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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a common clinical disease, and its pathogenesis
is closely linked to oxidative stress and gut microbiota dysbiosis. Recently accumulating evidence
indicates that the thioredoxin and glutaredoxin systems, the two thiol-redox dependent antioxidant
systems, are the key players in the NAFLD’s development and progression. However, the effects of
gut microbiota dysbiosis on the liver thiol-redox systems are not well clarified. This review explores
the role and mechanisms of oxidative stress induced by bacteria in NAFLD while emphasizing
the crucial interplay between gut microbiota dysbiosis and Trx mediated-redox regulation. The
paper explores how dysbiosis affects the production of specific gut microbiota metabolites, such as
trimethylamine N-oxide (TMAO), lipopolysaccharides (LPS), short-chain fatty acids (SCFAs), amino
acids, bile acid, and alcohol. These metabolites, in turn, significantly impact liver inflammation,
lipid metabolism, insulin resistance, and cellular damage through thiol-dependent redox signaling.
It suggests that comprehensive approaches targeting both gut microbiota dysbiosis and the thiol-
redox antioxidant system are essential for effectively preventing and treating NAFLD. Overall,
comprehending the intricate relationship between gut microbiota dysbiosis and thiol-redox systems
in NAFLD holds significant promise in enhancing patient outcomes and fostering the development
of innovative therapeutic interventions.

Keywords: thioredoxin; reactive oxygen species; NAFLD; gut microbiota dysbiosis; oxidative stress

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a clinical–pathological syndrome charac-
terized by excessive deposition of fat and fatty degeneration in liver cells in the absence
of excessive alcohol consumption or other known causes of liver disease. Pathologically,
NAFLD is generally categorized into two types: simple fatty liver and non-alcoholic steato-
hepatitis (NASH) and can progress to fatty liver fibrosis and even liver cancer. Besides
the direct harm from liver disease, NAFLD patients are at significantly increased risk of
developing cardiovascular diseases, type 2 diabetes, and chronic renal insufficiency [1,2].
However, the specific pathogenesis of NAFLD/NASH remains unclear, and there is cur-
rently no specific treatment available. Clinical pharmacological research on NAFLD is
actively underway.

NAFLD is a disease closely related to various factors, including genetics, environment,
and diet. To emphasize its metabolic nature, in March 2020, an international expert group
proposed renaming it as Metabolic Associated Fatty Liver Disease (MAFLD) [3]. When
NAFLD progresses to NASH, the risk of liver fibrosis and liver cancer increases significantly.
Consequently, in the natural development of NAFLD, the progression of the disease can
be effectively stopped by improving NASH. The exact cause of NAFLD/NASH is still
unknown, and the “two-hit” hypothesis proposes that insulin resistance in peripheral
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adipose tissue results in the breakdown of fats, elevated levels of free fatty acids in the
bloodstream, and excessive transportation of fatty acids to the liver, ultimately leading to
hepatic steatosis [4,5]. This is the “first hit”. Prolonged and excessive fat accumulation
in the liver cannot be eliminated, causing mitochondrial dysfunction. This dysfunction
leads to endoplasmic reticulum stress, oxidative stress, and the release of inflammatory
factors, which exacerbate hepatocellular damage and contribute to the development of
NASH from simple fatty liver disease, referred to as the “second hit”. Reduced secretion of
adiponectin (ADPN) and elevated pro-inflammatory factors in peripheral adipose tissue
further promote inflammatory responses and worsen insulin resistance, creating a vicious
cycle [4]. Additionally, liver cell apoptosis is critical for the development of NASH. The
pathogenesis of NAFLD/NASH is highly complex, and the current understanding has
shifted from the “two-hit” to the “multiple parallel hits” theory, involving diverse factors
such as oxidative stress, gut microbiota, insulin resistance, adipokines, genetics, and
epigenetics, and others [5,6]. This review focuses on the role of thiol-redox imbalance
and gut microbiota dysbiosis in the pathogenesis and the therapeutic potential of NAFLD.
Particularly, the thioredoxin/glutaredoxin (Trx/Grx) systems, which are the key cellular
disulfide reductase system, play critical roles in NAFLD and may act as molecular targets
for NAFLD, providing insight for the treatment of NAFLD.

2. Disruption of Thiol Homeostasis in NAFLD
2.1. Sites of ROS Production

Reactive oxygen species (ROS) are inevitable byproducts of aerobic metabolism in
living organisms, including superoxide (O2

−), hydrogen peroxide (H2O2), hydroxyl radi-
cals (HO·), and so on. Among them, hydroxyl radicals are the most reactive, capable of
attacking almost all biological molecules, inducing lipid peroxidation, and causing DNA
double-strand breaks, making them the most destructive type of ROS [7,8], Superoxide
(O2
−) serves as the precursor of other ROS. When O2 leaks from the mitochondrial respira-

tory chain, an O2 molecule accepting an electron generates O2
−, which can be dismutated

by superoxide dismutase (SOD) into H2O2 and O2. H2O2 is not a free radical molecule but
can be catalyzed to generate highly active HO· through the Fenton reaction when accepting
an electron. The majority of ROS in cells originate from this process [9,10]. The excess ROS
causes damage to mitochondrial DNA (mtDNA), respiratory chain complexes, lipids, and
other components [11], which, in turn, further induces ROS production, creating a vicious
cycle [12,13].

