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Wernicke’s encephalopathy (WE) is a severe life-threatening disease that occurs 
due to vitamin B1 (thiamine) deficiency (TD). It is characterized by acute mental 
disorder, ataxia, and ophthalmoplegia. TD occurs because of the following 
reasons: insufficient intake, increased demand, and long-term drinking due to 
corresponding organ damage or failure. Recent studies showed that oxidative 
stress (OS) can damage organs and cause TD in the brain, which further leads to 
neurodegenerative diseases, such as WE. In this review, we discuss the effects of 
TD caused by OS on multiple organ systems, including the liver, intestines, and 
brain in WE. We believe that strengthening the human antioxidant system and 
reducing TD can effectively treat WE.
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1. Introduction

Wernicke’s encephalopathy (WE) is a severe neurological disorder characterized by 
ophthalmoplegia, acute mental confusion, and ataxia (Ota et al., 2020). It is caused by vitamin 
B1/thiamine deficiency (TD) that occurs due to the following reasons: insufficient nutrient 
intake, increased requirement, inadequate nutrient absorption from intestines, excessive 
deficiency, long-term alcohol consumption, or malignant tumors. Thiamine metabolites can 
be  used as biomarkers for neurodegenerative diseases and thiamine supplements have a 
therapeutic effect on patients with neurodegenerative diseases, such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD), and WE (Gibson et al., 2016). TD is mainly accompanied by organ 
failure and damage. The most common clinical symptom of WE is observed in malnourished 
alcoholics. TD is common in alcoholics primarily due to reduced food intake, storage, intestinal 
transport, and thiamine utilization caused by drinking (Subramanya et al., 2010). In TD, several 
functional changes occur in neurotransmission, of which the most significant is the toxic 
nervous excitatory state caused by glutamatergic and GABAergic systems (de Freitas-Silva et al., 
2010). In addition, TD alters the pentose phosphate pathway, which impairs neural signaling 
due to reduced myelination of neurons. Moreover, it causes neuronal death in the diencephalon 
and cerebellum through severe damage to mitochondrial functions (Pannunzio et al., 2000).

Oxidative stress (OS) occurs due to an imbalance between reactive oxygen species (ROS) 
production and elimination (Hussain et al., 2016). Both free radical ROS and non-radical ROS play 
a critical role in regulating various physiological functions, such as host defense, cellular signaling, 
regulation of gene expression of the human metabolic processes and immune system (Chen et al., 
2012; Lushchak, 2014). Under normal conditions, organisms can eliminate ROS. However, external 
factors, such as diet, radiation, pollutants, and lifestyle, can increase ROS (Tripathi et al., 2022), 
which can alter various cellular components, such as oxidation of proteins, DNA, and fats, and lead 
to related signaling pathways (Finkel and Holbrook, 2000; Bhattacharyya et al., 2014). OS caused 
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by excessive ROS production can damage the liver and intestines, cause 
neurodegenerative diseases and cancer, and even affect the human life 
span (Finkel and Holbrook, 2000; Bhattacharyya et al., 2014; Patel, 2016; 
Kim and Sieburth, 2018) (Table 1).

In this review, we discuss the pathophysiological mechanisms of 
TD caused by OS in various organs, including the liver, intestines, 
and brain.

1.1. OS in liver injury

The liver is the most significant organ of the abdominal cavity. It 
plays a vital role in regulating numerous physiological functions, such 
as digestion, excretion, nutrient storage, metabolic homeostasis, 
synthesis of new substances, and breakdown of xenobiotic compounds 
(Trefts et al., 2017). Therefore, liver injuries and diseases, such as fatty 
liver, hepatitis, fibrosis, cirrhosis, and liver cancer, are severe health 
problems that threaten human life (Gravitz, 2014; Haga et al., 2015; Sia 
et al., 2017; Parola and Pinzani, 2019; Shabangu et al., 2020). In addition, 
exposure and ingestion of certain chemicals and industrial toxins, such 
as mycotoxins, aflatoxin, and hepatotoxins, damage the liver and pose a 
severe threat to human health (Grunhage et al., 2003). Immune liver 
injury, caused by an immune response, causes inflammatory cell 
infiltration and granuloma formation, as well as destructs the liver cell 
cord structure (Koyama and Brenner, 2017). Furthermore, long-term or 
heavy drinking can cause alcoholic liver injury and impair liver 
functions (Modi et al., 2017). Recent studies showed that OS plays a 
critical role in the molecular mechanisms of various liver injuries, such 
as liver fibrosis, non-alcoholic fatty liver disease (NAFLD), and 
hepatocellular carcinoma (HCC; Mortezaee and Khanlarkhani, 2018).

Thiamine is an essential vitamin and cofactor. It plays a vital role in 
carbohydrate metabolism as well as in numerous cellular metabolic 
processes inside the cytosol, mitochondria, and peroxidase, thereby 
leading to various clinical consequences (Marcé-Grau et  al., 2019). 
Recently, studies have identified a relationship between chronic liver 
diseases and reduced serum thiamine concentration, and 80% of the 
patients with chronic alcoholism show TD (Thomson, 2000). Alcohol 
use or insufficient nutrition reduces thiamine storage, thereby causing 
TD. However, in patients with NAFLD, reduced intestinal vitamin 
absorption due to impaired metabolism, poor thiamine storage, 
decreased liver cell count, or impaired visceral blood flow is the primary 
cause of TD (Gu et  al., 2022). In addition, chronic liver diseases 
gradually destroy the liver parenchyma, which results in metabolic 
defects of many nutrients and severe vitamin deficiency, for instance, 
TD. Additionally, recent studies showed that in patients with end-stage 
chronic liver failure, TD mainly occurs due to the depletion of thiamine 
reserves in the liver (Butterworth, 2009). In addition, chronic liver 
failure increases brain ammonia concentration (Hadjihambi et  al., 
2022). Moreover, TD decreases α-ketoglutarate dehydrogenase (α-
KGDH) activity and induces oxidative damage in brain mitochondria, 
thereby increasing brain lactic acid release, OS, cell energy damage, and 
pro-inflammatory cytokines, which is consistent with the phenomenon 
in the brain of chronic end-stage liver failure (Pan et al., 2018). Further, 
in patients with end-stage chronic liver failure, the neuropsychiatric 
symptoms of patients with brain injury due to TD were not completely 
relieved after using ammonia reductant or liver transplantation 
(Butterworth, 2009). These findings indicate that timely and effective 
thiamine supplementation benefits patients with chronic liver failure.

ROS are highly active molecules that oxidize various biological 
materials, such as lipids, proteins, and nucleic acids. ROS-induced 
lipid peroxidation plays an essential role in apoptosis and autophagy 
(Su et al., 2019). The ROS-modified proteins have altered structures 
and functions that induce numerous diseases, including cancer, liver 
diseases, neurological disorders, and chronic inflammation (Jomova 
and Valko, 2011). NADPH oxidase (NOX) uses NAD(P)H to generate 
superoxide from oxygen, hence it is an essential source of ROS 
(Bedard and Krause, 2007). Previous studies showed that NOX1 and 
NOX4 mainly exist in the hepatocytes (Lan et al., 2015). Chronic 
alcohol consumption increases NOX4 expression in mitochondria and 
induces liver injury. Interestingly, pretreatment with GKT 137831, a 
NOX4 inhibitor, can reverse liver fibrosis and hepatocyte apoptosis by 
attenuating ROS production (Jiang et  al., 2012). Moreover, in an 
alcohol-induced liver injury mouse model, NOX4 knockout using 
siRNA reduced superoxide in mitochondria and increased the survival 
rate of cells (Sun et al., 2017). ROS production and OS induced by 
ethanol or acetaldehyde in mitochondrial dysfunction alter the 
permeability and transition potential of the mitochondrial membrane, 
and thereby promote the release of cytochrome c and other death-
promoting factors to stimulate liver cell death (Song et al., 2022). 
While p38 mitogen-activated protein kinase (MAPK) activates the 
caspase-3 pathway in hepatocytes and thus improves cell death (Shang 
et al., 2018). Moreover, inhibiting the OS-related signaling pathways 
can effectively inhibit hepatocyte damage (Zhao et  al., 2022). 
Furthermore, the Nrf2/ARE pathway may reduce ethanol-induced OS 
and liver injury (Ghanim and Qinna, 2022).

