctgtcgcagttgggttc-3’ 

R: 5’-gaagtgcagttctacccaggag-3’ 
# 52 

 

2.2.4 Assessment of protein expression 

After treatments, HT22 were harvested as whole cell lysates (WCL) or nuclear extracts for 

Western blot analysis as previously described (Sweet, Paul et al. 2010) . Briefly, 50 μM of WCL 

or 25 μM of nuclear lysate was resolved via electrophoresis using an 8% SDS-PAGE for APP 

detection and 10% SDS-PAGE gels for all other proteins. After transfer, polyvinylidene difluoride 

membranes were blocked in 3% non-fat milk in tris buffered saline-tween 20 (TBS-T) for 1 h at 

room temperature (RT). Membranes were immunoblotted for HIF1α (GTX127309, Genetex), 

LDHA (GTX101416, Genetex), BNIP3 (ab38621, Abcam), EndoG (#22148-1-AP, Proteintech), 

-actin (#A2228, Sigma), Beclin (#3495S, Cell Signaling), LC3BI (#AB48394, Abcam), p84 



 

54 

(GTX70220, Genetex), TPK1 (GTX103943, Genetex), PDH (GTX104015, Genetex) and 

Hydroxy-HIF1 Pro564 (#3434, Cell Signaling) at 4°C for 15 h. Subsequently, blots were washed 

3 times each for 10 min in TBS-T, and then immunoblotted with 1:20,000 goat anti-mouse or goat 

anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Millipore, Billerica, 

MA) for 1 h at RT. Blots were visualized using Supersignal West Pico (Thermo Scientific, 

Rockford, IL) and captured with a Fluorchem HD2 digital imager (Alpha Innotech, San Leandro, 

CA). Densitometry relative to actin was performed using Image J software on at least n=3 

independent experiments. 

 

2.2.5 shRNA Transduction 

HT22 cells were seeded on a 96-well plate at 20,000 cells/mL and cultured in regular RPMI 

until 70% of confluency was reached. At this point 8 μg /ml of Hexadimethrine bromide (H9268-

5G) and MISSION lentiviral particles targeting HIF1 (CSTVRS, NM_01043.1, 1864s21c1, 

TRCN0000232222) or BNIP3 (CSTVRS, NM_009760.2, 524s1c1, TRCN0000009691) were 

added at a multiplicity of infection (MOI) of 2. As scramble control, non-Mammalian shRNA 

Control Transduction Particles (SHC002V-1EA, #090919303MN) were added at the same MOI. 

After 24 h of incubation, media was switched to RPMI containing 1.5 μg/ml puromycin for 

selection. Transfection with shRNA vector to knockdown HIF1 (shHIF1) or BNIP3 (shBNIP3) 

resulted in approximately 90% decrease in HIF1 and BNIP3 mRNA (Figure 2.4). 

 

2.2.6 MTT assay 

Changes in cell viability were determined via MTT assay. HT22 were seeded at a density 

of 1,000 cells/cm2 in 96-well plates and left 24 h in regular RPMI 1640 to attach. Cells were then 
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treated with PT (0.1 M to 100 M) or EP (0.1 mM to 100 mM). In addition, the effect of YC1, 

octyl-KG, glutamate, Mitoquinol (MQ) and N-acetyl cysteine (NAC) on cell viability was also 

evaluated. After 72 h, 0.5 mg/ml of 3-(4,5-dimethythiazol2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) reagent (5 mg/ml, # 475989, Calbiochem) were added to each well and incubated for 3.5 h 

at 37˚C. Then the solution was aspirated, and the adherent cells with formazan crystals were 

dissolved with 150 µl dimethyl sulfoxide for 15 min on a shaker. The absorbance was read at 590 

nm using a SpectraMax M2 spectrophotometer (Molecular Devices; Sunnyvale, CA). Values were 

normalized to the untreated control. 

 

2.2.7 Mitochondrial isolation 

Mitochondrial fraction was obtained by differential centrifugation. HT22 were grown in 

125-mm dishes with 10 M PT, 1 mM EP or regular RPMI for 72 h. Cells were then harvested 

with trypsin/EDTA. After centrifugation, each pellet was resuspended in 1 ml of mitochondria 

isolation buffer (200 mM mannitol, 100 mM sucrose, 10 mM HEPES, 1 mM EGTA, 5 mM MgCl2, 

pH 7.4) containing protease and phosphatase inhibitors as described (Pfeiffer, Jaeckel et al. 2014). 

Cell pellets were disrupted with Dounce homogenizer and centrifuged at 1,000 x g for 10 min. 

Mitochondria pellets were isolated from the post-nuclear supernatants via centrifugation at 16,000 

x g for 30 min and resuspended in mitochondrial isolation buffer. All steps were performed at 4˚C.  

 

2.2.8 Changes in Mitochondrial Membrane Potential  

The potentiometric dye tetramethylrhodamine methyl ester (TMRM) (Sigma Aldrich, St. 

Louis, MO) was used to assess changes in mitochondrial membrane potential (MMP) as previously 

described (Hanberry, Berger et al. 2014) . HT22 were seeded at a density of 1,000 cells/cm2 in 96-
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well plates and left 24 h in regular RPMI 1640 to attach. Cells were then treated with increasing 

PT doses from 0.1 M to 100 M. After 72 h, 50 nanoM of TMRM was added to each well and 

incubated at 37°C for 30 min. The media was then aspirated, and wells washed twice with 37°C 

PBS to remove any residual dye. Fluorescence was measured at Ex/Em=550/575 nm using a 

SpectraMax M2 spectrophotometer (Molecular Devices; Sunnyvale, CA). Data was normalized to 

untreated control.  

 

2.2.9 Cellular DNA Fragmentation  

Cell apoptosis was measured using the cellular DNA fragmentation ELISA kit 

(#11585045001, Roche Applied Sciences) according to the manufacturer's protocol. HT22 were 

grown in regular 1640 RPMI or treated with 10 M PT or 1 mM EP. After 72 h, 105 cells/mL were 

metabolically prelabeled with 10 M BrdU for 16 h. After which, BrdU-labeled cells were lysed 

and incubated on a 96-well plate coated with anti-DNA solution for 90 min at RT. The DNA was 

then fixed and denatured by microwave irradiation for 5 min. After washes, samples were 

incubated with an anti-BrdU-Peroxidase conjugate solution at RT for 90 min. The substrate 

solution was then added, and the plate was incubated for 5 min in the dark with gentle shaking. 

Following color development, stop solution was added and the absorbance was measured at 450 

nm using a SpectraMax M2 spectrophotometer (Molecular Devices; Sunnyvale, CA). Cellular 

DNA fragmentation was calculated as the fold change compared to untreated control.  

 

2.2.10 Oxidative Stress Detection 

Intracellular levels of reactive oxygen species (ROS) were determined by the free radical 

sensor CM-H2DCFDA according to the manufacturer’s protocol (Invitrogen, Eugene, OR). HT22 
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cells were seeded at 20,000 cells/cm2 into a 6 well plate and let attach for 15 h. Once attached, 

cells were treated with the antioxidants 100 μM NAC and 1 μM MitoQ for 72 h. 25 μM Antimycin 

A (AA) was used as oxidant. Cells were harvested with trypsin/EDTA, briefly centrifuged, and 

resuspended in 37°C PBS containing 5 μM CM-H2DCFDA for 30 min at 37° C. Subsequently, 

the probe was removed, cells were washed with PBS and fluorescence was read at Ex/Em= 

495/520 nm using a SpectraMax M2 spectrophotometer (Molecular Devices; Sunnyvale, CA). 

RFU values were further normalized by total protein.  

 

2.2.11 Statistical Analysis 

All experiments were performed with a minimum of three independent experiments unless 

otherwise stated. Statistical significance was evaluated between groups using either Student’s t-

test or one-way ANOVA analysis of variance with Tukey’s post hoc test with a significance level 

of p<0.05 using GraphPad Prism 9 ® (GraphPad Software; La Jolla, CA). 
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2.3 Results  

2.3.1 Thiamine insufficiency stabilizes and activates HIF1a in HT22.  

Treatment with 10 M PT for 3 days resulted in HIF1α stabilization and increase in HIF1α 

and LDHA expression that was significantly attenuated by shHIF1α knockdown (Figure 2.2A). 

HIF1α nuclear migration with PT treatment was also significantly reduced by shHIF1α knockdown 

(Figures 2.2C). Additionally, the HIF1α inhibitor YC1 also attenuated HIF1α stabilization and 

LDHA expression with PT (Figures 2.2B) and significantly reduced HIF1α nuclear migration 

(Figures 2.2D). No change in HIF2α stabilization was observed with PT treatment (Figure 2.2E). 

HIF1 stabilization was also achieved with amprolium supplementation (Figure 2.2F). 

 

2.3.2 Role of Prolyl Hydroxylases (PHDs) in HIF1 stabilization during TI. 

PHDs are the main enzymes regulating HIF1. HIF1 hydroxylation on proline 564 by 

PHDs directs HIF1 to proteasome-mediated degradation. Supplementation of the PHDs cofactors 

octyl-KG and ascorbate significantly reduced HIF1α stabilization with PT treatment and limited 

the expression of LDHA (Figures 2.3A and 2.3B). Octyl-KG and ascorbate treatments also 

attenuated PT induced HIF1α nuclear migration (Figures 2.3C and 2.3D). No change in the PHDs 

substrate ATF4 expression during TI was detected (Figure 2.3E).  Supplementation of Octyl-KG 

significantly increased HIF1 hydroxylation on Proline 564 compared to PT (Figure 2.3F).  

 

2.3.3 TI-induced toxicity is triggered by the HIF1a-BNIP3 signaling.  

To establish the involvement of BNIP3 in TI-mediated neurotoxicity, we employed BNIP3 

knockdown. PT supplementation stabilized HIF1 increasing expression of BNIP3 that was 

significantly attenuated with shHIF1 (Figures 2.4A+B). The BNIP3 knock out group showed a 
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significantly less BNIP3 expression after PT treatment compared to control (Figures 2.4C+D). In 

addition, a significant decrease in protein levels and mRNA of BNIP3 was observed when Octyl-

KG (Figures 2.4E) or YC1 were supplemented with PT (Figures 2.4F). MTT assay was used to 

assess changes in HT22 viability after 72 hours of PT treatment. Cell viability was significantly 

reduced after treatment with PT but was ameliorated in shHIF1 and shBNIP3 groups (Figures 

2.4G+H). TI-induced cell toxicity was also significantly attenuated after Octyl-KG and YC1 

treatment (Figures 2.4I+J). 