The other source sites of ROS include the endoplasmic reticulum (ER), a crucial site
for protein synthesis, post-translational modification, processing, and folding in cells. In
the ER lumen, the correct folding of most proteins requires the formation of disulfide
bonds between cysteine residues to stabilize their structures. The formation of disulfide
bonds is a reversible process that can be achieved through thiol–disulfide interchange.
In eukaryotic cells, the folding of oxidative proteins is mainly catalyzed by a series of
redox enzymes, such as protein disulfide isomerase (PDI), a member of the thioredoxin
superfamily proteins [14]. Additionally, the folding of ER proteins is also dynamically
regulated by the balance of the redox buffer, such as GSH/GSSG, which maintains the
cellular redox state in a reduced state, GSH accounts for approximately 99% of the overall
content, whereas it is found in only 50–60% in the endoplasmic reticulum [15]. PDI transfers
two electrons to its substrate ERO1 (ER oxidoreductase 1), producing hydrogen peroxide.
This electron transfer mode indicates the induction of ROS production [16].

Moreover, peroxisome, the organelles present in all eukaryotic cells, is believed to
be the site to produce ROS. Peroxisome is closely related to the regulation of liver lipid
homeostasis [17]. Medium- and long-chain fatty acids (FAs) are oxidized predominantly in
mitochondria, whereas very long-chain FAs (VLCFAs) are metabolized almost exclusively
by β-oxidation in the peroxisome and are involved in α-oxidation of fatty acids [18].
Peroxisomes produce acetyl coenzyme A through fatty acid β-oxidation, which plays
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a role in lipid signal transduction to promote lipid autophagy [19]. It is estimated that
peroxisomes contribute about 35% of ROS in cells.

Moreover, NADPH oxidase, also known as NOX, is the only enzyme whose main
function is to produce ROS. Researchers have identified seven isoforms, NOX1, NOX2,
NOX3, NOX4, NOX5, DUOX1, and DUOX2, of which NOX2 is highly expressed in the
liver [20]. NOX2 consists of 6 subunits: gp91phox, p22phox, p47phox, p67phox, p40phox,
and Rac. Activation of NOX2 requires the translocation of p47phox, p67phox, p40phox,
and Rac from the cytoplasm to the cell membrane, where they bind to gp91phox and
p22phox to form the complex to produce the oxidants [21]. NOX2 affects signal transduc-
tion and immune function by transferring electrons from NADPH to molecular oxygen
and generating large amounts of oxidants, a process involved in a variety of physiological
activities such as cell proliferation and differentiation [22]. Studies have reported that in
liver-resident Kupffer cells and infiltrating macrophages, NOX2-derived ROS stimulate
them to produce pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β in response to
a variety of factors, including oxidized low-density lipoproteins (LDL) and lipopolysac-
charides (LPS) [23–25]. Therefore, over-activation of NOX2 leads to a surge of oxidants,
which directly activates downstream inflammatory pathways and indirectly damages DNA
and regulates protein phosphorylation, causing oxidative damage and exacerbating inflam-
mation, which leads to cellular dysfunction and the onset and deterioration of diseases
and affects the function and metabolism of tissues and organs [26,27]. Moreover, increased
NOX2 activity has been shown in patients with NAFLD [28,29], suggesting a correlation
between NOX2 and NAFLD. As mentioned above, oxidative stress serves as the “second
hit” in the pathogenesis of NAFLD and is typically accompanied by a large amount of ROS.
ROS can lead to the inactivation of mitochondrial respiratory chain enzymes and GAPDH,
inhibit Ca2+ channels on the membrane, and induce liver cell damage [30]. Furthermore,
ROS can induce the production of cytokines and Fas, along with their ligands, exacerbat-
ing lipid peroxidation, thus aggravating liver inflammation and hepatocyte fibrosis [31].
Cellular FFA loading can lead to changes in mitochondrial adaptability, enhancing fatty
acid oxidation and upregulating electron transport, further resulting in excessive ROS
production [32]. Thus, the excessive production of ROS can damage mitochondrial proteins,
lipids, and DNA, a process that may play a role in the initiation of NASH. In the late stage
of NASH, mitochondrial ultrastructure damage affects its function, reduces ATP synthesis,
and intensifies ROS overproduction [33].

2.2. Thioredoxin (Trx) System

When the liver is exposed to high levels of ROS or electrophilic reagents, oxidative
damage is prone to occur. At this point, the body initiates a series of antioxidant defense
mechanisms [34]. The mammalian thiol-dependent antioxidant system comprises the
thioredoxin (Trx) system and the GSH-glutaredoxin (Grx) system, both of which undergo
interconversion between thiol (-SH) and disulfide bond (-S-S-) forms to eliminate ROS and
maintain the redox homeostasis in the body [35].