Long-term excessive alcohol intake is the main cause of alcoholic 
liver injury (ALI). In humans, alcohol dehydrogenase 2 (ADH2) and 
aldehyde dehydrogenase 2 (ALDH2) are critical enzymes that 
eliminate alcohol from the liver. ADH2 catalyzes the conversion of 
ethanol to acetaldehyde, which induces OS and mitochondrial 
dysfunction. ALDH2 further catalyzes the oxidation of acetaldehyde 
to acetic acid. In addition, ethanol can produce ROS through the 
cytochrome P-450 2E1 (CYP2E1) metabolic pathway, which causes 
mitochondrial dysfunction, induces the transition pore of 
mitochondrial permeability, and releases mitochondrial apoptosis 
factors, such as cytochrome c (Kaphalia and Calhoun, 2013). 
Cytochrome c further activates caspase-9 and caspase-3 apoptotic 
proteins and hence causes apoptosis of hepatocytes (Li et al., 2002). 
Furthermore, long-term drinking increases OS production through 
microsomal ethanol oxidation system (MEOS), which alters 
mitochondrial structure and function and causes cell death, thus 
leading to liver injuries (Acharya et al., 2021). Additionally, long-term 
excessive drinking produces high amounts of NF-κB in Kupffer cells, 
which promotes the production of inflammatory cytokines, such as 
tumor necrosis factor-α (TNF-α) and Fas ligand (FasL; Gao and 
Bataller, 2011). These cytokines bind to and stimulate their associated 
death receptors, such as tumor necrosis factor receptor-1 (TNFR1) 
and Fas receptor, which triggers apoptosis via caspase-8 activation; 
thus, triggering mitochondrial apoptosis and cell death (Ferreira et al., 
2012). In all, alcohol overconsumption causes inflammation and liver 
cell death through the ROS signal pathway.

In non-alcoholic liver injury (NLI), liver damage due to free 
radicals is a crucial factor leading to the disease. Therefore, eliminating 
excessive free radicals has become an important treatment strategy. 
Furthermore, hepatocytes secrete inflammatory factors, such as TNF-α, 
that induce a cellular inflammatory response, activate cysteine 
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aspirating protease, and cause cell apoptosis (Ezhilarasan, 2021). In 
addition, interleukins (ILs) are important inflammatory cytokines that 
increase after OS and NF-κB activation through the PI3K/AKT-nuclear 
factor erythroid2-related factor 2 (Nrf2) pathway during NAFLD 
progression (Li et al., 2021). Cyclooxygenase-2 (COX-2) catalyzes the 
synthesis of prostaglandins (PGs) and plays a vital role in liver fibrosis 
progression by promoting inflammatory reactions and increasing the 
activation and proliferation of liver cells (Yang et al., 2020). Recent 
reports suggested that CCl4 is a hepatotoxin that causes OS and 
increases the expression of inflammatory cytokines, such as TNF-α, 
IL-1β, and IL-6, as well as promotes hepatocyte apoptosis and liver 
injury (Chen et  al., 2017). Moreover, CCl4 induces liver injury by 
regulating mitochondrial membrane permeability, activating caspase-8, 
increasing intracellular ROS production, and leading to apoptosis (Liu 
et al., 2018). In all, many cellular enzymes are released into the blood 
in the potential mechanism of liver injury (Balogun and Ashafa, 2016).

Cholestatic liver injury is a neutrophil-mediated inflammatory 
reaction and neutrophil–induced OS causes liver cell death (Zhang 

et  al., 2019). OS involves the bile acid signaling pathway that 
chemotactically recruits neutrophils during cholestasis causing liver 
damage (He et  al., 2021). The sphingosine 1-phosphate receptor 
(S1PR) inhibits cellular ROS production and reduces neutrophil 
aggregation without interfering with the systemic immune status 
(Zhang et al., 2019). Furthermore, early growth response factor-1 
(EGR-1) regulates the potential therapeutic targets of ROS for 
inhibiting inflammation caused by cholestasis (Kim et  al., 2006). 
Therefore, strengthening the hepatocyte antioxidant system can 
control OS in neutrophils and thus treat cholestatic liver injury.

1.2. OS in intestinal absorption

Thiamine is synthesized only by bacteria, fungi, and plants and 
plays an essential role in the normal growth and development of 
organisms. Hence, it is a vital vitamin for humans and must 
be obtained from food (Yang et al., 2019). Free-thiamine uptake is 
accomplished by thiamine transporter 1 (ThTR-1) and 2 (ThTR-2), 
encoded by SLC19A2 and SLC19A3, respectively, which are 
transmembrane proteins expressed in small and large intestines 
(Marcé-Grau et  al., 2019). Previous studies showed that human 
ThTR-2 is supposed to have an important role in intestinal absorption 
(Said et al., 2004; Subramanian et al., 2006). Mutations in ThTR-2 have 
been reported to be associated with thiamine metabolic dysfunction 
syndrome 2 (THMD2), and the clinical and imaging features of 
ThTR-2 mutant patients were similar to those of WE, indicating that 
the syndrome was caused by a genetic disorder of thiamine 
metabolism (Kono et  al., 2009). Recent studies reported that 
prevalence of TD is significant in patients undergoing bariatric 
surgery (Kerns et al., 2015; Albaugh et al., 2021). In addition, due to 
decreased thiamine absorption, bariatric surgery accounts for a large 
proportion of WE cases (Kohnke and Meek, 2021). Excessive alcohol 
consumption has been reported to be associated with an essential risk 
factor for WE  after bariatric surgery (Singh and Kumar, 2007; 
Oudman et  al., 2018). Intestines are the primary organs for food 
digestion, absorption, and metabolism, and participate in various 
physiological functions, such as nutrient absorption, pathogen 
detection, and intestinal homeostasis (Segrist and Cherry, 2020). 
However, due to unavoidable exposure to microbial pathogens and 
foreign substances, intestines are also an essential source of ROS 
(Ballard and Towarnicki, 2020). Intestinal OS activates intestinal 
barrier dysfunction and plays a vital role in the early stage of intestinal 
injuries, such as triggering the immune imbalance and inflammatory 
response (Han et al., 2016; Yang et al., 2019). In addition, OS causes 
and promotes several intestinal diseases, such as intestinal infections, 
inflammatory bowel disease (IBD), ischemic intestinal injury, and 
colorectal cancer (Bhattacharyya et al., 2014). Therefore, regulating 
the ROS balance is crucial for treating related intestinal disorders.

In the intestines, OS occurs when the antioxidant defense system 
cannot quickly eliminate excess ROS from the human body. ROS can 
oxidize proteins, lipids, and DNA, and thus damage cells (Jakubczyk 
et al., 2020). In addition, OS can oxidize and destroy proteins, lipids, and 
DNA at the molecular level, thereby leading to intestinal diseases 
(Cervantes-García et  al., 2020). Under OS, the oxidized state of 
glutathione and glutathione disulfide causes oxidative damage and 
apoptosis of intestinal epithelial cells (Jin et  al., 2021). Moreover, 
exposure to microbial pathogens and xenobiotics generate ROS in 

TABLE 1 The role of oxidative stress on multiple organ systems in 
thiamine deficiency.