 

2.3.4 TI induced HIF-BNIP3 toxicity is triggered by oxidative stress. 

Increase in HIF1, LDHA, BACE1 and BNIP3 expression after treatment with 1 mM ethyl 

pyruvate (EP) was attenuated by supplementation of Octyl-KG (Figure 2.5A) and YC1 (Figure 

2.5B). However, 1mM EP did not induced significant toxicity in HT22 and Octyl-KG or YC1 

supplementation did not recover cell viability (Figures 2.5C+D). The increase in cell death induced 

by EP at higher concentration was not mediated by HIF1 or BNIP3 (Figure 2.5E and 

supplemental figure 2S.3). A significant increase in cell toxicity was detected when an oxidant 

stimulus (glutamate) was supplemented to EP (Figure 2.5F). In addition, we found that EP 

treatment did not lead to increase in ROS compared to PT (Figure 2.5G). Supplementation of 

antioxidants Mitoquinol (MQ) or N-acetyl cysteine (NAC) to PT significantly recovered HT22 

viability (Figure 2.5H) without altering HIF1 expression (Figure 2.5I). 

 

2.3.5 BNIP3 potentiates neurotoxicity via MMP impairment and EndoG release. 

By mitochondria lysates, we observed the mitochondrial localization of BNIP3 dimer after 

PT treatment in control but not in shHIF1 or shBNIP3 groups (Figure 2.6A). Supplementation of 
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glutamate to EP significantly induced BNIP3 mitochondrial localization at comparable levels of 

PT (Figure 2.6B). Reduction of oxidative stress by antioxidants supplementation to PT, 

significantly decreased BNIP3 expression in mitochondria (Figure 2.6C). Endo G was detected in 

nuclear lysates after PT treatment suggesting its implication in BNIP3 mediated toxicity (Figure 

2.6D). Impairment of mitochondrial membrane potential (MMP) was not altered in absence of 

HIF1 or BNIP3 while a significant loss of potential was detected during TI in control group 

(Figure 2.6E). Increase in chromatin fragmentation was detected after PT treatment but not EP or 

when HIF1 or BNIP3 were silenced (Figure 2.6F).  
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Figure 2.2. HIF1 activation in HT22 after thiamine insufficiency. (A) Representative WB of 

HIF1 and LDHA protein expression in whole cell lysate (WCL) with relative densitometry after 

HIF1 silencing and (B) after YC1 treatment. (C) Representative WB of HIF1 protein expression 

in nuclear lysate after HIF1 silencing with relative densitometry and (D) after YC1 

supplementation. (E) Representative WB of HIF2 in WCL after YC1 supplementation with 

densitometry. (F) Representative WB of HIF1 with densitometry after amprolium treatment (1- 

100 M) for 72 hours. HT22 were treated with 10 M of pyrithiamine (PT) for 3 days. Control 

group was grown in regular RPMI containing 3 M thiamine for 3 days. Actin and p84 were used 

as loading control for WCL and nuclear lysate, respectively.  Scramble control was treated with a 

non-mammalian shRNA. (*) Represents a statistically significant difference with p < 0.05 based 

on the results of a one-way ANOVA with Tukey's Post-hoc test of at least n=3 independent 

replicates. 
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Figure 2.3. Prolyl Hydroxylases regulate HIF1 during TI. (A) Representative WB of HIF1 

and LDHA protein expression in whole cell lysate (WCL) with relative densitometry after 2 mM 

Octyl-KG supplementation and (B) 500 M of ascorbate supplementation. (C) Representative WB 

of HIF1 protein expression in nuclear lysate after Octyl-KG supplementation with relative 

densitometry and after ascorbate (D). (E)Representative WB of ATF4 protein expression in WCL 

with densitometry after Octyl-KG supplementation. (F) Representative WB and densitometry of 

changes in Proline 564 hydroxylation in HIF1 after treatment with DMOG, PT +/- Octyl-KG. 10 

M of MG-132 was used to inhibit proteasome degradation. HT22 were treated with 10 M of 

pyrithiamine (PT) for 3 days. Control group was grown in regular RPMI containing 3 M thiamine 

for 3 days. Actin and p84 were used as loading control for WCL and nuclear lysate, respectively.  

(*) Represents a statistically significant difference with p < 0.05 based on the results of a one-way 

ANOVA with Tukey's Post-hoc test of at least n=3 independent replicates. 
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Figure 2.4 Role of HIF1 and BNIP3 in TI-induced toxicity.  (A) Representative WB of HIF1 

and BNIP3 protein expression in whole cell lysate (WCL) with relative densitometry after 

shHIF transfection and after BNIP3 transfection (C). Knock down validation via Real-time PCR 

of (B) HIF1 and (D) BNIP3 shRNAs. (E) Representative WB of HIF1 and BNIP3 protein 

expression in WCL with relative densitometry and fold change in BNIP3 mRNA after 2 mM Octyl-

KG treatment and 10 M YC1 supplementation (F). Change in cells viability via MTT assay after 

(G) shHIF1 or (H) shBNIP3 transfection, treatment with (I) Octyl-KG or with (J) YC1. HT22 

were treated with 10 M of pyrithiamine (PT) or with different PT doses (0.1 to 100 M) for 3 

days. Control group was grown in regular RPMI containing 3 M thiamine for 3 days. Actin was 

used as loading control for WCL and PCR. Scramble control was treated with a non-mammalian 

shRNA. (*) Represents a statistically significant difference with p < 0.05 based on the results of a 

one-way ANOVA with Tukey's Post-hoc test of at least n=3 independent replicates. 
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Figure 2.5. BNIP3 toxicity is induced by oxidative stress during TI. (A) Representative WB of 

HIF1, LDHA and BNIP3 protein expression in whole cell lysate (WCL) with relative 

densitometry after 2 mM Octyl-KG treatment and after 10 M YC1 treatment (B). Change in cells 

viability via MTT assay after (C) Octyl-KG, (D) YC1 treatment, (E) shBNIP3 transfection or (F) 

0.5 mM glutamate supplementation to EP. (G) Fold change in ROS production via CM-H2DCFDA 

dye. Fluorescence values were normalized to mg of protein. (H) Change in cell viability via MTT 

assay after treatment with 1 M Mitoquinone (MQ) and 100 M N-acetyl cysteine (NAC). (I) 

representative WB of HIF1 protein expression in WCL with densitometry after MQ or NAC 

treatment +/- PT. HT22 were treated with 1 mM of EP or 10 M PT or with different EP (0.1 to 

100 mM) or PT doses (0.1 to 100 M) for 3 days. Actin was used as loading control for WCL and 

PCR. Scramble control was treated with a non-mammalian shRNA (*) Represents a statistically 

significant difference with p < 0.05 based on the results of a one-way ANOVA with Tukey's Post-

hoc test of at least n=3 independent replicates. 
  

0.01 0.1 1 10 100 1000
0

20

40

60

80

100

C
e

ll
 V

ia
b

il
it

y
 (

%
)

Scramble

Scramble + Octyl-KG

EP (mM)

0.01 0.1 1 10 100 1000
0

20

40

60

80

100

C
e

ll
 V

ia
b

il
it

y
 (

%
)

Scramble

Scramble + YC1

EP (1 mM)
0.01 0.1 1 10 100 1000
0

20

40

60

80

100

C
e

ll
 V

ia
b

il
it

y
 (

%
)

Scramble

ShHIF1α

ShBNIP3

EP (mM)

0.01 0.1 1 10 100 1000
0

20

40

60

80

100

C
e

ll
 V

ia
b

il
it

y
 (

%
)

Scramble

Scramble + glu

*
*
*

*

EP (mM)

CTL NAC MQ PT NAC MQ EP AA
0.0

0.5

1.0

1.5

2.0

2.5

F
o

ld
 C

h
a

n
g

e
 i

n
 R

O
S

(R
F

U
/m

g
 p

ro
te

in
)

 PT     -        -         -          -

**

 +        +         -         -

0.01 0.1 1 10 100 1000
0

20

40

60

80

100

C
e

ll
 V

ia
b

il
it

y
 (

%
)

Scramble

Scramble + NAC

Scramble + MQ

**

PT (μM)

CTL MQ NAC PT MQ NAC
0

1

2

3

4

F
o

ld
 C

h
a

n
g

e
 i

n
 H

IF
1
α

 P
ro

te
in

 PT      -             -              -             +             +             +

*

A

C D E

G H
F

- + - +
0

1

2

3

F
o

ld
 C

h
a

n
g

e
 i

n
 H

IF
1
α

 P
ro

te
in **

Octyl-KG

Control 1 mM EP

- + - +
0.0

0.5

1.0

1.5

2.0

2.5

F
o

ld
 C

h
a

n
g

e
 i

n
 L

D
H

A
 P

ro
te

in

* *

Control 1 mM EP

Octyl-KG - + - +
0

1

2

3

4

F
o

ld
 C

h
a

n
g

e
 i

n
 B

N
IP

3
 P

ro
te

in

* *

Control 1 mM EP

Octyl-KG - + - +
0

1

2

3

4

5

F
o

ld
 C

h
a

n
g

e
 i

n
 H

IF
1
α

 P
ro

te
in

* *

YC1

Control 1 mM EP

- + - +
0.0

0.5

1.0

1.5

2.0

F
o

ld
 C

h
a

n
g

e
 i

n
 L

D
H

A
 P

ro
te

in

* *

YC1

Control 1 mM EP

- + - +
0.0

0.5

1.0

1.5

2.0

2.5

F
o

ld
 C

h
a

n
g

e
 i

n
 B

N
IP

3
 P

ro
te

in **

YC1

Control 1 mM EP

B

I



 

65 

 

Figure 2.6. BNIP3 potentiates neurotoxicity during TI. (A) Representative WB of dimeric (60 

kDa) BNIP3 protein expression in mitochondrial lysate with relative densitometry in scramble, 

shHIF1 and shBNIP3 groups after PT or EP treatment. (B) Representative WB of dimeric BNIP3 

protein expression in mitochondrial lysate with relative densitometry in HT22 treated with 1 M 

Mitoquinone (MQ) and 100 M N-acetyl cysteine (NAC) +/- PT. (C) Representative WB of 

dimeric BNIP3 protein expression in mitochondrial lysate with relative densitometry in HT22 

treated with 0.5 mM glutamate (Glu) +/-  EP. (D) Representative WB of Endonuclease G (EndoG) 

protein expression in nuclear lysate with relative densitometry in scramble, shHIF1a and shBNIP3 

groups after PT or EP treatment. (E) Change in mitochondrial membrane potential was assessed 

via TMRM dye shHIF1a and shBNIP3 groups after PT treatment. (F) A BrdU based ELISA assay 

was used for chromatin fragmentation detection in shHIF1 and shBNIP3 groups after PT or EP 

treatment. Actin and p84 were used as loading control for WCL and nuclear lysate, respectively. 