The Trx system mainly consists of Trx, thioredoxin reductase (TrxR), and nicotinamide
adenine dinucleotide phosphate (NADPH). It is a major thiol-dependent antioxidant system
in the body, responsible for maintaining intracellular redox homeostasis and protecting cells
from oxidative stress (Figure 1) [9,36]. Mammals have two isoforms of Trxs. Trx1 is present
in the cytoplasm with five cysteines, two active site cysteines, and three structural cysteines,
while Trx2 is located in the mitochondria with only two cysteine residues in its active
center [36]. The Trx system transfers electrons to various key cellular proteins, including
peroxiredoxin (Prx), which directly scavenges H2O2, and methionine-S-sulfoxide reductase
(MsrA), which participates in oxidative stress defense [35,37,38]. The proper functioning of
the Trx system relies on TrxR accepting electrons from NADPH and transferring them to Trx.
The activity and expression levels of TrxR directly determine the normal biological function
of Trx and its downstream proteins. Mammalian cells have two forms of TrxR, cytoplasmic
TrxR1 and mitochondrial TrxR2, both of which have FAD and NADPH binding domains as
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well as interface domains. At their N-terminus, they have an active site CVNVGC, and at
their C-terminus, they possess a special sequence Gly-Cys-Sec-Gly (GCUG), with Sec being
the catalytic active site of TrxR, which is necessary for its reduction activity [39].
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Figure 1. The thioredoxin system plays a crucial role in modulating cell viability and proliferation.
Thioredoxin can donate electrons to various enzymes, including peroxiredoxins, which have critical
roles in cell signaling by either removing hydrogen peroxide or regulating redox-sensitive signaling
molecules [40–45]. The redox state of thioredoxin can affect the function of several transcription
factors, making it an important player in cellular signaling [46–49]. (ER: Endoplasmic reticulum,
Keap1: kelch like ECH associated protein 1, Nrf2: Nuclear factor erythroid 2-related factor 2, ARE:
Antioxidant response element, TrxR: Thioredoxin Reductase, Trx: Thioredoxin, Prx: Peroxiredoxin,
NADPH: Nicotinamide Adenine Dinucleotide Phosphate).

Studies have shown significant changes in the Trx system in metabolic syndrome [50,51].
For example, in metabolic syndrome patients, consuming a diet rich in high-saturated fatty
acids (HSFA) significantly increased the mRNA levels of Trx in adipose tissue. Simultane-
ously, postprandial adipose tissue TrxR1 mRNA significantly decreased.This suggests that
the ability of Trx to revert from its oxidized form to its reduced form decreased, leading
to a compensatory increase in Trx gene levels, indicating increased oxidative stress due to
saturated fat intake [52]. The Trx system also plays a crucial role in adipocyte dysfunction
and obesity [53]. In obese individuals with metabolic disorders, TrxR activity and Trx con-
tent in subcutaneous tissue are significantly increased because subcutaneous fat seems to
provide good protection against increased oxidation in obese subjects compared to visceral
fat. Protein levels of Trx, GPx, and CuZnSOD, as well as activities of GPx, GR, GST, TrxR,
and SOD, were significantly higher in “at-risk” obese women than in metabolically healthy
women [54]. While the expression of Trx-dependent peroxiredoxin (Prx3) in adipose tissue
is significantly reduced [55], Prx3 is a key molecule regulating adipocyte oxidative stress
and adipokine expression [56]. This may indicate that expression of various antioxidant
enzymes is predominantly and specifically regulated by different transcription factors, but
the detailed mechanism behind it needs further clarification.

Trx system in NASH has been shown to be changed in several studies [57,58]. Serum
Trx levels are significantly increased in NASH patients compared to simple steatosis pa-
tients, making it a potential biomarker to distinguish NASH from early-stage fatty liver [59].
In animal models of choline-deficient liver steatosis, the activities of hepatic Trx1 and TrxR
are upregulated at day 14 but significantly decreased at day 30 compared to day 14 [60].
Furthermore, the level of thioredoxin-interacting protein (TXNIP) in the liver of NAFLD
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patients is significantly elevated [61], and in mice fed a methionine and choline-deficient
diet to induce NASH, the TXNIP gene was overexpressed, and expression of hepatic TrxR1
and TrxR2 decreased [62].

2.3. Glutathione (GSH)-Grx System

In addition to the Trx system, the glutathione-glutaredoxin (GSH-Grx) system is another
crucial thiol-dependent redox system involved in cellular redox balance regulation [63]. It
comprises NADPH, glutathione reductase (GR), and GSH coupled with Grxs, including
cytosolic Grx1 and mitochondrial Grx2. The GSH-Grx systems mainly mediate redox
signal transduction by reversibly catalyzing protein S-glutathionylation. GSH is the most
abundant thiol small molecule, playing a vital role in maintaining intracellular redox
homeostasis [64]. GSH can reduce various proteins, including glutathione peroxidases and
glutathione transferases [65], and the resulting GSSG can be recycled by GR using NADPH
as an electron donor [66].