Organ OS 
inducer

Function

Liver

NOX1, 

NOX4

Promotes hepatocyte apoptosis (Jiang et al., 2012; 

Lan et al., 2015; Sun et al., 2017)

ADH2 Induces alcoholic liver injure (Modi et al., 2017)

CYP2E1
Causes mitochondrial dysfunction (Kaphalia and 

Calhoun, 2013)

MEOS Leads liver injuries (Acharya et al., 2021)

Cytokines
Causes liver cells apoptosis (Gao and Bataller, 2011; 

Ferreira et al., 2012; Ezhilarasan, 2021; Li et al., 2021)

COX-2 Promotes liver fibrosis progression (Yang et al., 2020)

CCl4
Induces hepatocyte apoptosis (Chen et al., 2017; Liu 

et al., 2018)

intestines

Microbial 

pathogens
Causes chronic intestinal diseases (Aw, 2005)

MTX Increases intestinal inflammation (Aldhahrani, 2021)

DSS
Affects intestinal barrier in homeostasis (Mees 

et al., 2020)

Aluminum Induces apoptosis of crypt cells (Eltahawy et al., 2017)

Harmful 

bacteria

Leads epithelial barrier destruction (Rychlik and 

Barrow, 2005; Butcher et al., 2017)

NOX Increases barrier permeability (Han et al., 2022)

brain

HO-1 Induces neuronal loss (Calingasan and Gibson, 2000)

Organic 

acids
Reduces α-KGDH activity (Wajner et al., 2020)

eNOS
Increases the accumulation of peroxynitrite (Kruse 

et al., 2004)

Ammonia
Promotes neurodegeneration (Norenberg et al., 

2005; Natesan et al., 2016)

ROS, reactive oxygen species; NOX, NADPH oxidase; ADH2, alcohol dehydrogenase 2; 
CYP2E1, cytochrome P-450 2E1; MEOS, microsomal ethanol oxidation system; NAFLD, 
non-alcoholic fatty liver disease; COX-2, cyclooxygenase-2; CCl4, hepatotoxin; MTX, 
Methotrexate; DSS, dextran sulfate sodium; TD, thiamine deficiency; eNOS, endothelial 
nitric oxide synthase isoform.
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intestines that cause various chronic intestinal diseases, such as IBD, 
intestinal infections, and colorectal cancer (Aw, 2005). In addition, ROS 
regulate inflammatory responses and play a critical role in the intestinal 
barrier in homeostasis, infectious diseases, and intestinal inflammation 
(Coant et al., 2010). Due to a lack of integrity and tight connections 
between the intestinal epithelial cells caused by ROS in ulcerative colitis 
(UC), the T cell transfer to the epithelial barrier leads to the production 
of inflammatory mediators and deterioration of mucosal damage (Wang 
et al., 2016; Wan et al., 2022). Methotrexate (MTX) is one of the most 
influential and widely used drugs for treating autoimmune and skin 
diseases. Nonetheless, MTX treatment causes intestinal inflammation 
in mice and increases apoptosis by elevating Bax and caspase-9 
expression levels, while inhibiting Bcl-2 expression levels through OS 
(Aldhahrani, 2021). Similarly, ROS can be produced due to goblet cell 
depletion in the colon tissues of the dextran sulfate sodium (DSS)-
induced UC mice model (Mees et al., 2020). Recent studies showed that 
the OS damage to rat intestinal Paneth cells due to aluminum and 
ionizing radiation alters the abnormal cell morphology, such as the 
expansion of crypt cavity and the erosion of villus, induces apoptosis of 
crypt cells, and causes bacterial invasion in Paneth cells (Eltahawy et al., 
2017). The intestinal microbiota is a vital part of the intestinal 
environment and plays an important role in regulating intestinal health. 
Thus, when the homeostasis of intestinal flora is destroyed, numerous 
harmful bacteria proliferate and produce ROS in host cells, leading to 
OS, inflammatory response, apoptosis of intestinal cells, and epithelial 
barrier destruction. Recent studies showed that pathogenic bacteria, 
such as Helicobacter pylori and Salmonella typhimurium, cause OS and 
homeostasis imbalance in the intestines (Rychlik and Barrow, 2005; 
Butcher et al., 2017). ROS produced by NOX and mitochondrial ROS 
increase barrier permeability and inflammation (Han et al., 2022). In 
addition, ROS produced by symbiotic bacteria act on epithelial cells to 
cause intestinal infections that inactivate ubiquitin binding enzyme 12 
(Ubc 12) and thus affect NF-κB activity (Kumar et  al., 2007). 
Additionally, ROS-induced DNA mutations contribute to the 
progression of colorectal cancer (Mandal, 2017). Moreover, ROS 
contribute to colorectal carcinoma progression by inducing CYP2E1 
and generating carcinogenic etheno-DNA adducts (Linhart et al., 2014). 
In conclusion, ROS damages the intestines by regulating the intestinal 
microenvironment, thereby leading to TD, which contributes to WE.

1.3. OS in brain nerve cell injury

TD is associated with focal neuronal loss and increases OS in the 
brain (Hazell et al., 2013). The resulting oxidative state and lactic acid 
accumulation cause blood–brain barrier abnormality. In addition, in 
patients with TD, some functional changes occur in the 
neurotransmitters, especially in the glutamate and GABAergic systems, 
that lead to toxic nervous excitability (de Freitas-Silva et al., 2010). 
Furthermore, alterations in the pentose phosphate pathway decrease the 
myelination of neurons and thereby damage neuronal signaling 
(Moskowitz and Donnino, 2020). Additionally, TD severely damages 
mitochondrial functions, leading to selective neuronal death in the 
diencephalon and cerebellum (Depeint et  al., 2006). Moreover, the 
thiamine-dependent processes are crucial to brain glucose metabolism, 
loss of thiamine can lead to abnormal OS, inflammation, and 
neurodegeneration of AD patient (Chen and Zhong, 2013). In fact, the 
conversion of free thiamine to bioactive form thiamine pyrophosphate 

(TPP) is essential for cellular energy metabolism. Magnesium, as a 
necessary cofactor for the conversion of thiamine to TPP, participates 
in the activity of thiamine (Ott and Werneke, 2020). Without 
magnesium, thiamine cannot function properly. Moreover, magnesium 
also acts together with thiamine as an important cofactor to control 
several key metabolic enzymes related to glucose, protein metabolism, 
fatty acid, and ATP production. Recent research has shown that patients 
with a history of excessive alcohol consumption and a risk of WE should 
always check their serum magnesium levels (Coughlan et al., 2016). 
Magnesium is also a cofactor to transketolase (TK) and its 
administration to chronic alcoholic patients being treated with thiamine 
demonstrated a positive effect on erythrocyte TK activity (Peake et al., 
2013). Recent reports indicated that in animal experiments under TD 
conditions, TK activity and hippocampal neurogenesis were 
significantly reduced, and TK was involved in thiamine mediated 
hippocampal neurogenesis (Zhao et al., 2014). Inflammation mediated 
by NLR family pyrin domain containing 3 (NLRP3) inflammatory 
bodies is known to be closely related to nervous system diseases and can 
be activated by OS (Minutoli et al., 2016). Recent studies showed that 
NLRP3 inflammatory bodies are significantly activated in the microglia 
of TD mice (Xu et al., 2021). However, treatment with phenylthiamine 
reduced mitochondrial ROS levels, thus inhibiting lipopolysaccharide 
(LPS) and ATP-stimulated NLRP3 inflammation in BV2 cells. These 
results indicate that ROS play a critical role in neuronal cell death 
during TD.