TPK1 was used as cytosolic control while PDH was used as mitochondrial control. A WCL from 

control group was used as WCL control for mitochondrial lysates. Scramble control was treated 

with a non-mammalian shRNA. (*) Represents a statistically significant difference with p < 0.05 

based on the results of a one-way ANOVA with Tukey's Post-hoc test of at least n=3 independent 

replicates. 
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2.4 Discussion  

Mitochondrial dysfunction is a common feature of TI and neurodegeneration onset 

resulting in impairment in cerebral energy metabolism (Karuppagounder, Xu et al. 2009, Abdou 

and Hazell 2015). During chronic TI, prolonged reduction in the activity of the mitochondrial 

thiamine dependent enzyme KGDH leads to TCA cycle impairment, increase in lactic acidosis and 

excitotoxicity. Diminished thiamine-dependent enzymes’ activity mainly impairs glucose 

metabolism and mitochondrial function leading eventually to neuronal death (Calingasan, Gandy 

et al. 1996, Karuppagounder, Xu et al. 2009). Compromised mitochondrial activity increases ROS 

production and oxidative stress that contribute to inflammation and neuronal death. Induction of 

TI in adult male C57BL/6N mice resulted in severe neuronal loss (90%) after 10-11 days 

accompanied by microglia activation. Thiamine supplementation seems to attenuate the 

neurotoxicity at early time points (until day 8) but was ineffective in the last part of the study (day 

10-11) (Ke, Degiorgio et al. 2003). In order to explain the TI-induced neurotoxicity, changes in 

oxidative metabolism due to thiamine depletion, increase in oxidative stress and activation of 

caspase 3 or Jnk Kinase were considered (Wang, Hua et al. 2000, Gibson and Zhang 2002, Ke, 

Degiorgio et al. 2003, Karuppagounder, Xu et al. 2009). However, the molecular mechanism has 

not been described yet.  

Here, we showed for the first time that the HIF-BNIP3 signaling may regulate TI-induced 

neurotoxicity. Our group has previously reported that TI is able to stabilize HIF1 expression and 

activity in different cell lines (Sweet, Paul et al. 2010, Zastre, Hanberry et al. 2013, Zera and Zastre 

2017, Zera and Zastre 2018). Here, we observed that the stabilization and activity of HIF1 was 

increased after TI in neuronal hippocampal cells. In support of our findings, HIF1α inhibition via 

knock down and YC1 supplementation decreased HIF1 expression and nuclear migration (Figure 
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2.2). We did not detect any change in expression in HIF2. In addition, we treated HT22 with 

another chemical known to induce TI, amprolium. Amprolium inhibits thiamine transport within 

the cell but does not affect TPK1 activity. Treatment with amprolium resulted in HIF1 

stabilization in HT22 thus confirming that HIF activation was mediated by TI and not due to any 

PT off-target effects. 

The decrease in HIF1 expression after octyl-KG and ascorbate supplementation 

suggested the involvement of Prolyl Hydroxylases (PHDs) in HIF1 regulation during TI (Figure 

2.3). This hypothesis was further supported by the increase in HIF1 hydroxylation in Proline 564 

after octyl-KG supplementation to PT. The hydroxylation was at a comparable level to the pan-

PHDs inhibitor DMOG. Although further work will be required to clarify PHDs regulation during 

TI, their involvement may suggest a connection with the Nuclear Factor-kB (NFkB) pathway. The 

NFkB regulatory kinases IKK and IKK contain the LXXLAP motif recognized by PHDs, 

adjacent to key phosphorylation sites in the activation loop (Strowitzki, Cummins et al. 2019) . 

Thus, TI may modulate a pro-inflammatory NFkB mediated response via PHDs. 

Activating transcription factor 4 (ATF4) represents another transcription factor that is 

among the PHDs target genes. ATF4 is a transcription factor induced under severe hypoxia and 

mitochondrial stress state in cancer and mammalian cell lines (Ye and Koumenis 2009, Rzymski, 

Milani et al. 2010, Quirós, Prado et al. 2017). ATF4 expression did not change during TI 

suggesting that ATF4 is not involved in TI response.  

Previous hypoxia studies have highlighted the central role of BNIP3 as pro-apoptotic 

inducer among BH3 -only proteins within the Bcl2 family (Mellor and Harris 2007, Burton and 

Gibson 2009). Here, we found that silencing of BNIP3 had beneficial effects on neuronal viability 

at comparable levels of HIF1α silencing (Figure 2.4). This suggests the involvement of BNIP3 as 
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pro-apoptotic downstream mediator of the TI-induced HIF1α signaling. To exclude the possibility 

of off-target PT effects, we decided to recreate the metabolic change mediated by TI by 

supplementing cells with pyruvate. Findings from our and other groups, suggest the role of the 

intermediate pyruvate in TI driven metabolic HIF1α stabilization (Lu, Dalgard et al. 2005, Zera 

and Zastre 2018) (Supplemental figure 2.S2) Addition of the more permeable pyruvate analogue, 

ethyl pyruvate resulted in HIF1α stabilization and activation of BNIP3, comparable to TI. 

Interestingly, ethyl pyruvate alone did not cause any significant change in cell viability 

independently from Octyl-KG and YC1 supplementation. Concentrations of ethyl pyruvate higher 

than 1 mM caused cell death due to the high toxicity of the chemical that was not correlated with 

HIF1α (Figure 2.5).  

These results suggested that pyruvate was only able to increase BNIP3 expression without 

triggering its activation. Previous studies analyzing the HIF-BNIP3 signaling, reported that the 

BNIP3 pro-death function could be achieved only with a secondary event identified with oxidative 

stress (Kubli, Quinsay et al. 2008, Lee, Kubli et al. 2015).  Hypoxia studies on cardiomyocytes 

have established that BNIP3 exists in an inactive state within the cytoplasm until an increase in 

ROS promote its activation by targeting the serine 64 residue on the N-terminal domain. This 

conserved residue is a known activation switch for BCL2 family proteins and would promote 

dimerization by disulfide bonding (Kubli, Quinsay et al. 2008). We observed an increased ROS 

levels in our neuronal model after PT but not pyruvate supplementation. Antioxidants were 

beneficial for neuronal viability but did not affect HIF1 expression during TI excluding their 

involvement in HIF1 stabilization (Figure 2.6). In congruency with previous BNIP3 studies 

(Zhang, Yang et al. 2007, Burton and Gibson 2009), we detected dimeric BNIP3 within the 

mitochondria, nuclear EndoG, loss of MPP and chromatin fragmentation only during PT treatment. 
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No significant change was seen when HIF1 or BNIP3 were silenced or when pyruvate was 

supplemented. Addition of glutamate as oxidant stimulus to ethyl pyruvate induced BNIP3 

mitochondrial localization. Antioxidants addition to PT decreased mitochondrial BNIP3 levels. 

These findings further highlighted the involvement of a secondary event to trigger BNIP3 induced 

cell death during TI. 

The pro-apoptotic nature of HIF1α response after TI in neurons correlates with our 

previous work conducted in astrocytes and to other chronic hypoxia/ischemia studies (Helton, Cui 

et al. 2005, Baranova, Miranda et al. 2007, Hu, Wei et al. 2011, Filippi, Morena et al. 2014, Jian, 

Shi et al. 2015, Zera and Zastre 2017, Zhang, Yao et al. 2018).  As described at the beginning of 

this chapter, HIF1 mediated apoptosis may be mediated by p53-dependent signaling. Although 

not described in this study, we have previously investigated changes in p53 expression in 

astrocytes and neuroblastoma cells during TI. In both cases, p53 seems not to be involved in TI-

induced apoptosis (unpublished data). Studies from other groups have reported that thiamine and 

TPP inhibit p53 DNA binding and reduce p53 expression and p53 intracellular activity in breast 

cancer cells and in diabetic retinopathy. (McLure, Takagi et al. 2004, Yang, Ge et al. 2004). Thus, 

more work needs to be conducted to clarify if p53 signaling is involved in TI mediated toxicity.   

BNIP3 localization in the mitochondrial compartment has been associated with autophagy. 

Depending on the circumstances, autophagy can be protective or detrimental for cells (Maiuri, 

Zalckvar et al. 2007). BNIP3 would induce an autophagic response via liberation of the autophagy 

effector protein, Beclin1, from an inhibitory complex with Bcl-2 or via inhibition of the mTOR-

activating GTPase (Dorn 2010, Quinsay, Thomas et al. 2010). To investigate if autophagy was 

induced during TI, we looked at change in expression of Beclin and the autophagy marker LC3BI 

proteins in presence of PT. TI or silencing of HIF1a and BNIP3 did not induce any significant 
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change in Beclin or LC3BI levels in HT22 (Supplemental figure 2.S4). However, TI studies 

conducted in vitro and in vivo showed that a protective autophagic response occurs during TI 

induced neurodegeneration (Meng, Yong et al. 2013). The authors suggest that TI may activate 

autophagy via oxidative stress, ER stress or via mTOR and AMPK pathways (Meng, Yong et al. 

2013, Liu, Ke et al. 2017). Therefore, further studies are needed to clarify the involvement and 

consequences of autophagy during TI.  

In conclusion, this work demonstrates that the HIF-BNIP3 signaling is involved in TI-

mediated toxicity. Furthermore, oxidative stress has a key role for BNIP3 activation during TI.  