Studies have shown that when Glrx1 KO mice are given a standard diet for some time,
they develop obesity, hyperlipidemia, and fatty liver, resembling NAFLD. When fed a high-
fat diet, Glrx1 KO mice develop fatty liver inflammation and progress to NASH [67]. In
NAFLD animal models fed with a high-fat diet, S-glutathionylated protein levels increase,
and an important target protein, Sirtuin-1 (SirT1), is identified. SirT1 is a NAD+-dependent
class III histone deacetylase that regulates key transcription factors coordinating hep-
atic lipid metabolism [68–70]. Activation of SirT1 ameliorates Non-Alcoholic Fatty Liver
(NAFL); conversely, hepatic SirT1 deficiency leads to steatosis [71], and thiol modifica-
tion of SirT1 regulates lipid metabolism through acetylation of key transcription factors.
S-glutathionylation inactivates SirT1 and promotes hyperacetylation and activation of
downstream target proteins such as p53 and sterol regulatory element binding protein
(SREBP) [68]. Activation of p53 is a cellular response to stress, resulting in the alteration of
metabolism and the arrest of the cell cycle, and severe oxidative damage to hepatocytes
may trigger p53 to induce cell death [72]. Studies also suggest that SirT1 overexpression
can improve NAFLD [73], while Sirt1 knockout in mice leads to NAFLD (Figure 2) [74].
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(GR: Glutathione Reductase, GSH: Glutathione, NADPH: Nicotinamide Adenine Dinucleotide Phos-
phate, Grx: Glutaredoxin, SirT-1: sirtuin type 1, PPAR: Peroxisome proliferators-activated receptors,
PGC-1α: Peroxisome proliferator-activated receptor-gamma coactivator, SREBP-1c: Sterol regulatory
element binding protein-1c).

Grx2 has two known isoforms encoded by the same gene (GLRX2): Grx2a (mitochon-
drial) and Grx2c (cytoplasmic) [75,76]. The role and effects of mitochondrial Grx2-mediated
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glutathionylation in cellular metabolism are still poorly understood. A mouse model
with a depletion of mitochondrial Grx2 fed with a standard diet had spontaneous weight
gain and accumulation of lipid droplets in the liver, suggesting that Grx2 is involved in
mitochondrial redox environment and lipid metabolism regulation [77]. Genes such as
cytochrome P-450 7a1 (Cyp7a1), which is specifically expressed in the liver and participates
in the reduction of cholesterol, were found to be significantly downregulated in the mice
model [77].

2.4. Nrf2 Signaling Pathway

The Keap1-Nrf2-ARE pathway is one of the major pathways that maintain cellular
homeostasis during oxidative stress in the liver and is also regulated by Trx. Its function
is to protect cells from endogenous and exogenous damage caused by oxidative stress.
When Nrf2 accumulates significantly in the cell nucleus, a large number of antioxidant
and phase II detoxification enzyme genes are upregulated [78]. Previous studies have
identified over 200 downstream target genes regulated by Nrf2 in human cells [79], includ-
ing the genes encoding NAD(P)H quinone oxidoreductase 1 (NQO1), HO-1, GST, GPx,
CAT, SOD, and GR (Figure 1) [80]; It controls the expression of the glutamate–cysteine
ligase catalytic subunit (GCLC) and glutamate–cysteine ligase modifier subunit (GCLM) to
maintain the proper ratio of GSH to GSSG in cells [81]; Nrf2 also positively regulates some
enzymes involved in liver detoxification, including Trx1, TrxR1, Gpx2, and GST [82,83].
These detoxification enzymes can eliminate H2O2, free radicals, and oxidized thiols in
the cytoplasm, endoplasmic reticulum, and mitochondria [84]. Thus, Nrf2 represents a
potential therapeutic target for NAFLD.

In addition to Nrf2, which has been shown to bind to the ARE of the Trx, TrxR, and Prx1
promoters [85–87], hypoxia-inducible factor (HIF)-1α synergistically up-regulates specific
genes during hypoxia with another class of transcription factors, the E26 translationally
specific (Ets) family of related proteins [88]. In human PC3 prostate cancer cells, the Prx1
gene promoter was significantly induced by either H2O2 or reoxygenation after hypoxic
growth [89]. Co-transfection of constructs overexpressing Ets-1 or Ets-2 with the Prx1
promoter construct resulted in increased promoter activity, and ChIP assays also confirmed
that both Ets-1 and Ets-2 bound to the Prx1 gene promoter in PC3 cells [89]. Thus, it can
be hypothesized that the Ets pathway may play a role in regulating redox control during
hypoxia and reoxygenation to complement the activation of the Nrf2 pathway. In addition,
specificity protein 1 (Sp1), Fas/Jun, TATA box binding protein (TBP), cAMP response
element binding protein (CREB), retinoic acid receptor/retinoid X receptor (RAR/RXR),
and other transcription factors bind to their DNA sites to regulate Trx [85,87,90,91]. Retinoid
X receptor (RAR/RXR) and other transcription factors that bind to DNA sites to regulate
Trx; Octamer binding protein (Oct-1), Sp1, Sp3, and other transcription factors bind to the
DNA site to regulate TrxR [92]. However, whether these transcriptional regulations are
involved in NAFLD/NASH is unclear.