OS, such as accumulation of heme oxygenase-1 (HO-1) and 
superoxide dismutase in microglia, nitrotyrosine and 4-hydroxynonal 
in neurons, and induction of endothelial nitric oxide synthase (NOS) 
in vulnerable areas, particularly the thalamus, are significant 
neurological characteristics of TD (Calingasan and Gibson, 2000). 
Furthermore, OS reduces α-KGDH activity, which further causes 
mitochondrial damage and lactic acid accumulation in the brain. 
Additionally, mitochondrial damage and OS in patients with organic 
acidosis lead to neurologic dysfunction (Wajner et al., 2020). Moreover, 
exposure of nerve cells to ammonia leads to OS, which plays an 
essential role in the swelling of astrocytes in brain edema (Norenberg 
et al., 2005). Recent studies reported that TD increases ROS levels, 
expression of several NOS subtypes, and accumulation of peroxynitrite 
in the brain (Gibson and Zhang, 2002; Kruse et al., 2004). Chronic liver 
failure occurs due to increased NOS-I expression in neurons of rat 
brains, leading to α-KGDH inhibition in the tricarboxylic acid (TCA) 
cycle (Rose and Felipo, 2005). In end-stage chronic liver failure, TD or 
ammonia exposure inhibits α-KGDH, thereby resulting in slowing 
TCA circulation, brain lactate accumulation, and loss of crucial brain 
protein activities due to oxidative damage of mitochondria (Schliess 
et al., 2002; Zhao et al., 2009; Pan et al., 2018). Furthermore, liver 
failure changes glutamate neurotransmitters, thereby exposing the 
brain to high concentrations of ammonia and altering glutamate 
transport by transporters. In addition, acute liver failure and 
hyperammonemia decrease brain glutamate transporter activity and 
increase extracellular brain glutamate concentration through the OS 
pathway, leading to brain edema and cell death (Natesan et al., 2016).

2. Conclusion

TD alters the normal physiological functions of multiple 
organ systems, including the liver, gastrointestinal, and central 
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and peripheral nervous systems, which further aggravates 
TD. This causes oxidative metabolic damage, inflammation, and 
degeneration in the brain, eventually leading to severe 
neurological diseases, such as AD, PD, and WE. We believe that 
effective antioxidation measures along with thiamine 
supplementation are beneficial for preventing and treating 
WE  and other neurodegenerative diseases associated with TD 
in humans.

Author contributions

All authors listed have made a substantial, direct, and intellectual 
contribution to the work and approved it for publication.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Acharya, P., Chouhan, K., Weiskirchen, S., and Weiskirchen, R. (2021). Cellular 

mechanisms of liver fibrosis. Front. Pharmacol. 12:671640. doi: 10.3389/fphar.2021.671640

Albaugh, V. L., Williams, D. B., Aher, C. V., Spann, M. D., and English, W. J. (2021). 
Prevalence of thiamine deficiency is significant in patients undergoing primary bariatric 
surgery. Surg. Obes. Relat. Dis. 17, 653–658. doi: 10.1016/j.soard.2020.11.032

Aldhahrani, A. (2021). Protective effects of guarana (Paullinia cupana) against 
methotrexate-induced intestinal damage in mice. Food Sci. Nutr. 9, 3397–3404. doi: 
10.1002/fsn3.2101

Aw, T. Y. (2005). Intestinal glutathione: determinant of mucosal peroxide transport, 
metabolism, and oxidative susceptibility. Toxicol. Appl. Pharmacol. 204, 320–328. doi: 
10.1016/j.taap.2004.11.016

Ballard, J. W. O., and Towarnicki, S. G. (2020). Mitochondria, the gut microbiome and 
ROS. Cell. Signal. 75:109737. doi: 10.1016/j.cellsig.2020.109737

Balogun, F. O., and Ashafa, A. O. (2016). Antioxidant and hepatoprotective activities 
of Dicoma anomala Sond. Aqueous root extract against carbon tetrachloride-induced 
liver damage in Wistar rats. J. Tradit. Chin. Med. 36, 504–513. doi: 10.1016/
S0254-6272(16)30068-1

Bedard, K., and Krause, K. H. (2007). The NOX family of ROS-generating NADPH 
oxidases: physiology and pathophysiology. Physiol. Rev. 87, 245–313. doi: 10.1152/
physrev.00044.2005

Bhattacharyya, A., Chattopadhyay, R., Mitra, S., and Crowe, S. E. (2014). Oxidative 
stress: an essential factor in the pathogenesis of gastrointestinal mucosal diseases. 
Physiol. Rev. 94, 329–354. doi: 10.1152/physrev.00040.2012

Butcher, L. D., den Hartog, G., Ernst, P. B., and Crowe, S. E. (2017). Oxidative stress 
resulting from Helicobacter pylori infection contributes to gastric carcinogenesis. Cell. 
Mol. Gastroenterol. Hepatol. 3, 316–322. doi: 10.1016/j.jcmgh.2017.02.002

Butterworth, R. F. (2009). Thiamine deficiency-related brain dysfunction in chronic 
liver failure. Metab. Brain Dis. 24, 189–196. doi: 10.1007/s11011-008-9129-y

Calingasan, N. Y., and Gibson, G. E. (2000). Dietary restriction attenuates the 
neuronal loss, induction of heme oxygenase-1 and blood-brain barrier breakdown 
induced by impaired oxidative metabolism. Brain Res. 885, 62–69. doi: 10.1016/
S0006-8993(00)02933-4

Cervantes-García, D., Bahena-Delgado, A. I., Jiménez, M., Córdova-Dávalos, L. E., 
Ruiz-Esparza Palacios, V., Sánchez-Alemán, E., et al. (2020). Glycomacropeptide 
ameliorates indomethacin-induced Enteropathy in rats by modifying intestinal 
inflammation and oxidative stress. Molecules 25:2351. doi: 10.3390/molecules25102351

Chen, X., Guo, C., and Kong, J. (2012). Oxidative stress in neurodegenerative diseases. 
Neural Regen. Res. 7, 376–385. doi: 10.3969/j.issn.1673-5374.2012.05.009

Chen, Q., Zhan, Q., Li, Y., Sun, S., Zhao, L., Zhang, H., et al. (2017). Schisandra Lignan 
extract protects against carbon tetrachloride-induced liver injury in mice by inhibiting 
oxidative stress and regulating the NF-kappaB and JNK signaling pathways. Evid. Based 
Complement. Alternat. Med. 2017, 1–11. doi: 10.1155/2017/5140297

Chen, Z., and Zhong, C. (2013). Decoding Alzheimer's disease from perturbed 
cerebral glucose metabolism: implications for diagnostic and therapeutic strategies. 
Prog. Neurobiol. 108, 21–43. doi: 10.1016/j.pneurobio.2013.06.004

Coant, N., Ben Mkaddem, S., Pedruzzi, E., Guichard, C., Tréton, X., Ducroc, R., et al. 
(2010). NADPH oxidase 1 modulates WNT and NOTCH1 signaling to control the fate 
of proliferative progenitor cells in the colon. Mol. Cell. Biol. 30, 2636–2650. doi: 10.1128/
MCB.01194-09

Coughlan, J. J., Mross, T., Wafer, M., and Liston, R. (2016). Thiamine refractory 
Wernickes encephalopathy reversed with magnesium therapy. BMJ Case Rep. 
2016:bcr2016218046. doi: 10.1136/bcr-2016-218046

de Freitas-Silva, D. M., Resende, L. S., Pereira, S. R., Franco, G. C., and Ribeiro, A. M. 
(2010). Maternal thiamine restriction during lactation induces cognitive impairments 
and changes in glutamate and GABA concentrations in brain of rat offspring. Behav. 
Brain Res. 211, 33–40. doi: 10.1016/j.bbr.2010.03.002