Overall, these findings suggest an important function of TI-induced HIF1 as mediator of a pro-

apoptotic response in neuropathology. 
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2.5 Supplementary Figures 

 

Supplemental Figure 2S.1 PT dose-dependent changes in HIF1 expression. Representative 

WB of HIF1, LDHA, BNIP3 and BACE1 and densitometry of HT22 treated with 1, 10, 50 and 

100 M of PT supplementation for 72 hours. Actin was used as loading control. (*) Represents a 

statistically significant difference with p < 0.05 based on the results of a one-way ANOVA with 

Tukey's Post-hoc test of at least n=3 independent replicates. 
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Supplemental Figure 2S.2.  Pyruvate accumulation stabilizes HIF1 in HT22. MTT assay and 

representative WB of HIF1, LDHA, BNIP3 and BACE1 and densitometry of HT22 treated with 

PT +/- 50 M Pyruvate Kinase Inhibitor (PKI) for 72 hours. Actin was used as loading control. 

(*) Represents a statistically significant difference with p < 0.05 based on the results of a one-way 

ANOVA with Tukey's Post-hoc test of at least n=3 independent replicates. 
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Supplemental Figure 2S.3.  Antioxidant treatment is independent from HIF1 signaling. 

Change in cell viability via MTT assay after treatment with 1 M Mitoquinone (MQ) and 100 

M N-acetyl cysteine (NAC) in ShHIF1 and shBNIP3 groups. (*) Represents a statistically 

significant difference with p < 0.05 based on the results of a one-way ANOVA with Tukey's 

Post-hoc test of at least n=3 independent replicates. 
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Supplemental Figure 2S.4.  BNIP3 does not induce autophagy during TI. Representative WB 

of Beclin and LC3BI with densitometry of scramble, shHIF1 and shBNIP3 groups treated with 

PT for 72 hours. Actin was used as loading control. 500 M of chloroquine (CLQ) for 24 hours 

was used as positive control. (*) Represents a statistically significant difference with p < 0.05 

based on the results of a one-way ANOVA with Tukey's Post-hoc test of at least n=3 independent 

replicates. 
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CHAPTER 3 

THIAMINE- INDUCED HIF1 MEDIATES ALZHEIMER PATHOGENESIS 

IN VITRO AND IN VIVO 2 

2 Valle M.L, Anderson Y., Grimsey N., and Zastre J. 

To be submitted to Journal of Neurochemistry. 
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3.1 Introduction 

Age-dependent decline in thiamine levels has a devastating impact on the brain 

parenchyma. The neurotoxicity promoted by chronic thiamine insufficiency (TI) is a well-

established comorbidity of AD, the most prevalent age-related metabolic neurodegenerative 

disease. Inadequate levels of blood thiamine and derivates highly correlate with senile dementia 

prognosis as predictive peripheral AD biomarker. Impaired activity of thiamine-dependent 

enzymes due to TI, dramatically decreased cerebral metabolism promoting oxidative stress, 

mitochondrial damage, inflammation, and eventually neuronal loss. 

Recently, TI was shown to stabilize HIF1, the major hypoxia inducible transcription 

factor (Sweet and Zastre 2013) . HIF1 mediated pathway may either induce a protective effect 

or a pro-apoptotic response according to the cell type and severity of the insult (Bergeron, Gidday 

et al. 2000, Semenza 2012). In several ischemic/hypoxic models, chronic HIF1α activation was 

associated with neurodegeneration and AD related gene expression (Gibson 1989, de la Monte, 

Neely et al. 2000, Kalaria, Akinyemi et al. 2016, Daulatzai 2017) . HIF1α signaling activates a 

neuropathological cascade involving free radical production, microglial activation, tau 

hyperphosphorylation, plaques deposition with subsequent neuronal loss and memory impairment 

(Aminova, Siddiq et al. 2008, Varela-Nallar, Rojas-Abalos et al. 2014, Zhang, Yang et al. 2014). 

In particular, HIF1 potentiates the amyloidogenic cascade via direct transcriptional activation of 

-secretase (BACE)1 (Li, Zhou et al. 2006, Xue, Jia et al. 2006).  

Thus, HIF1a may be the upstream mediator between TI and AD-like pathology. For the 

purposes of this dissertation, additional background information on HIF1 role in AD and AD 

models has been included in the introduction. 
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3.1.1 Dual HIF1 response in AD 

3.1.1.1 HIF1a protective response 

In congruency with the hypoxia studies, HIF1 can mediate a protective or pro-death 

signaling during AD. A beneficial HIF1 response was detected in primary murine astrocytes after 

amyloid (Aβ1-42) activation (Schubert, Soucek et al. 2009). Astrocytes can be activated by stress 

or pathological conditions leading to a morphological (reactive gliosis) and a functional change in 

which the cells release oxidants and cytokines (Pekny and Nilsson 2005). Treatment with Aβ1-42 

fragments induces astrocytes activation with increase in ROS production. In the model described 

by Schubert et al., the authors speculate that Aβ fragments would impair proteasome activity 

affecting HIF1 stability. The degradation of HIF1 would dramatically impact glycolysis and 

ATP production with a consequent increase in cellular glutamate and oxidative stress within the 

cerebral parenchyma. The supplementation of the iron chelator and PHDs inhibitor DFO induced 

HIF1 stabilization, resulting in cellular protection and reactivation of glycolysis. Interestingly, 

other in vitro and in vivo studies highlighted the beneficial effect of DFO in dementia (Weinreb, 

Amit et al. 2010, Guo, Wang et al. 2013, Guo, Hao et al. 2016). DFO nasal administration to APP 

mice improved cognitive abilities and inhibited amyloid and tangles deposition. The protective 

effect of HIF1 was related to the upregulation of transferrin receptor (TFR), divalent metal 

transporter 1 (DMT1), and brain-derived neurotrophic factor (BDNF) resulting in a reduction in 

iron-overload and cell toxicity (Guo, Zhang et al. 2015).  

Using a gene therapy approach, Chai et al. investigated the HIF1 protective role in vitro 

and in vivo (Chai, Kong et al. 2014). The group chose a recombinant adeno-associated virus 

(rAAV), reconstructed from a non-pathogenic wild-type adeno-associated virus (AAV) carrying 

the human HIF1α gene (rAAV-HIF1α). HT22 transduced with the construct showed a significant 
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reduction in amyloid induced death. In addition, direct intracerebral administration of rAAV-

HIF1α induced prolonged HIF1α expression and decreased neuronal apoptosis in rat hippocampus. 

Although the authors were unsure about the mechanism behind HIF1 induced neuroprotection, 

they considered activation of HIF1 target antiapoptotic Bcl2 proteins or reduction in calcium 

levels.  

A lot of attention was given to M30, another iron chelator that has shown to activate HIF1 

inducing neuroprotection. Systemic M30 administration in an APP/PSEN1 mice model, reduced 

plaque formation. Furthermore, the compound upregulated HIF1 in various brain regions (cortex, 

striatum, and hippocampus) and spinal cord of adult mice. Increased levels of HIF1 target genes 

VEGF, EPO, enolase, transferrin, iNOS and GLUT1 were also detected (Youdim 2013). The drug 

has shown protective effects in Parkinson’s and Amyotrophic lateral sclerosis (ALS) models as 

well (Youdim 2013). As explanation for the M30 protective mechanism induced by HIF1 

activation, mitochondrial autophagy, a selective protective mechanism to removed damaged 

mitochondria, was suggested (Youdim 2013, Wu and Chen 2015).   

To elucidate the molecular mechanism behind neurotoxicity, Soucek et al.  established an 

amyloid resistant model exposing PC12 and B12 lines to amyloid fragments for four months 

(Soucek, Cumming et al. 2003). The  resistant cells did not die after amyloid treatment and 

were more resistant to oxidative stress suggesting a higher glycolysis. To elucidate the nature of 

this metabolic advantage, the authors investigated if amyloid was able to stabilize HIF1. Using 

western blot and electrophoretic mobility shift assays (EMSA), the authors were able to detect 

HIF1 expression not only in their in vitro model but also in cortical extracts from 22- and 23-

month-old Tg2576 mice. These findings suggest that amyloid directly induced HIF1 expression 

and activity, leading to a HIF1 induced protective effect.   
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3.1.1.2 HIF1a pro-amyloidogenic response  

It is well-established that hypoxia and cerebral hypoperfusion play a key role in AD 

pathophysiology. As further evidence of the involvement of HIF in AD neuropathogenesis, severe 

cerebral hypoxia may trigger apoptosis and mitochondrial dysfunction with consequent neuronal 

loss and memory impairment. Decreasing hypoxia state by enhancing oxygen supply or via the 

cerebral vasodilator Hydergine proved to be effective in ameliorating AD progression in early 

stages (Olin, Schneider et al. 2001, Sun, He et al. 2006). 

Activation of HIF1 regulate plaque deposition by modulation of BACE1. BACE1 cleaves 

the APP into 99-residue membrane-associated fragments (C99) involved in the generation of β-

amyloid peptides. Chronic hypoxia can alter APP production via BACE1 upregulation through 

HIF1 pathway (Wen, Onyewuchi et al. 2004, Sun, He et al. 2006). BACE1 is one of the 

downstream target genes of the HIF1 pathway having an HRE in its promoter region (Sun, He et 

al. 2006). In HIF1 conditional knock-out mice, BACE1 protein expression was significantly 

reduced in the hippocampus and cortex regions (Sun, He et al. 2006).  Interestingly, even a slight 

increase in BACE1 expression could lead to a dramatic increase in amyloid production (Li, Zhou 

et al. 2006). Besides AD, increase in BACE1 levels have been reported after other causes of 

hypometabolism such as traumatic brain injury, ischemia, and oxidative stress (Tamagno, Bardini 

et al. 2002, Wen, Onyewuchi et al. 2004, Velliquette, O'Connor et al. 2005, Vassar, Kovacs et al. 

2009).  

Wang et al. also reported that hypoxia can upregulate -secretase via upregulation of 

anterior pharynx defective1 (APH1). The authors detected a HRE within the promoter of APH1, 

component of the  - secretase complex together with presenilin (PS), nicastrin (NCT) and 

presenilin enhancer-2 (PEN-2) (Li, Zhang et al. 2009). Furthermore, in neuroblastoma cell SH-
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SY5Y, chromic hypoxia inhibited the expression but not the mRNA of -secretase within the non-

amyloidogenic pathway (Marshall, Rattray et al. 2006). This inhibition would result in the 

reduction of C83 and soluble APP deposition in favor to C99 accumulation. Hypoxia state also 

downregulated protein and mRNA levels of neprylisin (NEP), critical neuropeptidase for Aß 

degradation (Kerridge, Kozlova et al. 2015). Additionally, amyloid deposition increases 

expression and activity of BNIP3, well known HIF1 proapoptotic target gene, via oxidative stress 

(Zhang, Zhang et al. 2007). Neurons treated with amyloid fragments induce ROS accumulation 

that in turn stabilized HIF1a via PHDs inhibition. When BNIP3 was silenced, neuronal death was 

inhibited suggesting its involvement in the neurotoxicity. Increased levels of BNIP3 were also 

reported in post-ischemic neurodegeneration of the hippocampus with subsequent development of 

dementia. The in vivo study found a significant increase in BNIP3 and caspase 3 genes up to 48 

hours after ischemia (Pluta, Barcikowska et al. 1998, Pluta, Ouyang et al. 2021) . 