3. Gut Microbiota in NAFLD

Over the past decade, extensive research has highlighted that imbalance in the gut
microbiota, known as gut microbiota dysbiosis, plays a significant role in the development
and progression of metabolic disorders like NAFLD, obesity, and T2DM [93–95]. The
gut microbiota and its metabolites have been implicated in the pathogenesis of these
conditions [96,97]. Accumulating evidence indicates that there is internal communication
between the gut microbiota and the liver, forming the gut–liver axis. This communication
is of significant importance in the occurrence and progression of liver diseases, including
NAFLD [98]. The gastrointestinal tract houses trillions of microorganisms, which consist
of a diverse community of bacteria, viruses, fungi, and others that interact with the host
and the environment. Dysbiosis of the gut microbiota disrupts normal metabolic processes,
leading to altered nutrient absorption, inflammation, impaired lipid metabolism, and
insulin resistance, all of which are implicated in NAFLD [96,97].
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3.1. Dysbiosis and Oxidative Stress in NAFLD

Dysbiosis in NAFLD can trigger oxidative responses, leading to inflammation and
injury in the liver [99,100]. This highlights the interplay between gut microbiota dysbio-
sis and oxidative stress in the development of NAFLD, underscoring the importance of
comprehensive approaches to address both factors for effective prevention and treatment.
Oxidative stress interacts synergistically with other factors such as mitochondrial dysfunc-
tion, endoplasmic reticulum stress, altered lipid metabolism, and the generation of ROS as
by-products during processes like fatty acid β-oxidation in peroxisomes, exacerbating liver
injury in NAFLD [19,101]. These interactions result in elevated production of ROS and
compromised antioxidant mechanisms, which involve various enzymes like catalase, SOD,
and GPx, along with nonenzymatic compounds such as GSH and alpha-tocopherol [102]. In
addition to oxidative stress, inflammation further exacerbates liver injury in NAFLD [100].
The redox-sensitive transcription factors Nrf2 and NF-κB are key regulators of the an-
tioxidant system and inflammatory response, respectively. While Nrf2 activation mainly
promotes antioxidant defense, NF-κB activation can have both protective and pro-oxidant
effects (Figure 3) [100,103].

 

Figure 3. Thioredoxin and glutathione system participants in defense against oxidative stress caused
by gut microbiota dysbiosis in NAFLD. This figure illustrates the dynamic interplay among gut mi-
crobiota dysbiosis, oxidative stress, mitochondrial dysfunction, endoplasmic reticulum stress, inflam-
mation, and peroxisome-related processes in the pathogenesis of NAFLD. (LPS: lipopolysaccharides,
TMAO: trimethylamine N-oxide, AAs: Amino acids, DCA: deoxycholic acid, NF-κB: Nuclear Factor-
kappa B, Nrf2: Nuclear factor erythroid 2-related factor 2, ERO1: Endoplasmic Reticulum Oxidore-
ductin 1, NOX: NADPH Oxidase, GR: Glutathione Reductase, GSH: Glutathione, TrxR: Thioredoxin
Reductase, Trx: Thioredoxin, NADPH: Nicotinamide Adenine Dinucleotide Phosphate, Grx1: Glutare-
doxin 1, GPx1: Glutathione Peroxidase 1, Prx1: Peroxiredoxin 1, Prx2: Peroxiredoxin 2).

In patients with NASH, elevated levels of serum Trx have been observed compared
to those with simple fatty liver, indicating its potential as a biomarker for distinguishing
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between the two conditions [104]. Higher Trx was found to be positively associated with
the severity of NASH and increased iron accumulation in the liver. Trx levels, conversely,
declined with the reduction of hepatic iron stores [59,105]. This could be attributed to
ferroptosis, an iron- and thiol- associated oxidative stress process that impacts the patho-
genesis of NASH [106–108]. Similarly, in animal models of NASH, alterations in Trx and
TrxR expression were observed. NASH induction led to increased expression of the TXNIP
gene and reduced expression of TrxR1 and TrxR2 in the liver. Oxidative stress triggers the
upregulation of TXNIP expression by the activation of its promoter containing a carbohy-
drate response element (ChoRE), which is modulated by transcription factors including
MondoA:Max-like protein X (MLx), nuclear factor Y (NF-Y), and carbohydrate response
element-binding protein (ChREBP) [109,110].