Depeint, F., Bruce, W. R., Shangari, N., Mehta, R., and O’Brien, P. J. (2006). 
Mitochondrial function and toxicity: role of the B vitamin family on mitochondrial 
energy metabolism. Chem. Biol. Interact. 163, 94–112. doi: 10.1016/j.
cbi.2006.04.014

Eltahawy, N. A., Elsonbaty, S. M., Abunour, S., and Zahran, W. E. (2017). Synergistic 
effect of aluminum and ionizing radiation upon ultrastructure, oxidative stress and 
apoptotic alterations in Paneth cells of rat intestine. Environ. Sci. Pollut. Res. Int. 24, 
6657–6666. doi: 10.1007/s11356-017-8392-z

Ezhilarasan, D. (2021). Hepatotoxic potentials of methotrexate: understanding the 
possible toxicological molecular mechanisms. Toxicology 458:152840. doi: 10.1016/j.
tox.2021.152840

Ferreira, K. S., Kreutz, C., MacNelly, S., Neubert, K., Haber, A., Bogyo, M., et al. 
(2012). Caspase-3 feeds back on caspase-8, bid and XIAP in type I Fas signaling in 
primary mouse hepatocytes. Apoptosis 17, 503–515. doi: 10.1007/s10495-011-0691-0

Finkel, T., and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of 
ageing. Nature 408, 239–247. doi: 10.1038/35041687

Gao, B., and Bataller, R. (2011). Alcoholic liver disease: pathogenesis and new 
therapeutic targets. Gastroenterology 141, 1572–1585. doi: 10.1053/j.gastro.2011.09.002

Ghanim, B. Y., and Qinna, N. A. (2022). Nrf2/ARE axis signalling in hepatocyte 
cellular death. Mol. Biol. Rep. 49, 4039–4053. doi: 10.1007/s11033-022-07125-6

Gibson, G. E., Hirsch, J. A., Fonzetti, P., Jordan, B. D., Cirio, R. T., and Elder, J. (2016). 
Vitamin B1 (thiamine) and dementia. Ann. N. Y. Acad. Sci. 1367, 21–30. doi: 10.1111/
nyas.13031

Gibson, G. E., and Zhang, H. (2002). Interactions of oxidative stress with thiamine 
homeostasis promote neurodegeneration. Neurochem. Int. 40, 493–504. doi: 10.1016/
S0197-0186(01)00120-6

Gravitz, L. (2014). Liver cancer. Nature 516:S1. doi: 10.1038/516S1a

Grunhage, F., Fischer, H. P., Sauerbruch, T., and Reichel, C. (2003). Drug- and toxin-
induced hepatotoxicity. Z. Gastroenterol. 41, 565–578. doi: 10.1055/s-2003-39650

Gu, C., Zhou, Z., Yu, Z., He, M., He, L., Luo, Z., et al. (2022). Corrigendum: the 
microbiota and It's correlation with metabolites in the gut of mice with nonalcoholic 
fatty liver disease. Front. Cell. Infect. Microbiol. 12:972118. doi: 10.3389/
fcimb.2022.972118

Hadjihambi, A., Cudalbu, C., Pierzchala, K., Simicic, D., Donnelly, C., 
Konstantinou, C., et al. (2022). Abnormal brain oxygen homeostasis in an animal model 
of liver disease. JHEP Rep. 4:100509. doi: 10.1016/j.jhepr.2022.100509

Haga, Y., Kanda, T., Sasaki, R., Nakamura, M., Nakamoto, S., and Yokosuka, O. (2015). 
Nonalcoholic fatty liver disease and hepatic cirrhosis: comparison with viral hepatitis-
associated steatosis. World J. Gastroenterol. 21, 12989–12995. doi: 10.3748/wjg.v21.
i46.12989

Han, C., Sheng, Y., Wang, J., Zhou, X., Li, W., Zhang, C., et al. (2022). NOX4 promotes 
mucosal barrier injury in inflammatory bowel disease by mediating macrophages M1 
polarization through ROS. Int. Immunopharmacol. 104:108361. doi: 10.1016/j.
intimp.2021.108361

Han, M., Song, P., Huang, C., Rezaei, A., Farrar, S., Brown, M. A., et al. (2016). Dietary 
grape seed proanthocyanidins (GSPs) improve weaned intestinal microbiota and 
mucosal barrier using a piglet model. Oncotarget 7, 80313–80326. doi: 10.18632/
oncotarget.13450

https://doi.org/10.3389/fnagi.2023.1150878
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2021.671640
https://doi.org/10.1016/j.soard.2020.11.032
https://doi.org/10.1002/fsn3.2101
https://doi.org/10.1016/j.taap.2004.11.016
https://doi.org/10.1016/j.cellsig.2020.109737
https://doi.org/10.1016/S0254-6272(16)30068-1
https://doi.org/10.1016/S0254-6272(16)30068-1
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1152/physrev.00040.2012
https://doi.org/10.1016/j.jcmgh.2017.02.002
https://doi.org/10.1007/s11011-008-9129-y
https://doi.org/10.1016/S0006-8993(00)02933-4
https://doi.org/10.1016/S0006-8993(00)02933-4
https://doi.org/10.3390/molecules25102351
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.1155/2017/5140297
https://doi.org/10.1016/j.pneurobio.2013.06.004
https://doi.org/10.1128/MCB.01194-09
https://doi.org/10.1128/MCB.01194-09
https://doi.org/10.1136/bcr-2016-218046
https://doi.org/10.1016/j.bbr.2010.03.002
https://doi.org/10.1016/j.cbi.2006.04.014
https://doi.org/10.1016/j.cbi.2006.04.014
https://doi.org/10.1007/s11356-017-8392-z
https://doi.org/10.1016/j.tox.2021.152840
https://doi.org/10.1016/j.tox.2021.152840
https://doi.org/10.1007/s10495-011-0691-0
https://doi.org/10.1038/35041687
https://doi.org/10.1053/j.gastro.2011.09.002
https://doi.org/10.1007/s11033-022-07125-6
https://doi.org/10.1111/nyas.13031
https://doi.org/10.1111/nyas.13031
https://doi.org/10.1016/S0197-0186(01)00120-6
https://doi.org/10.1016/S0197-0186(01)00120-6
https://doi.org/10.1038/516S1a
https://doi.org/10.1055/s-2003-39650
https://doi.org/10.3389/fcimb.2022.972118
https://doi.org/10.3389/fcimb.2022.972118
https://doi.org/10.1016/j.jhepr.2022.100509
https://doi.org/10.3748/wjg.v21.i46.12989
https://doi.org/10.3748/wjg.v21.i46.12989
https://doi.org/10.1016/j.intimp.2021.108361
https://doi.org/10.1016/j.intimp.2021.108361
https://doi.org/10.18632/oncotarget.13450
https://doi.org/10.18632/oncotarget.13450


Wei and Xu 10.3389/fnagi.2023.1150878

Frontiers in Aging Neuroscience 06 frontiersin.org

Hazell, A. S., Faim, S., Wertheimer, G., Silva, V. R., and Marques, C. S. (2013). The 
impact of oxidative stress in thiamine deficiency: a multifactorial targeting issue. 
Neurochem. Int. 62, 796–802. doi: 10.1016/j.neuint.2013.01.009

He, L., Guo, C., Peng, C., and Li, Y. (2021). Advances of natural activators for Nrf2 
signaling pathway on cholestatic liver injury protection: a review. Eur. J. Pharmacol. 
910:174447. doi: 10.1016/j.ejphar.2021.174447

Hussain, T., Tan, B., Yin, Y., Blachier, F., Tossou, M. C. B., and Rahu, N. (2016). 
Oxidative stress and inflammation: what polyphenols can do for us? Oxidative Med. Cell. 
Longev. 2016, 7432797–7432799. doi: 10.1155/2016/7432797

Jakubczyk, K., Dec, K., Kałduńska, J., Kawczuga, D., Kochman, J., and Janda, K. 
(2020). Reactive oxygen species - sources, functions, oxidative damage. Pol. Merkur. 
Lekarski 48, 124–127.