 

3.1.2 Mice Models in AD  

Considering the complexity of AD, the establishment of AD animal models has been 

challenging and led to failure in clinical studies. Transgenic mice are the most common model 

used to study AD pathology. In this section, the most common AD models will be discussed. 

 

3.1.2.1 APP mutations  

67 APP Mutations, among which 51 pathogenic, have been reported so far (Esquerda-

Canals, Montoliu-Gaya et al. 2017).  These mutations have been named according to the 

geographic origins of the first identified carrier family. The most common is the Swedish double 

mutation (K670N/M671L) located on the BACE1 cleavage site that increase amyloid production. 
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The transgenic strains Tg2576 and APP23 carry the Swedish mutation resulting in 5 to 7-fold 

increase in amyloid production., senile plaques, gliosis and learning impairment by 9-10 months 

(Hsiao, Chapman et al. 1996). 

Development of angiopathy is a common feature of the Flemish (A692G), Dutch (E693Q), 

and Italian (E693K) mutations used to recapitulate cerebrovascular amyloid angiopathy (CAA). 

An increase  toxicity has been linked to the Arctic (E693G), London (V717I), Indiana (V717F), 

Florida (I716V), French (V715M), German (V715A), and Austrian (T714I) mutations. Transgenic 

models known as TgCRND8 and J20 carry the Swedish and the Indiana mutations, while the 

TASD-41 strain carries the Swedish and London mutation. These models showed plaque deposit 

and cognitive impairment around 3-5 months (Chishti, Yang et al. 2001).   

 

3.1.2.2 APP and presenilin 1 mutations  

The combination of amyloid and presenilin mutation was another strategy employed for 

more effective AD models. Presenilin 1 and 2 are component of the -secretase catalytic together 

with the anterior pharynx-defective 1 protein (APH-1), nicastrin, and presenilin enhance protein 2 

(PEN2). PSEN1 mutation is very common in FAD with 219 out of 230 mutations described being 

pathogenic (Shen and Kelleher 2007). PSEN1 mutations M146V, M146L, L286V, and E9 alter 

-secretase activity and have been exploited in transgenic models. The most common Tg models 

bearing APP and PSEN1 mutations are the 3xTg and 5xTg models.  

As suggested by its name, the 5xTg model combines three APP mutations (Swedish, 

Florida and London) with two PSEN1 mutations (M146V and L286V) under the control of the 

murine Thy-1 promoter. The severe AD pathology of this model includes amyloid genesis, gliosis 

at month 2, neuronal loss and cognitive impairment at month 4 (Oakley, Cole et al. 2006).  
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Engineered by the LaFerla group, the 3xTg model carries the Swedish APP, tau (P301L) 

and PS1 M146V mutations allowing the study of tauopathies in addition to amyloid pathology. 

The model is characterized by synaptic dysfunction, cognitive impairment at 4 months, amyloid 

deposition at 6 months and tau pathology at 12 months (Oddo, Caccamo et al. 2003).  

 

3.1.2.3 APP and ApoE 

Apolipoprotein E (ApoE) e4 allele is among the risks factor inducing sporadic AD patients. 

ApoE is a 35 kDa glycoprotein highly expressed in the brain whose contribution to AD pathology 

is still unclear. In particular, ApoE isoform E4 has been associated with increased risk in sporadic 

AD. Isoform E3 is commonly present in the population and isoform E2 seems to decrease the risk 

in dementia developing (Muñoz, Garner et al. 2019). A transgenic mouse model containing the E4 

isoform instead of the endogenous gene was successfully crossed with TgCRND8 mice carries the 

Swedish and Indican APP mutations. The resulting strain is known as TgCRND8x (Graybeal, 

Bozzelli et al. 2015). 

 

3.1.3 Rationale and goal 

The purpose of the work presented in this chapter was to elucidate the molecular 

mechanism behind TI-induced AD like pathology. Our hypothesis was that HIF1 may mediate 

Alzheimer’s Disease-like symptomatology during thiamine insufficiency.  

Chronic hypoxia is one of the most critical risk factors in AD pathogenesis (Sapin, Peyron 

et al. 2015, Macheda, Roberts et al. 2019, Zhang, Niu et al. 2019). APP production can be altered 

via upregulation of BACE1 or -secretase or by inhibition of -secretase and neprylisin (Wen, 

Onyewuchi et al. 2004, Marshall, Rattray et al. 2006, Sun, He et al. 2006, Li, Zhang et al. 2009, 
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Kerridge, Kozlova et al. 2015). BACE1 is one of the downstream target genes of the HIF1 

pathway having an HRE in its promoter region (Sun, He et al. 2006). In HIF1 conditional knock-

out mice, BACE1 protein expression was significantly reduced in the hippocampus and cortex 

regions (Sun, He et al. 2006). Furthermore, our previous work on astrocytes has shown that 

HIF1 is stabilized during TI leading to a pro-apoptotic response (Zera and Zastre 2018). 

 Therefore, we investigated if HIF1 mediated AD-like pathology during TI via BACE1 

activation in an in vitro and in vivo AD model.  
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3.2 Materials and methods 

3.2.1 Reagents  

Cell culture reagents including RPMI 1640 media, penicillin/streptomycin, and 

trypsin/EDTA were purchased from Corning (Manassas, VA). Fetal bovine serum (FBS) was 

obtained from Sigma Aldrich (St. Louis, MO). Thiamine deficient RPMI was custom formulated 

by United States Biological (Salem, MA). Cell culture treated flasks and dishes were purchased 

from Greiner Bio-One (Monroe, NC). Chemicals including Dimethyloxallyl Glycine (DMOG), 

pyrithiamine hydrobromide (PT) and ethyl pyruvate (EP) were purchased from Sigma Aldrich (St. 

Louis, MO). YC1 (3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole) was purchased from Tocris 

(Minneapolis, MN) and Octyl--ketoglutarate (Octyl-KG) from Cayman Chemical (Ann Arbor, 

MI).  

 

3.2.2 Cell culture treatments 

HT22 murine hippocampal cells were a kind gift from Dr. William Hill (Augusta 

University, GA). Cells were cultured in RPMI 1640 supplemented with 1% 

penicillin/streptomycin and 10% fetal bovine serum at 37°C with 5% CO2. HT22 were plated on 

100-mm culture dishes at a density of 10,000 cell/cm2 and let to attach overnight. The next day 

medium was removed, and treatments were started. Control cells were maintained in regular RPMI 

1640 media containing 3 μM thiamine for the duration of all treatments. For all treatments, media 

was changed every 24 h. To induce thiamine insufficiency, custom formulated thiamine deficient 

RPMI 1640 (TD-RPMI) containing 10 nanoM thiamine was utilized. TD-RPMI was supplemented 

with 10% FBS and 1% penicillin/streptomycin with the addition of 10 μM of the thiamine 

antagonist Pyrithiamine hydrobromide (PT) for 72 h. This protocol was previously used to induce 
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TI in primary astrocytes (Zera and Zastre 2017). Pharmacological inhibition of HIF was achieved 

by supplementation of the HIF1α inhibitor YC1 (Kim, Yeo et al. 2006) . After a 24 h pre-treatment 

with a 20 μM dose, 10 μM of YC1 was added for 3 days with or without PT. This protocol was 

previously described to attenuate HIF1α signaling in primary astrocytes (Zera and Zastre 2017). 

To restore Prolyl Hydroxylase (PHDs) activity, HT22 were treated with 2 mM Octyl-KG 

(MacKenzie, Selak et al. 2007). 10 μM PT was added after 24 h of pretreatment with Octyl-KG. 

As positive control for HIF stabilization, HT22 were treated with 150 μM of Dimethyloxallyl 

Glycine (DMOG), a known PHD pan inhibitor (Wall, Corcoran et al. 2014) . 

 

3.2.3 qRT-PCR 

Gene expression was assessed using quantitative real time PCR analysis. RNA was 

extracted using the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek, Norcross, GA) following the 

manufacturer’s instructions. RNA was quantified using a Nanodrop 2000c Spectrophotometer 

(Thermo Scientific), and 1 μg was reverse transcribed to cDNA with the qScript cDNA Synthesis 

Kit (Quanta BioSciences) following the manufacturer’s instructions. Changes in gene expression 

of HIF1, BACE1, LDHA and BNIP3 were evaluated using a LightCycler 480 II (Roche Applied 

Science, Indianapolis, IN) and calculated by the 2-ΔΔCt method. Gene specific primers were 

designed through the Roche Universal Probe Library website to correspond with a specific 

fluorescein-labeled hydrolysis probe. The actin reference assay kit supplied by Roche Applied 

Science was used as housekeeping gene.  
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Table 3.1. Mouse RT-PCR Primers.  Primer sequences and probes from Roche Universal 

Probe Library used for RT-PCR analysis in HT22 cells and mouse brains. 