3.2. Impact of Intestinal Barrier Dysfunction and Gut Microbiota Metabolites on NAFLD

Numerous studies have consistently shown that individuals with NAFLD exhibit
reduced microbial diversity in their gut. These studies, conducted in both mice and
human subjects, have identified specific bacterial taxa that display differential abundance
in NAFLD. Bacteria such as Lactobacillus, Lachnospiraceae bacterium 609, and Barnesiella
intestinihominis were found to be associated with NAFLD, while others like Allobaculum
and Lactobacillus exhibited altered levels [111]. Furthermore, there were changes in the
overall gut microbiota composition, including an increase in Actinobacteria and a decrease
in Bacteroidetes, among NAFLD patients compared to healthy controls [112]. Various
bacterial taxa, including Bradyrhizobium, Anaerococcus, Peptoniphilus, Propionibacterium acnes,
Dorea, Ruminococcus, and Blautia, showed varying levels of abundance in both NAFLD
and non-alcoholic steatohepatitis (NASH) patients [112,113]. The gut microbiota affects
NAFLD mainly through two main mechanisms: the disruption of the intestinal barrier and
the production of gut microbiota metabolites [114].

The gut mucosal barrier acts as a physical and functional separation between the
luminal content and the underlying compartment, which includes the gut epithelia, im-
mune cells, blood vessels, and other structural elements in the lamina propria. Gut barrier
dysfunction refers to the impaired integrity and function of the intestinal barrier [115]. Dys-
biosis in the gut microbiota has been linked to heightened gut permeability in NAFLD [114].
The intricate relationship between gut dysbiosis and gut barrier dysfunction in NAFLD
underscores the significance of gut microbiota in disease progression. It has been sug-
gested that dysbiosis-mediated alterations in the structure and metabolism of gut mi-
crobes can affect the intestinal wall, leading to the migration of microbial products and
consequent liver inflammation [5]. Certain gut microbial metabolites, trimethylamine
N-oxide (TMAO), short-chain fatty acids (SCFAs), and lipopolysaccharides (LPS), are im-
plicated in the occurrence and progression of NAFLD [116]. Trimethylamine N-oxide
(TMAO) and lipopolysaccharides (LPS) promote hepatic lipid accumulation and inflam-
mation [115,117,118]. SCFAs exhibit anti-inflammatory properties and improve insulin
sensitivity [93]. Amino acids and bile acid metabolites impact inflammation, insulin re-
sistance, and lipid metabolism [119–121]. Ethanol and gut dysbiosis are associated with
oxidative stress in NAFLD [122–124].

3.2.1. Trimethylamine N-oxide (TMAO)

Trimethylamine N-oxide (TMAO) is a gut microbial metabolite derived from di-
etary trimethylamine (TMA), primarily obtained from choline, phosphatidylcholine, and
L-carnitine-rich foods. TMAO has gained attention due to its association with cardio-
vascular disease and metabolic disorders, including NAFLD. TMAO has been shown to
promote hepatic lipid accumulation, inflammation, and fibrosis in animal models and
human studies [117]. The ability of the gut microbiota to produce TMAO and its impact on
lipid metabolism underscores the intricate relationship between gut microbial metabolites
and the pathogenesis of NAFLD. Bacteria from various phyla, including Proteobacteria,
Actinobacteria, and Firmicutes, especially those belonging to the Clostridium XIVa cluster
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and Eubacterium, have been confirmed to be involved in the production and metabolism
of trimethylamine (TMA) from choline and carnitine, but further research is needed to
explore the full extent of bacterial species involved [125,126]. Increased liver lipid peroxi-
dation, as evidenced by higher malondialdehyde (MDA) levels, was observed in response
to a high TMAO diet, along with elevated hepatic non-esterified fatty acid (NEFA) levels,
according to Hu et al.’s study [127]. These findings indicate disrupted lipid metabolism
and notable liver peroxidation damage. Moreover, the high TMAO diet resulted in a
decrease in antioxidant enzyme activities, including hepatic total superoxide dismutase
(T-SOD) and glutathione peroxidase (GSH-Px) activities, suggesting impaired antioxidant
defense mechanisms in the liver [127]. Similarly, multiple studies have demonstrated that
high choline intake and L-carnitine consumption, acting as precursors of trimethylamine-
N-oxide (TMAO), can lead to the synthesis of TMAO by gut microbiota. Furthermore,
the consumption of a diet rich in TMAO can further contribute to elevated TMAO lev-
els in the body. These conditions have been associated with liver injury, disrupted lipid
metabolism, and diminished antioxidant enzyme activities, such as SOD and GSH-Px.
However, various interventions, including phloretin, chlorogenic acid (CGA), and total
saponins of Gynostemma pentaphyllum (TSGP), have shown potential in mitigating hepa-
totoxicity induced by oxidative stress and restoring antioxidant capacity, particularly SOD
and GSH-Px [128–131].