Jiang, J. X., Chen, X., Serizawa, N., Szyndralewiez, C., Page, P., Schröder, K., et al. 
(2012). Liver fibrosis and hepatocyte apoptosis are attenuated by GKT137831, a novel 
NOX4/NOX1 inhibitor in  vivo. Free Radic. Biol. Med. 53, 289–296. doi: 10.1016/j.
freeradbiomed.2012.05.007

Jin, Y., Zhai, Z., Jia, H., Lai, J., Si, X., and Wu, Z. (2021). Kaempferol attenuates diquat-
induced oxidative damage and apoptosis in intestinal porcine epithelial cells. Food Funct. 
12, 6889–6899. doi: 10.1039/D1FO00402F

Jomova, K., and Valko, M. (2011). Advances in metal-induced oxidative stress and 
human disease. Toxicology 283, 65–87. doi: 10.1016/j.tox.2011.03.001

Kaphalia, L., and Calhoun, W. J. (2013). Alcoholic lung injury: metabolic, biochemical 
and immunological aspects. Toxicol. Lett. 222, 171–179. doi: 10.1016/j.toxlet.2013.07.016

Kerns, J. C., Arundel, C., and Chawla, L. S. (2015). Thiamin deficiency in people with 
obesity. Adv. Nutr. 6, 147–153. doi: 10.3945/an.114.007526

Kim, N. D., Moon, J. O., Slitt, A. L., and Copple, B. L. (2006). Early growth response 
factor-1 is critical for cholestatic liver injury. Toxicol. Sci. 90, 586–595. doi: 10.1093/
toxsci/kfj111

Kim, S., and Sieburth, D. (2018). Sphingosine kinase regulates neuropeptide secretion 
during the oxidative stress-response through intertissue signaling. J. Neurosci. 38, 
8160–8176. doi: 10.1523/JNEUROSCI.0536-18.2018

Kohnke, S., and Meek, C. L. (2021). Don't seek, don't find: the diagnostic challenge 
of Wernicke’s encephalopathy. Ann. Clin. Biochem. 58, 38–46. doi: 
10.1177/0004563220939604

Kono, S., Miyajima, H., Yoshida, K., Togawa, A., Shirakawa, K., and Suzuki, H. (2009). 
Mutations in a thiamine-transporter gene and Wernicke's-like encephalopathy. N. Engl. 
J. Med. 360, 1792–1794. doi: 10.1056/NEJMc0809100

Koyama, Y., and Brenner, D. A. (2017). Liver inflammation and fibrosis. J. Clin. Invest. 
127, 55–64. doi: 10.1172/JCI88881

Kruse, M., Navarro, D., Desjardins, P., and Butterworth, R. F. (2004). Increased brain 
endothelial nitric oxide synthase expression in thiamine deficiency: relationship to 
selective vulnerability. Neurochem. Int. 45, 49–56. doi: 10.1016/j.neuint.2003.12.007

Kumar, A., Wu, H., Collier-Hyams, L. S., Hansen, J. M., Li, T., Yamoah, K., et al. 
(2007). Commensal bacteria modulate cullin-dependent signaling via generation of 
reactive oxygen species. EMBO J. 26, 4457–4466. doi: 10.1038/sj.emboj.7601867

Lan, T., Kisseleva, T., and Brenner, D. A. (2015). Deficiency of NOX1 or NOX4 
prevents liver inflammation and fibrosis in mice through inhibition of hepatic stellate 
cell activation. PLoS One 10:e0129743. doi: 10.1371/journal.pone.0129743

Li, J., Wang, T., Liu, P., Yang, F., Wang, X., Zheng, W., et al. (2021). Hesperetin 
ameliorates hepatic oxidative stress and inflammation via the PI3K/AKT-Nrf2-ARE 
pathway in oleic acid-induced HepG2 cells and a rat model of high-fat diet-induced 
NAFLD. Food Funct. 12, 3898–3918. doi: 10.1039/D0FO02736G

Li, S., Zhao, Y., He, X., Kim, T. H., Kuharsky, D. K., Rabinowich, H., et al. (2002). Relief 
of extrinsic pathway inhibition by the bid-dependent mitochondrial release of Smac in 
Fas-mediated hepatocyte apoptosis. J. Biol. Chem. 277, 26912–26920. doi: 10.1074/jbc.
M200726200

Linhart, K., Bartsch, H., and Seitz, H. K. (2014). The role of reactive oxygen species 
(ROS) and cytochrome P-450 2E1  in the generation of carcinogenic etheno-DNA 
adducts. Redox Biol. 3, 56–62. doi: 10.1016/j.redox.2014.08.009

Liu, Y., Wen, P. H., Zhang, X. X., Dai, Y., and He, Q. (2018). Breviscapine ameliorates 
CCl4induced liver injury in mice through inhibiting inflammatory apoptotic response 
and ROS generation. Int. J. Mol. Med. 42, 755–768. doi: 10.3892/ijmm.2018.3651

Lushchak, V. I. (2014). Free radicals, reactive oxygen species, oxidative stress and its 
classification. Chem. Biol. Interact. 224, 164–175. doi: 10.1016/j.cbi.2014.10.016

Mandal, P. (2017). Potential biomarkers associated with oxidative stress for risk 
assessment of colorectal cancer. Naunyn Schmiedeberg's Arch. Pharmacol. 390, 557–565. 
doi: 10.1007/s00210-017-1352-9

Marcé-Grau, A., Martí-Sánchez, L., Baide-Mairena, H., Ortigoza-Escobar, J. D., and 
Pérez-Dueñas, B. (2019). Genetic defects of thiamine transport and metabolism: a 
review of clinical phenotypes, genetics, and functional studies. J. Inherit. Metab. Dis. 42, 
581–597. doi: 10.1002/jimd.12125

Mees, M., Meurer, M. C., Mariano, L. N. B., Boeing, T., Somensi, L. B., Mariott, M., 
et al. (2020). Maytenus robusta Reissek, a medicinal plant popularly used to treat 
digestive diseases, promotes ameliorative effects in colon and liver of mice exposed to 
dextran sulfate sodium. J. Ethnopharmacol. 261:113180. doi: 10.1016/j.jep.2020.113180

Minutoli, L., Puzzolo, D., Rinaldi, M., Irrera, N., Marini, H., Arcoraci, V., et al. (2016). 
ROS-mediated NLRP3 Inflammasome activation in brain, heart, kidney, and testis 
ischemia/reperfusion injury. Oxidative Med. Cell. Longev. 2016, 1–10. doi: 
10.1155/2016/2183026

Modi, A., Agrawal, A., and Morgan, F. (2017). Euglycemic diabetic ketoacidosis: a 
review. Curr. Diabetes Rev. 13, 315–321. doi: 10.2174/1573399812666160421121307

Mortezaee, K., and Khanlarkhani, N. (2018). Melatonin application in targeting 
oxidative-induced liver injuries: a review. J. Cell. Physiol. 233, 4015–4032. doi: 10.1002/
jcp.26209

Moskowitz, A., and Donnino, M. W. (2020). Thiamine (vitamin B1) in septic shock: a 
targeted therapy. J. Thorac. Dis. 12, S78–S83. doi: 10.21037/jtd.2019.12.82

Natesan, V., Mani, R., and Arumugam, R. (2016). Clinical aspects of urea cycle 
dysfunction and altered brain energy metabolism on modulation of glutamate receptors 
and transporters in acute and chronic hyperammonemia. Biomed. Pharmacother. 81, 
192–202. doi: 10.1016/j.biopha.2016.04.010