Gene Primer sequence Probe 

HIF1 
F: 5’-gcactagacaaagttcacctgaga-3’ 

R: 5’-cgctatccacatcaaagcaa-3’ 
# 95 

LDHA 
F: 5’-ggcactgacgcagacaag-3’ 

R: 5’ -tgatcacctcgtaggcactg-3’ 
# 12 

BNIP3 
F: 5’-cctgtcgcagttgggttc-3’ 

R: 5’-gaagtgcagttctacccaggag-3’ 
# 52 

BACE1 

F:5’-ccctttcctgcatcgctac-3’ 

 

R: 5’-tacacaccctttcggaggtc-3’ 

# 34 

 

 

3.2.4 Assessment of protein expression 

After treatments, HT22 were harvested as whole cell lysates (WCL) or nuclear extracts for 

Western blot analysis as previously described (Sweet, Paul et al. 2010) . Briefly, 50 μM of WCL 

or 25 μM of nuclear lysate was resolved via electrophoresis using an 8% SDS-PAGE for APP 

detection and 10% SDS-PAGE gels for all other proteins. After transfer, polyvinylidene difluoride 

membranes were blocked in 3% non-fat milk in tris buffered saline-tween 20 (TBS-T) for 1 h at 

room temperature (RT). Membranes were immunoblotted for HIF1α (10006421, Cayman), LDHA 

(GTX101416, Genetex), BACE1 (GTX113319, Genetex), BNIP3 (ab38621, Abcam), Anti-

Amyloid Precursor Protein, C-terminal (#A8717, Sigma), -actin (#A2228, Sigma) at 4°C for 15 

h. Subsequently, blots were washed 3 times each for 10 min in TBS-T, and then immunoblotted 

with 1:20,000 goat anti-mouse or goat anti-rabbit horseradish peroxidase (HRP)-conjugated 



 

87 

secondary antibody (Millipore, Billerica, MA) for 1 h at RT. Blots were visualized using 

Supersignal West Pico (Thermo Scientific, Rockford, IL) and captured with a Fluorchem HD2 

digital imager (Alpha Innotech, San Leandro, CA). Densitometry relative to actin was performed 

using Image J software on at least n=3 independent experiments. 

 

3.2.5 BACE1 activity assay  

Changes in BACE1 activity was measured using the β-Secretase (BACE1) Activity Assay 

Kit (#K388, Biovision, Milpitas CA) following the manufacturer's instructions. Briefly, HT22 

cells were lysed with ice-cold BACE1 Extraction Buffer and placed on ice for 10 min. Lysates 

were then centrifuged at 10,000 x g for 5 min at 4°C. Supernatants were collected and treated with 

saturated ammonium sulfate (#7096, Biovision, 1:2 ratio) in order to precipitate proteins. After 30 

min of incubation, samples were spun at 10,000 x g at 4°C for 10 min and pellets were resuspended 

with BACE1 Assay Buffer. Samples were then aliquoted to a 96-well plate and a reaction mix 

containing the BACE1 substrate was added to each well. Fluorescence was measured at 

Ex/Em=345/500 nm after 2 min and 15 min of incubation at 37°C using a SpectraMax M2 

spectrophotometer (Molecular Devices; Sunnyvale, CA). BACE1 activity was proportional to the 

fluorescence intensity and values were normalized by the total amount of protein. 

 

3.2.6 In vivo model  

The animal protocol was approved by the University of Georgia Institutional Animal Care 

and Use Committee and was compliant with Guidelines for the Use and Care of Laboratory 

Animals from the National Institutes of Health. Thirty-two female 3xTg-AD mice (Jackson 

Laboratories) (strain name B6;129 Psen1tm1Mpm Tg (APPSwe, tauP301L)1Lfa/Mmjax) were used for 
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the study.  These mice contain three mutations associated with familial Alzheimer's disease: 

Swedish APP mutation KM670/671NL, presenilin (PSEN)1 M146V mutation together with 

microtubule associated protein tau (MAPT) P301L mutation. 3xTg-AD mice develop progressive 

AD neuropathology showing cognitive impairment at 4 months followed by plaques detectable 

after 6 months and tangles around 12 months (Oddo, Caccamo et al. 2003). In addition, gliosis and 

changes in long term potentiation have been detected at 6-7 months of age (Stover, Campbell et 

al. 2015). Based on the symptomatology of the strain, the study started when mice were 3 months 

old to avoid the development of the AD symptomatology in the control group. Mice were fed with 

a control chow (BioServ #F7745; Flemington, NJ) or thiamine deficient chow (BioServ #F7744; 

Flemington, NJ) for the duration of the study. In addition to thiamine deficient diet, PT was used 

to recapitulate TI pathogenesis in 9-10 days as established model (Watanabe and Kanabe 1978, 

Resende, Ribeiro et al. 2012) . YC1 was used to pharmacologically inhibit HIF1α (Yeh, Lu et al. 

2007, Lee, Tai et al. 2018). The study involved four groups: control group (mice fed with control 

chow and injected an equivalent volume of 1% DMSO in bacteriostatic normal saline USP, n=8), 

PT group (mice fed with TI diet plus 2 mg/Kg PT IP daily injection, n=8), YC1 control group 

(mice fed with control diet and injected IP with YC1 at a dose of 5 mg/Kg once per day, n=8) and 

YC1 and PT group (mice fed with TI diet receiving 5 mg/Kg YC1 and 2 mg/Kg PT IP daily 

injection, n=8). YC1 injections began 2 days prior to initiating TI diet and PT injections. All 

animals were group housed during the duration of testing and were provided food and water ad 

libitum. They were maintained in a 12:12 light cycle. Food consumption per cage and weight loss 

was monitored daily. Diet was restricted in the saline and YC1 control group to remain isocaloric 

with the treatment groups. 
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3.2.7 Ledge test  

Mice were evaluated daily for TI symptomatology. The ledge test was used to assess ataxia 

and motor impairment as previously described (Resende, Ribeiro et al. 2012). Mice were 

individually placed on the ledge of a cage and allowed to walk until they lowered themselves back 

down into the cage. For each mouse, the time taken to lower themselves back in the cage was 

measured. Furthermore, balance, the ability to grip the ledge with their hind paws together with 

their ability to gracefully lower themselves back down into the cage were also observed. Each 

measurement was performed daily in a blinded manner. 

 

3.2.8 Statistical Analysis 

All experiments were performed with a minimum of three independent experiments unless 

otherwise stated. Statistical significance was evaluated between groups using either Student’s t-

test or one-way ANOVA analysis of variance with Tukey’s post hoc test with a significance level 

of p<0.05 using GraphPad Prism 9 ® (GraphPad Software; La Jolla, CA). 
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3.3 Results  

3.3.1 TI-induced HIF1α mediates AD-like pathogenesis via BACE1. 

 To evaluate if HIF1α mediated AD-like pathology during TI, changes in BACE1 

expression, activity, and C99 deposition were investigated. PT treatment resulted in an increase in 

mRNA, mature BACE1, and C99 that was significantly decreased with HIF1α knockdown 

(Figures 3.1A+B). Activation of PHDs via Octyl-KG supplementation (Figures 3.1C+D) and 

pharmacological inhibition of HIF1α via YC1 (Figure 3.1E+F) reduced BACE1 mRNA as well as 

BACE1 and C99 expression. Assessment of BACE1 activity after PT resulted in a significant 

increase that was attenuated by shHIF1α (Figure 3.1G), Octyl-KG (Figure 3.1H) or YC1 

supplementation (Figure 3.1I). 

 

3.3.2 TI-induced HIF1α mediates AD-like pathogenesis in vivo. 

 To determine if TI activated the HIF1α signaling in vivo 3xTg-AD mice were administered 

2mg/kg PT alone or with 5mg/kg YC1 through IP injection every day for 9 days. Analysis of the 

murine brain via WB showed that the increase in expression of in HIF1, LDHA, BNIP3, BACE1 

and C99 induced by PT was significantly reduced by YC1 administration (Figure 3.2A). In 

accordance with the PT model, by the last day of treatment mice treated with PT had a significant 

loss in their weight (Figure 3.2B) and in food consumption (Figure 3.2C) compared to the saline 

control, YC1 control and YC1+PT groups. Ledge test scores confirmed the progressive 

aggravation of TI symptomatology in PT group compared to the saline and YC1 controls although 

no significant difference was detected between PT and PT+YC1 groups (Figure 3.2D). 
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Figure 3.1. TI-induced HIF1 activates BACE1 and amyloid production. (A) Fold change in 

BACE1 mRNA after PT treatment in +/- shHIF1 group, (C) Octyl-KG or (E) YC1 

supplementation. (B) Representative WB of HIF1, C99 and BACE1 protein expression with 

relative densitometry after HIF1 silencing, (D) treatment with 2 mM Octyl-KG and (F) treatment 

with 10 M YC1. Fold change in BACE1 activity after (G) HIF1 silencing, (H) treatment with 

Octyl-KG and (I) YC1. HT22 were treated with 10 M PT for 3 days. Control group was grown 

in regular RPMI containing 3 M thiamine for 3 days. Actin was used as a loading control for 

WCL and RT-PCR.  Scramble control was treated with a non-mammalian shRNA. (*) Represents 

a statistically significant difference with p < 0.05 based on the results of a one-way ANOVA with 

Tukey's Post-hoc test of at least n=3 independent replicates 
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Figure 3.2. TI-induced HIF1α mediates AD-like pathogenesis in vivo. (A) Total WB from 

whole brain lysates of HIF1, LDHA, BNIP3, BACE1 and C99 protein expression with relative 

densitometry in saline control (C1-8), YC1 control (Y1-8), PT (P1-8) and PT+YC1 (PY1-8) 

groups. (B) Mice weight loss at day 9 of treatment. (C) Daily changes in food consumption and 

(D) ledge test performance per mouse from day 1 to day 9. (*) Represents a statistically significant 

difference with p < 0.05 based on the results of a one-way ANOVA with Tukey's Post-hoc test of 

at least n=3 independent replicates. 
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3.4 Discussion  

TI has been linked to dementia for decades (Basu, Jordan et al. 1976, Aikawa, Watanabe 

et al. 1984, Gibson, Sheu et al. 1988, Butterworth 1989, Meador 1993, Gold, Hauser et al. 1998, 

Gibson, Hirsch et al. 2016). In congruency with AD, TI induces changes in oxidative metabolism 

promoting a sequalae of events that eventually lead to oxidative stress, mitochondrial damage, 

inflammation, and neuronal loss (Karuppagounder, Xu et al. 2009, Abdou and Hazell 2015). Using 

APP Tg199959 plaque competent mice fed with TI diet and injected with the thiamine antagonist 

Pyrithiamine, Gibson et al. showed that TI exacerbated AD pathology (Karuppagounder, Xu et al. 

2009). In particular, TI reduced KGDH activity by 42%, caused neuronal loss, increased plaque 

deposition, astroglia activation, oxidative stress and neuritic cluster formation (Calingasan, Gandy 

et al. 1995, Calingasan, Gandy et al. 1996, Calingasan, Gandy et al. 1997, Karuppagounder, Xu et 

al. 2009).  Plaques were detected within the cortex, hippocampus, and thalamus together with an 

increase in C99 levels by 33% and BACE1 protein levels by 43% (Karuppagounder, Xu et al. 