TMAO stimulates the transcription factor FoxO1, which is associated with metabolic
disease, in the liver by interacting with the endoplasmic reticulum PKR-like eukaryotic
initiation factor 2α kinase PERK (EIF2AK3), serving as a receptor. This interaction occurs
through binding at physiological concentrations and specifically activating the unfolded
protein response pathway (UPR) [132]. PERK serves as an ER stress sensor in eukaryotic
cells, initiating an adaptive program that shapes the destiny of stressed cells by detecting
unfolded proteins. Furthermore, PERK triggers NLRP3 inflammasome activation via the
NF-κB pathway [133,134]. During ER stress, PERK sensors boost TXNIP transcription,
hinder TXNIP mRNA breakdown by reducing miR-17, and thus modulate NLRP3 in-
flammasome activation [135,136]. An ER under stress leads to the buildup of oxidants,
inducing oxidative stress [137]. In a study conducted by X. Sun et al., it was revealed that
TMAO can trigger oxidative stress and activate the ROS-TXNIP-NLRP3 (NOD-like receptor
protein 3) inflammasome signaling pathway in human umbilical vein endothelial cells
(HUVECs) [138]. TXNIP operates through the NF-κB signaling pathway to activate the
NLRP3 inflammasome [139]. TMAO exposure led to the production of ROS, which caused
the disassociation of TXNIP from Trx and its binding to NLRP3 (Figure 4). This mediated
the assembly of the NLRP3 inflammasome with Apoptosis-associated speck-like protein
containing a CARD (ASC) and procaspase-1, leading to caspase-1-mediated conversion of
pro-IL-1β to the activated form IL-1β. Ultimately, this led to the release of inflammatory
cytokines and endothelial dysfunction [138].

3.2.2. Lipopolysaccharides (LPS)

A range of health disorders, including NAFLD, as well as cardiovascular diseases,
have been linked to LPS-triggered oxidative stress. LPS can upregulate NADPH oxidase
and increase oxidative stress, potentially contributing to the development and progression
of these diseases. Alterations in gut microbiota have been indicated to be associated with
NADPH oxidase activation and redox signaling, highlighting the gut microbiota’s function
in oxidative stress-related diseases [140]. In the liver, LPS-induced oxidative stress has been
linked to mitochondrial biogenesis, cell proliferation, and activation of pro-survival signal-
ing pathways. Exposure to LPS results in oxidative stress and depletion of mitochondrial
GSH, leading to mitochondrial damage. However, LPS also stimulates the expression of
genes involved in mitochondrial biogenesis, which helps maintain mitochondrial function
and energy production. The PI3K/Akt pathway plays a crucial role in LPS-induced mito-
chondrial biogenesis and cell proliferation in response to oxidative stress [141]. LPS can
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disrupt lipid metabolism and impair insulin signaling, further exacerbating liver damage
and promoting the development of steatosis and steatohepatitis in NAFLD [142,143].
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Figure 4. Trx regulation in TMAO-caused inflammation. TMAO induces the activation of FoxO1
in the liver by binding to PERK, an ER stress sensor, which initiates the unfolded protein response
(UPR). This process not only triggers oxidative stress but also contributes to the development of
metabolic syndrome. This, in turn, triggers the NLRP3 inflammasome through the NF-κB pathway.
This activation of NF-κB may stem from oxidant release due to ER-mediated stress, leading to the
dissociation of TXNIP from Trx and subsequent binding and activation of NF-κB. NF-κB then prompts
the induction of NLRP3, leading to the assembly with ASC and procaspase-1. This leads to caspase-
1-mediated conversion of pro-IL-1β to the activated form IL-1β and triggering the inflammation.
TMAO exposure causes oxidative stress and inflammatory cytokine release in endothelial cells,
contributing to metabolic disease. (TMAO: trimethylamine N-oxide, PERK: PKR-like eukaryotic
initiation factor 2α kinase, UPR: Unfolded Protein Response, NLRP3: NOD-like receptor protein 3,
NF-κB: Nuclear Factor-Kappa B, TXNIP: Thioredoxin-Interacting Protein, ASC: Apoptosis-associated
speck-like protein containing a CARD).

Recognition of LPS by Toll-like receptor 4 (TLR4) on different cell types initiates
the activation of inflammatory signaling pathways [115,118]. TLR4 binds LPS and acti-
vates NF-κB, initiating inflammation [144]. In the liver, the binding of LPS to TLR4 in
macrophages (Kupffer cells) leads to the release of tumor necrosis factor-alpha (TNF-α) and
interleukin-6 (IL-6), affecting hepatic stellate cells (HSCs) (Figure 5). Inducible nitric oxide
synthase (iNOS) and the nitric oxide (NO) pathway play a role in stimulating Kupffer cells
to generate oxidants when exposed to apoptotic bodies released from damaged hepato-
cytes [145,146]. Furthermore, myofibroblasts generated from activated hepatic stellate cells
can also produce oxidants by NADPH oxidase, promoting oxidative stress and hepatic
inflammation [147–150].
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Figure 5. Role of Trx system in LPS impact on liver cells. LPS initiates inflammation by activating
TLR4 on various cells. In the liver, LPS binding to TLR4 in macrophages (Kupffer cells) leads to the
release of TNF-α and IL-6, affecting HSCs. Concurrently, iNOS induces the generation of oxidants in
Kupffer cells, while activated HSCs produce oxidants through NADPH oxidase, resulting in oxidative
stress and inflammation. The antioxidant Trx counteracts LPS-induced apoptosis by inhibiting the
activation of ASK1, with Trx-2 located in mitochondria, regulating apoptosis signaling and collectively
protecting against cell death from oxidants. Additionally, Trx inhibits HSC proliferation, reduces
fibrosis, and interacts with inflammatory pathways, offering protective effects. Trx-2 overexpression
reduces inflammation, neutrophil infiltration, and liver injury caused by LPS exposure, contributing
to hepatic health. (LPS: Lipopolysaccharide, TLR4: Toll-like receptor 4, TNF-α: Tumor Necrosis
Factor-Alpha, IL-6: Interleukin-6, iNOS: Inducible Nitric Oxide Synthase, NADPH: Nicotinamide
Adenine Dinucleotide Phosphate, ASK1: Apoptosis Signal-Regulating Kinase 1, Trx: Thioredoxin,
Trx-2: Mitochondrial Thioredoxin)”.