Norenberg, M. D., Rao, K. V., and Jayakumar, A. R. (2005). Mechanisms of ammonia-
induced astrocyte swelling. Metab. Brain Dis. 20, 303–318. doi: 10.1007/s11011-005-7911-7

Ota, Y., Capizzano, A. A., Moritani, T., Naganawa, S., Kurokawa, R., and Srinivasan, A. 
(2020). Comprehensive review of Wernicke encephalopathy: pathophysiology, clinical 
symptoms and imaging findings. Jpn. J. Radiol. 38, 809–820. doi: 10.1007/s11604-020-00989-3

Ott, M., and Werneke, U. (2020). Wernicke’s encephalopathy - from basic science to 
clinical practice. Part 1: understanding the role of thiamine. Ther. Adv. Psychopharmacol. 
10:2045125320978106. doi: 10.1177/2045125320978106

Oudman, E., Wijnia, J. W., van Dam, M., Biter, L. U., and Postma, A. (2018). 
Preventing Wernicke encephalopathy after bariatric surgery. Obes. Surg. 28, 2060–2068. 
doi: 10.1007/s11695-018-3262-4

Pan, X., Nan, X., Yang, L., Jiang, L., and Xiong, B. (2018). Thiamine status, metabolism 
and application in dairy cows: a review. Br. J. Nutr. 120, 491–499. doi: 10.1017/
S0007114518001666

Pannunzio, P., Hazell, A. S., Pannunzio, M., Rao, K. V. R., and Butterworth, R. F. (2000). 
Thiamine deficiency results in metabolic acidosis and energy failure in cerebellar granule 
cells: an in vitro model for the study of cell death mechanisms in Wernicke's encephalopathy. 
J. Neurosci. Res. 62, 286–292. doi: 10.1002/1097-4547(20001015)62:2<286::AID-
JNR13>3.0.CO;2-0

Parola, M., and Pinzani, M. (2019). Liver fibrosis: pathophysiology, pathogenetic 
targets and clinical issues. Mol. Asp. Med. 65, 37–55. doi: 10.1016/j.mam.2018.09.002

Patel, M. (2016). Targeting oxidative stress in central nervous system disorders. Trends 
Pharmacol. Sci. 37, 768–778. doi: 10.1016/j.tips.2016.06.007

Peake, R. W., Godber, I. M., and Maguire, D. (2013). The effect of magnesium 
administration on erythrocyte transketolase activity in alcoholic patients treated with 
thiamine. Scott. Med. J. 58, 139–142. doi: 10.1177/0036933013496944

Rose, C., and Felipo, V. (2005). Limited capacity for ammonia removal by brain in 
chronic liver failure: potential role of nitric oxide. Metab. Brain Dis. 20, 275–283. doi: 
10.1007/s11011-005-7906-4

Rychlik, I., and Barrow, P. A. (2005). Salmonella stress management and its relevance 
to behaviour during intestinal colonisation and infection. FEMS Microbiol. Rev. 29, 
1021–1040. doi: 10.1016/j.femsre.2005.03.005

Said, H. M., Balamurugan, K., Subramanian, V. S., and Marchant, J. S. (2004). 
Expression and functional contribution of hTHTR-2 in thiamin absorption in human 
intestine. Am. J. Physiol. Gastrointest. Liver Physiol. 286, G491–G498. doi: 10.1152/
ajpgi.00361.2003

Schliess, F., Görg, B., Fischer, R., Desjardins, P., Bidmon, H. J., Herrmann, A., et al. 
(2002). Ammonia induces MK-801-sensitive nitration and phosphorylation of protein 
tyrosine residues in rat astrocytes. FASEB J. 16, 739–741. doi: 10.1096/fj.01-0862fje

Segrist, E., and Cherry, S. (2020). Using diverse model systems to define intestinal 
epithelial defenses to enteric viral infections. Cell Host Microbe 27, 329–344. doi: 
10.1016/j.chom.2020.02.003

Shabangu, C. S., Huang, J. F., Hsiao, H. H., Yu, M. L., Chuang, W. L., and Wang, S. C. 
(2020). Liquid biopsy for the diagnosis of viral hepatitis, fatty liver Steatosis, and 
alcoholic liver diseases. Int. J. Mol. Sci. 21:3732. doi: 10.3390/ijms21103732

Shang, N., Bank, T., Ding, X., Breslin, P., Li, J., Shi, B., et al. (2018). Caspase-3 
suppresses diethylnitrosamine-induced hepatocyte death, compensatory proliferation 
and hepatocarcinogenesis through inhibiting p38 activation. Cell Death Dis. 9:558. doi: 
10.1038/s41419-018-0617-7

Sia, D., Villanueva, A., Friedman, S. L., and Llovet, J. M. (2017). Liver Cancer cell of 
origin, molecular class, and effects on patient prognosis. Gastroenterology 152, 745–761. 
doi: 10.1053/j.gastro.2016.11.048

Singh, S., and Kumar, A. (2007). Wernicke encephalopathy after obesity surgery: a 
systematic review. Neurology 68, 807–811. doi: 10.1212/01.wnl.0000256812.29648.86

Song, X. Y., Liu, P. C., Liu, W. W., Zhou, J., Hayashi, T., Mizuno, K., et al. (2022). 
Silibinin inhibits ethanol- or acetaldehyde-induced ferroptosis in liver cell lines. Toxicol. 
In Vitro 82:105388. doi: 10.1016/j.tiv.2022.105388

Su, L. J., Zhang, J. H., Gomez, H., Murugan, R., Hong, X., Xu, D., et al. (2019). Reactive 
oxygen species-induced lipid peroxidation in apoptosis, autophagy, and Ferroptosis. 
Oxidative Med. Cell. Longev. 2019:5080843. doi: 10.1155/2019/5080843

https://doi.org/10.3389/fnagi.2023.1150878
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuint.2013.01.009
https://doi.org/10.1016/j.ejphar.2021.174447
https://doi.org/10.1155/2016/7432797
https://doi.org/10.1016/j.freeradbiomed.2012.05.007
https://doi.org/10.1016/j.freeradbiomed.2012.05.007
https://doi.org/10.1039/D1FO00402F
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.1016/j.toxlet.2013.07.016
https://doi.org/10.3945/an.114.007526
https://doi.org/10.1093/toxsci/kfj111
https://doi.org/10.1093/toxsci/kfj111
https://doi.org/10.1523/JNEUROSCI.0536-18.2018
https://doi.org/10.1177/0004563220939604
https://doi.org/10.1056/NEJMc0809100
https://doi.org/10.1172/JCI88881
https://doi.org/10.1016/j.neuint.2003.12.007
https://doi.org/10.1038/sj.emboj.7601867
https://doi.org/10.1371/journal.pone.0129743
https://doi.org/10.1039/D0FO02736G
https://doi.org/10.1074/jbc.M200726200
https://doi.org/10.1074/jbc.M200726200
https://doi.org/10.1016/j.redox.2014.08.009
https://doi.org/10.3892/ijmm.2018.3651
https://doi.org/10.1016/j.cbi.2014.10.016
https://doi.org/10.1007/s00210-017-1352-9
https://doi.org/10.1002/jimd.12125
https://doi.org/10.1016/j.jep.2020.113180
https://doi.org/10.1155/2016/2183026
https://doi.org/10.2174/1573399812666160421121307
https://doi.org/10.1002/jcp.26209
https://doi.org/10.1002/jcp.26209
https://doi.org/10.21037/jtd.2019.12.82
https://doi.org/10.1016/j.biopha.2016.04.010
https://doi.org/10.1007/s11011-005-7911-7
https://doi.org/10.1007/s11604-020-00989-3
https://doi.org/10.1177/2045125320978106
https://doi.org/10.1007/s11695-018-3262-4
https://doi.org/10.1017/S0007114518001666
https://doi.org/10.1017/S0007114518001666
https://doi.org/10.1002/1097-4547(20001015)62:2<286::AID-JNR13>3.0.CO;2-0
https://doi.org/10.1002/1097-4547(20001015)62:2<286::AID-JNR13>3.0.CO;2-0
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1016/j.tips.2016.06.007
https://doi.org/10.1177/0036933013496944
https://doi.org/10.1007/s11011-005-7906-4
https://doi.org/10.1016/j.femsre.2005.03.005
https://doi.org/10.1152/ajpgi.00361.2003
https://doi.org/10.1152/ajpgi.00361.2003
https://doi.org/10.1096/fj.01-0862fje
https://doi.org/10.1016/j.chom.2020.02.003
https://doi.org/10.3390/ijms21103732
https://doi.org/10.1038/s41419-018-0617-7
https://doi.org/10.1053/j.gastro.2016.11.048
https://doi.org/10.1212/01.wnl.0000256812.29648.86
https://doi.org/10.1016/j.tiv.2022.105388
https://doi.org/10.1155/2019/5080843