2009). 

 In order to explain the TI-induced AD pathology and neurotoxicity, changes in oxidative 

metabolism due to thiamine depletion, increase in oxidative stress and activation of caspase 3 or 

Jnk Kinase were considered (Wang, Hua et al. 2000, Gibson and Zhang 2002, Ke, Degiorgio et al. 

2003, Karuppagounder, Xu et al. 2009). However, the molecular mechanism elucidating the AD-

like pathology induced by TI has not been described yet. For the first time to our knowledge, we 

showed that HIF1 may be the critical upstream mediator between TI and AD pathophysiology 

When HIF1 was silenced genetically or pharmacologically, BACE1 levels decreased 

further highlighting the key role of HIF1 in mediating TI induced AD-like pathogenesis. 

Interestingly, neuronal cells stably treated with amyloid fragment showed high levels of HIF1 
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(Soucek, Cumming et al. 2003). The same study also reported the detection of HIF1 in cortical 

extracts from six 22- and 23-month-old Tg2576 mice. Although the mechanism on how amyloid 

stabilizes HIF1 is still not clear, these findings further strengthen the key role of HIF1 in AD 

pathogenesis.  

The potential role of the HIF1 signaling in AD pathology translated in vivo where its 

inhibition by YC1 decreased expression of BACE1 and APP in transgenic AD mice. To induce a 

chronic TI state in the mice, we coupled TI diet with IP injection of the antivitamin pyrithiamine 

(PT). Thiamine depletion diet alone may take up to 3 months to show symptomatology.  In 

contrast, PT rapidly crossed the BBB leading to neurological symptoms within 10-15 days in mice 

or rats (Savage, Hall et al. 2012). Therefore, the use of PT and TI diet is a well-established 

predictable and reproducible methodology. 

As previously reported, 5mg/kg of YC1 treatment was not toxic for the duration of the 

study (Yan, Zhou et al. 2011, Yuan, Dong et al. 2011). Although recognized as an effective HIF1 

inhibitor, YC1 was designed as soluble guanylate cyclase (sGC) inhibitor (Friebe and Koesling 

1998). However, in vivo studies conducted with low YC1 doses (1-30 mg/kg) administered for a 

short period of time did not report any off-target YC1 effect (Shin, Kim et al. 2007, Yan, Zhou et 

al. 2011, Lee, Tai et al. 2018).   

In this work YC1 administration significantly reduced HIF1 signaling suggesting its key 

role in AD pathogenesis. In physiologic conditions HIF1 is rapidly degraded and its expression 

is almost undetectable. Although not as high as PT, basal expression in HIF1 protein can be 

detected among control and YC1 control groups. Probably mice may have briefly experience 

hypoxia during the euthanasia procedures (isoflurane treatment and cervical dislocation) causing 
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HIF1 stabilization. More research will be needed to clarify if TI-induced HIF1 activation is 

regionally selective or affects the whole brain parenchyma.   

Due to the acute TI symptomatology caused by PT and the short time point of the study we 

did not perform a behavioral test. Nevertheless, PT effectiveness was monitored via ledge test and 

food consumption daily. Interestingly, YC1 supplementation to PT significantly ameliorated 

weight loss and had some beneficial effect on ataxia. More research is needed to clarify the 

pharmacokinetic of YC1 and investigate how the drug may affect weight loss and motor 

coordination. 

Overall, our results demonstrated a central role for HIF1α within the molecular mechanism 

underlying TI- induced AD pathology. Clarifying the pathophysiology of TI will give a better 

comprehension of AD as well as other TI- mediated neurological disorders such as Wernicke-

Korsakoff syndrome and Parkinson’s. Thus, targeting the HIF1α signaling may provide potential 

therapeutic benefits to AD and dementia patients. 
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CHAPTER 4 

 

SUMMARY AND LIMITATIONS 

 

4.1 Summary 

Hypoxia inducible factor (HIF) 1 plays a key role in hypoxia and Alzheimer’s Disease 

(AD).  During hypoxia, HIF1 is stabilized and promotes activation of genes involved in cellular 

metabolism, glycolysis, glucose metabolism, angiogenesis (Semenza, Nejfelt et al. 1991). This 

metabolic adaptation allows cells to survive and adapt to hypoxic stress since it leads to reduction 

in oxidative stress and maintenance of energy levels via glycolysis. A protective HIF1 response 

was detected after acute hypoxia events, pre-treatment before a more prolonged insult (hypoxic 

preconditioning), or treatment with cobalt chloride and deferoxamine (DFO)  (Vannucci, Towfighi 

et al. 1998, Bergeron, Gidday et al. 2000, Guo, Song et al. 2006, Baranova, Miranda et al. 2007). 

In contrast, chronic hypoxic stimuli have been associated with a pro-apoptotic and pro-

inflammatory response and cell death (Carmeliet, Dor et al. 1998, Mojsilovic-Petrovic, Callaghan 

et al. 2007, Aminova, Siddiq et al. 2008, Kubli, Quinsay et al. 2008).  

A similar dual response has been reported during AD where HIF1 signaling has proven 

to be beneficial or detrimental for the brain parenchyma. Activation of HIF1 signaling after 

amyloid treatment in vitro reduced neurotoxicity and oxidative stress (Soucek, Cumming et al. 

2003, Schubert, Soucek et al. 2009). In addition, HIF1 stabilization via treatment with DFO and 

M30 resulted in neuroprotection and less plaque formation in vivo (Weinreb, Amit et al. 2010, 
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Guo, Wang et al. 2013, Youdim 2013). In contrast, other studies associated HIF1 response with 

an increased amyloidogenesis via - and -secretase activation as well as neurotoxicity via BNIP3 

and caspase 3 pathways (Pluta, Barcikowska et al. 1998, Sun, He et al. 2006, Zhang, Gao et al. 

2007, Li, Zhang et al. 2009). Thus, despite the amount of research dedicated to HIF1, 

HIF1 mediated response is still complex and influenced by different variables.  

Our group was the first to show that HIF1 stabilization occurred during thiamine 

insufficiency (TI) via an oxygen independent mechanism (Sweet, Paul et al. 2010, Sweet and 

Zastre 2013, Zera and Zastre 2017). In particular, we determined that Prolyl Hydroxylases (PHDs), 

the main enzymes regulating HIF1 stability, are impaired by surplus of pyruvate that competes 

with their substrate -ketoglutarate. Pyruvate displaces -ketoglutarate from the active site of 

PHDs limiting HIF1 hydroxylation and degradation. The pyruvate accumulation is a direct 

consequence of TI that impairs the activity of the thiamine-dependent enzyme Pyruvate 

Dehydrogenase (PDH) that convers pyruvate into acetyl-coenzyme A (Zera and Zastre 2018).  

The correlation between TI and HIF1 is of particular importance since it may clarify the 

molecular mechanism behind the pathophysiology induced by TI in neurological disorders. TI is 

a well-established comorbidity of dementia and AD. A significant decrease in thiamine levels in 

plasma and red blood cells was detected in Alzheimer patients but not in non-dementia subjects 

(Gold, Chen et al. 1995, Pan, Fei et al. 2015, Sang, Pan et al. 2018). Moreover, TI impairs the TCA 

cycle and oxidative metabolism, contributing to a decrease in ATP production, reduced glucose-

derived neurotransmitters, and ultimately cell death (Trebukhina, Ostrovsky et al. 1983, 

Butterworth, Giguère et al. 1986, Butterworth 1989). In congruency with established AD 

pathology, TI also promotes inflammation, oxidative stress, plaque formation tau phosphorylation, 

and neuronal loss (Todd and Butterworth 1999, Karuppagounder, Xu et al. 2009). Despite progress 
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into the relationship between reduced thiamine levels and AD neuropathology, mechanistic insight 

into how thiamine insufficiency promotes AD hallmarks is lacking. Therefore, the purpose for this 

work was to investigate whether HIF1 was an upstream mediator between TI and AD.  

Using murine hippocampal cells (HT22) as in vitro model, we found that HIF1 

stabilization during TI led to transcriptional activation of pro-apoptotic target gene BNIP3. BNIP3 

activation occurred via pyruvate accumulation and oxidative stress leading to loss of mitochondrial 

potential, chromatin fragmentation via endonuclease G and apoptosis. BNIP3 has been shown to 

induce neuronal apoptosis in hypoxia and early AD stage models (Zhang, Yang et al. 2007, 

Ułamek-Kozioł, Czuczwar et al. 2019). In addition, activation of the HIF-BNIP3 response was 

reported in our previous study on primary murine astrocytes (Zera and Zastre 2017). These results 

suggested that TI-induced toxicity may be mediated by HIF-BNIP3 signaling in presence of 

oxidative stress.  

Oxidative stress is a major player in TI-induced toxicity due to mitochondrial dysfunction. 

Due to the disruption of oxidative metabolism in TI, mitochondria produce excessive ROS 

(Calingasan, Chun et al. 1999, Sharma, Bist et al. 2013, Liu, Ke et al. 2017). The loss in activity 

of KGDH and subsequent decreased TCA cycle was associated with the induction of eNOS and 

iNOS (Pulsinelli, Waldman et al. 1982). The increase in NOS activity and NO production is 

associated with toxicity since NO can react with superoxide radicals to form peroxynitrite, that is 

toxic to neurons (Calingasan, Park et al. 1998). Another deleterious effect of free radicals’ 

accumulation is the impairment of BBB, which has been reported in TI cases (Watanabe and 

Kanabe 1978, Watanabe, Tomita et al. 1981, Abdou and Hazell 2015). Supplementation of 

antioxidants in TI models in vitro and in vivo ameliorated TI symptomatology and resulted in 

neuroprotection (Todd and Butterworth 1998, Pannunzio, Hazell et al. 2000, Beauchesne, 
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Desjardins et al. 2010, Hazell, Sheedy et al. 2010). These findings suggest a key role for ROS in 

induced neuronal death during thiamine depletion. 

To elucidate if HIF1 may mediate AD-like symptomatology during thiamine 

insufficiency, we used 3xTg AD mice as in vivo model together with HT22. In both models, 

chronic TI state induced increase expression of HIF1 and its pro-amyloidogenic target gene 

BACE1. We also detected an increased in BACE1 activity and production of C99, precursor of 

 fragments.  Supplementation of the pharmacological HIF1 inhibitor YC1 attenuated the 

expression of HIF1 BACE1 and C99 supporting the role of HIF1 as mediator between TI and 

AD.  

To date, the mechanism regulating HIF1 switch to a pro-survival or pro-apoptotic 

response is still unclear. The literature so far suggests that type and duration of stimuli triggering 

HIF1 seems to be involved.  In our approach, we induced a chronic thiamine depletion state in 

cells and mice that led to neurotoxicity. This result is consistent with chronic hypoxia/ischemia 

studies that led to a pro-apoptotic response. Less clear is the mechanism behind HIF1 response 

in AD and additional work is needed to give a better understanding of HIF1 regulation. The 

contribution of HIF1 to TI-mediated neuropathology represents a novel finding to better 

understand the molecular mechanism regulating TI. Previous studies have hypothesized the 

involvement of oxidative stress, activation of caspase 3 or Jnk Kinase in TI-mediated toxicity 

(Wang, Hua et al. 2000, Gibson and Zhang 2002, Ke, Degiorgio et al. 2003, Karuppagounder, Xu 

et al. 2009). However, none of them described a molecular mechanism elucidating the AD-like 

pathology induced by TI. Here, we showed that HIF1 contributes to pro-apoptotic and pro-

amyloidogenic response via BACE1 and BNIP3 transcriptional activation.  
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Figure 4.1. Molecular mechanism of TI-induced AD-pathogenesis and neurotoxicity. 

Thiamine insufficiency (TI) inhibits Prolyl Hydroxylases (PHDs) activity via pyruvate 

accumulation leading to HIF1 stabilization. Once stabilized, HIF1 migrates into the nucleaus 

where it binds to HIF1. We found that HIF1 trascriptionally activates -secretase (BACE) 1 

triggering amyloid precursor protein (APP) cleavage and amyloid deposition. TI-inducd HIF1 

also activates the pro-apoptotci proein BNIP3. BNIP3 migrates to the mitochodnria as a dimer and 

triggers loss of mitochondrial membrane potential (MMP), chromatine fragmentation and 

neurotoxicity. Oxidative stress is needed for BNIP3 activation.  

 

 

 

 

 

 



 

101 

Overall, this study suggests the HIF1 signaling during chronic TI contributes to cell death 

and to AD-like pathogenesis. Due to the involvement of TI in different neurodegenerative 

disorders, targeting HIF1 may have the potential to elucidate the pathophysiology of TI, AD and 

TI-induced neuropathies. 

 

4.2 Limitations of the study  

4.2.1 Use of HT22 cell line 

Our in vitro experiments were conducted in HT22, a mouse hippocampal cell line. HT22 

is an immortalized cell line subcloned from the HT-4 cell line. HT-4 derived from immortalization 

of mouse neuronal tissues with a temperature sensitive SV40 T-antigen (Davis and Maher 1994). 

The derivation from the hippocampus makes HT22 a valuable model due to the crucial role that 

hippocampus has in memory and in AD pathogenesis. In addition, HT22 are sensitive to glutamate 

excitotoxicity, a recurrent event in neurodegenerative disorders (Morimoto and Koshland 1990). 

Although HT22 are not a cancerous cell line, its immortalization may represent a limitation. For 

future studies, we plan to isolate murine primary neuronal cells to mimic the neuronal response to 

TI more closely. In addition, we aim to incorporate human cell lines in our future in vitro studies.   

 

4.2.3 Induction of thiamine insufficiency in vitro  

The purpose for our in vitro model was to recapitulate the metabolic changes in neuronal 

cells during thiamine insufficiency. To reduce thiamine levels in the culture medium, we used a 

customized thiamine deficient RPMI containing about 10 nanoM thiamine. This concentration is 

similar to the physiological thiamine concentration in blood (Zastre, Sweet et al. 2013). Despite 

the use of the thiamine depleted medium, thiamine may still be present in the FBS. Although the 
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use of dialyzed FBS or reduced FBS amount in the medium may further reduce thiamine levels, it 

may halt cell growth. For this reason, depletion of thiamine within the medium is not a reliable 

approach to induce TI. Addition of the antivitamin pyrithiamine (PT) induces a more rapid TI 

symptomatology blocking thiamine uptake and conversion to TPP within the cell. The rapid and 

severe action of PT does not reflect the gradual metabolic changes that happen during TI, 

representing a limitation of the treatment. Nevertheless, PT represents to date the standard 

methodology for TI treatments.  

Due to the structural similarity to thiamine, it is unclear whether PT may bind to other 

thiamine -dependent enzymes. Knocking down TPK1 may represent an alternative way to induce 

TI limiting off-target effects. Although this approach will not affect thiamine uptake, it will block 

its conversion to the active form.  

 

4.2.4 In vivo limitations   

Our in vivo study aimed at elucidating the role of HIF1 in AD-pathogenesis during TI. 

Due to the limited number of mice, we only focused on protein change in whole brain without 

performing immunohistochemistry or tissue staining.  

We also acknowledge the lack of a behavioral test for the study. This choice was based on 

the short duration of the TI model whose symptomatology is severe only on the last day of 

treatment. The ledge test does not account as behavioral test since it only shows the severity of TI 

symptomatology. In future studies, we plan to perform short-term behavioral test such as the novel 

object recognition test. This test is commonly used for testing different phases of learning and 

memory in mice and it can be performed within three days (Lueptow 2017).  
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4.3 Future Directions  

4.3.1 Investigating TI-mediated HIF1a response in microglia  

TI-induced HIF1 response in astrocytes (Zera and Zastre 2017) and neuronal cells led to 

cell death in both cases.  This finding seems to suggest that HIF1 response during TI may not be 

cell specific as described during hypoxia. When astrocytes and neurons were exposed to hypoxia 

in a co-culture model, HIF1 induced a pro-death response in astrocytes while neurons were driven 

toward survival (Vangeison, Carr et al. 2008). Investigating the HIF1 mediated response in other 

brain cell types, such as microglia, would further clarify the nature of TI-driven HIF1 response.   

Microglia, together with astrocytes, are a key component in the spatial and temporal events 

of inflammation. Microglia activation and the following inflammatory response contributes to the 

initial phase of the TI neurological dysfunction (Calingasan, Park et al. 1998, Todd and 

Butterworth 1999). Studies in TI animal models reported that microglial changes precede neuronal 

death (Ke, Degiorgio et al. 2003). In particular, microglia activation includes a series of 

biochemical and morphological changes affecting migration, proliferation, and mediators release 

as well as expression of specific markers. High levels of the activated microglia markers OX-42, 

CD11b, ED-1 have been localized in early TI stages prior to focal neuronal loss (Todd and 

Butterworth 1999, Sarkar, Liachenko et al. 2016) indicating that microglial response in TI-

vulnerable brain regions may trigger the later neuropathology and cell death. Additionally, 

benfotiamine supplementation modulates oxidative activity of microglia, decreases CD40 

expression and NFkB signaling (Bozic, Savic et al. 2015).  

Another interesting aspect would be to investigate NFkB signaling in microglia exposed to 

TI. During normoxia, NFkB is inhibited by IkB. Activated IKKβ phosphorylates IkB, causing its 

degradation. This event allows NFkB translocation into the nucleus where it can start a pro-
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inflammatory response. IKKβ is negatively regulated by PHDs, key enzyme sin HIF1 regulation 

(Kiernan, Smith et al. 2016). Based on our data, TI inhibits PHDs activity and HIF1 degradation. 

We have not investigated other PHDs targets yet. Therefore, microglia may be representing an 

interesting model to clarify TI effect on NFkB pathway.  

 

4.3.2 Clarify HIF1a role in AD pathogenesis during TI 

TI has a devastating impact in the brain. TI impairs mitochondrial metabolism, TCA cycle, 

promotes oxidative stress, inflammation, and excitotoxicity (Butterworth, Giguère et al. 1986, 

Todd and Butterworth 1999, Butterworth 2007). These events are manifested in focal brain regions 

identified with the thalamus and mammillary bodies (Todd and Butterworth 1999).  Although their 

similarity with ischemia lesions, the underlying mechanism behind TI selective damage is still not 

known.  

Unpublished in vivo studies from our groups in 11-months old C57BL/6 mice, showed 

HIF1 activation within the thalamus during day 9 of TI treatment. However, TI-induced HIF1 

cerebral localization has to be elucidated in AD models. In AD mice TI exacerbated plaques 

formation within the cortex and other regions not limited to thalamus and mammillary bodies 

(Karuppagounder, Xu et al. 2009).  

Future work will also clarify if TI-induction of HIF1 plays any role in tau phosphorylation 

and tangles formation. TI was shown to increase tauopathy in Tg19959 AD mice, but the 

mechanism was not elucidated (Karuppagounder, Xu et al. 2009). To date, few studies focused on 

the relationship between HIF1 and tangles provoding controversial results (Shin, Kim et al. 2007, 

Ashok, Ajith et al. 2017).  
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4.3.2 Determine the involvement of PHDs in TI 

Prolyl Hydroxylases (PHDs) are the main enzymes regulating HIF1. Target PHDs is a well-

established strategy to prevent HIF1 degradation. Compounds like DMOG, DFO and cobalt 

chloride target PHDs substrates or cofactors leading to HIF1 stabilization. Furthermore, PHDs 

represent an interesting target to study aging and neurodegeneration (Ndubuizu, Chavez et al. 

2009, Speer, Karuppagounder et al. 2013, Wall, Corcoran et al. 2014). The knowledge of TI effect 

on PHDs is still limited.  We described that HIF1 stabilization during TI is mediated by PHDs 

inactivation. However, we did not focus on a particular isoform or investigate if all of them are 

affected by TI. Isoforms PHD1, PHD2 and PHD3 have been identified so far. PHD2 is the most 

studied while less clear are the roles of PHD1 and PHD3 (Ndubuizu, Chavez et al. 2009). Neuronal 

activation of PHD2 resulted in reduced infarct size and neuronal apoptosis after ischemia and post-

stroke recovery (Kunze, Zhou et al. 2012, Li, Saliba et al. 2016). In another PHD2 neuronal knock 

down model, neuronal cell death was delayed and an increased protection against ischemic injury 

in the hippocampus was described (Corcoran, Kunze et al. 2013). Thus, PHD2 seems the isoform 

that plays a major role within the brain. Future research will clarify if TI has an isoform specific 

of pan -inhibition on PHDs.   
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