Wei and Xu 10.3389/fnagi.2023.1150878

Frontiers in Aging Neuroscience 07 frontiersin.org

Subramanian, V. S., Marchant, J. S., and Said, H. M. (2006). Biotin-responsive basal 
ganglia disease-linked mutations inhibit thiamine transport via hTHTR2: biotin is not 
a substrate for hTHTR2. Am. J. Physiol. Cell Physiol. 291, C851–C859. doi: 10.1152/
ajpcell.00105.2006

Subramanya, S. B., Subramanian, V. S., and Said, H. M. (2010). Chronic alcohol 
consumption and intestinal thiamin absorption: effects on physiological and molecular 
parameters of the uptake process. Am. J. Physiol. Gastrointest. Liver Physiol. 299, G23–
G31. doi: 10.1152/ajpgi.00132.2010

Sun, Q., Zhang, W., Zhong, W., Sun, X., and Zhou, Z. (2017). Pharmacological 
inhibition of NOX4 ameliorates alcohol-induced liver injury in mice through improving 
oxidative stress and mitochondrial function. Biochim. Biophys. Acta Gen. Subj. 1861, 
2912–2921. doi: 10.1016/j.bbagen.2016.09.009

Thomson, A. D. (2000). Mechanisms of vitamin deficiency in chronic alcohol misusers 
and the development of the Wernicke-Korsakoff syndrome. Alcohol Alcohol. Suppl. 35, 
2–1. doi: 10.1093/alcalc/35.Supplement_1.2

Trefts, E., Gannon, M., and Wasserman, D. H. (2017). The liver. Curr. Biol. 27, R1147–
R1151. doi: 10.1016/j.cub.2017.09.019

Tripathi, R., Gupta, R., Sahu, M., Srivastava, D., das, A., Ambasta, R. K., et al. (2022). 
Free radical biology in neurological manifestations: mechanisms to therapeutics 
interventions. Environ. Sci. Pollut. Res. Int. 29, 62160–62207. doi: 10.1007/
s11356-021-16693-2

Wajner, M., Vargas, C. R., and Amaral, A. U. (2020). Disruption of mitochondrial 
functions and oxidative stress contribute to neurologic dysfunction in organic acidurias. 
Arch. Biochem. Biophys. 696:108646. doi: 10.1016/j.abb.2020.108646

Wan, Y., Yang, L., Jiang, S., Qian, D., and Duan, J. (2022). Excessive apoptosis in 
ulcerative colitis: crosstalk between apoptosis, ROS, ER stress, and intestinal 
homeostasis. Inflamm. Bowel Dis. 28, 639–648. doi: 10.1093/ibd/izab277

Wang, Z., Li, S., Cao, Y., Tian, X., Zeng, R., Liao, D. F., et al. (2016). Oxidative stress 
and carbonyl lesions in ulcerative colitis and associated colorectal Cancer. Oxidative 
Med. Cell. Longev. 2016, 1–15. doi: 10.1155/2016/9875298

Xu, Y., Zhao, L., Qiu, H., Qian, T., Sang, S., and Zhong, C. (2021). The impact of 
thiamine deficiency and benfotiamine treatment on nod-like receptor protein-3 
inflammasome in microglia. Neuroreport 32, 1041–1048. doi: 10.1097/
WNR.0000000000001691

Yang, H., Xuefeng, Y., Shandong, W., and Jianhua, X. (2020). COX-2 in liver fibrosis. 
Clin. Chim. Acta 506, 196–203. doi: 10.1016/j.cca.2020.03.024

Yang, J., Zhu, C., Ye, J., Lv, Y., Wang, L., Chen, Z., et al. (2019). Protection of porcine 
intestinal-epithelial cells from Deoxynivalenol-induced damage by resveratrol via the 
Nrf2 signaling pathway. J. Agric. Food Chem. 67, 1726–1735. doi: 10.1021/acs.
jafc.8b03662

Zhang, Y., Lu, Y., Ji, H., and Li, Y. (2019). Anti-inflammatory, anti-oxidative stress and 
novel therapeutic targets for cholestatic liver injury. Biosci. Trends 13, 23–31. doi: 
10.5582/bst.2018.01247

Zhao, Y., Pan, X., Zhao, J., Wang, Y., Peng, Y., and Zhong, C. (2009). Decreased 
transketolase activity contributes to impaired hippocampal neurogenesis induced by 
thiamine deficiency. J. Neurochem. 111, 537–546. doi: 10.1111/j.1471-4159.2009.06341.x

Zhao, X., Wang, C., Dai, S., Liu, Y., Zhang, F., Peng, C., et al. (2022). Quercetin protects 
ethanol-induced hepatocyte Pyroptosis via scavenging mitochondrial ROS and 
Promoting PGC-1alpha-regulated mitochondrial homeostasis in L02 cells. Oxidative 
Med. Cell. Longev. 2022, 1–15. doi: 10.1155/2022/4591134

Zhao, Y., Wu, Y., Hu, H., Cai, J., Ning, M., Ni, X., et al. (2014). Downregulation of 
transketolase activity is related to inhibition of hippocampal progenitor cell proliferation 
induced by thiamine deficiency. Biomed. Res. Int. 2014:572915, 1–9. doi: 
10.1155/2014/572915

https://doi.org/10.3389/fnagi.2023.1150878
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1152/ajpcell.00105.2006
https://doi.org/10.1152/ajpcell.00105.2006
https://doi.org/10.1152/ajpgi.00132.2010
https://doi.org/10.1016/j.bbagen.2016.09.009
https://doi.org/10.1093/alcalc/35.Supplement_1.2
https://doi.org/10.1016/j.cub.2017.09.019
https://doi.org/10.1007/s11356-021-16693-2
https://doi.org/10.1007/s11356-021-16693-2
https://doi.org/10.1016/j.abb.2020.108646
https://doi.org/10.1093/ibd/izab277
https://doi.org/10.1155/2016/9875298
https://doi.org/10.1097/WNR.0000000000001691
https://doi.org/10.1097/WNR.0000000000001691
https://doi.org/10.1016/j.cca.2020.03.024
https://doi.org/10.1021/acs.jafc.8b03662
https://doi.org/10.1021/acs.jafc.8b03662
https://doi.org/10.5582/bst.2018.01247
https://doi.org/10.1111/j.1471-4159.2009.06341.x
https://doi.org/10.1155/2022/4591134
https://doi.org/10.1155/2014/572915

	Oxidative stress in Wernicke’s encephalopathy
	1. Introduction
	1.1. OS in liver injury
	1.2. OS in intestinal absorption
	1.3. OS in brain nerve cell injury

	2. Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note

	References