LPS-induced apoptosis is counteracted by Trx through the inhibition of ASK1 activa-
tion, a mediator of oxidants-induced cell death. In this process, Trx exhibits its antioxidant
effects primarily in the cytosol, while the mitochondrial-specific Trx-2 is responsible for
regulating apoptosis signaling pathways, collectively providing crucial protection against
cell death caused by oxidants in distinct cellular compartments [151]. Further, Trx inhibits
fibrosis by blocking the proliferation of HSC rather than directly blocking the apoptosis of
hepatocytes. In addition, Trx has an inhibitory effect on HSC proliferation stimulated by
serum and PDGF, which may be linked to its interaction with other signaling molecules or
the inhibition of the p38 signal pathway in HSC (Figure 5) [152]. Xi Wang et al. investigated
the role of Trx-2 in sepsis-induced liver damage [153]. They found that Trx-2 overexpression
reduced inflammatory cytokine production, decreased neutrophil infiltration, and protected
against liver injury in response to LPS stimulation. Moreover, decreased myeloperoxidase
(MPO) activity and reduced levels of liver enzymes ALT and AST were observed, indicating
a protective effect as a result of Trx-2 overexpression, ameliorating liver injury [153].

Antioxidants, such as N-Acetylcysteine (NAC) and tocopherol (TOC), have been used
to investigate the role of oxidants in TLR4 signaling. These antioxidants have shown
inhibitory effects on LPS-induced cytokine production, activation of various signaling
pathways (IKK, ERK1/2, Akt, p38), and the activation of IRAK-1 and IRAK-4, key proteins
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in TLR4 signaling [154]. In models of GalN/LPS-induced fulminant hepatic failure, the
NLRP3 inflammasome, oxidative stress, and related signaling molecules have been found
to play significant roles. The NLRP3 inflammasome activation and cytokine responses,
including IL-1β, have been associated with liver injury. Oxidant production and TXNIP-
NLRP3 interaction have been implicated in NLRP3 inflammasome activation. Conversely,
by inhibiting the activation of the NLRP3 inflammasome, heme oxygenase 1 (HO-1), an
endogenous Nrf2-regulated enzyme, has been shown to mitigate GalN/LPS-induced mor-
tality and hepatocellular necrosis [155]. In models of GalN/LPS-induced fulminant hepatic
failure, the NLRP3 inflammasome, oxidative stress, and related signaling molecules have
been found to play significant roles. The NLRP3 inflammasome activation and cytokine
responses, including IL-1β, have been associated with liver injury. Oxidant production and
TXNIP-NLRP3 interaction have been implicated in NLRP3 inflammasome activation.

3.2.3. Short-Chain Fatty Acids (SCFAs)

Acetate, propionate, and butyrate are the major microbial metabolites produced
through the anaerobic breakdown of dietary fiber by gut bacteria. These SCFAs play
crucial roles in various physiological processes and have been associated with numerous
health benefits. In NAFLD, they serve as an energy source for intestinal cells, fortifying the
gut barrier and preserving optimal gut permeability, thus limiting the migration of harmful
substances into the bloodstream [156]. SCFAs also possess anti-inflammatory properties
and can improve insulin sensitivity, which are crucial factors in the development and
progression of NAFLD [93]. SCFAs regulate immune cell recruitment and inflammatory
responses through various signaling pathways, including GPR43 and NF-κB. By reduc-
ing hepatic inflammatory responses and promoting metabolic homeostasis, SCFAs have
the potential to alleviate hepatic steatosis and NASH associated with NAFLD [157–161].
Through an AMP-activated protein kinase (AMPK)-dependent mechanism, SCFAs play a
role in influencing hepatic lipid metabolism [162]. By upregulating the AMPK pathway,
acetate, particularly produced by gut microbiota, inhibits chylomicron secretion from en-
terocytes and promotes lipid oxidation [163]. Moreover, SCFAs, including acetate and
others, have been demonstrated to increase energy expenditure and promote lipid oxi-
dation in the liver [164–167]. SCFAs exert their impact on energy expenditure and lipid
oxidation through multifaceted mechanisms. They activate AMP-activated protein kinase
(AMPK), a sensor responding to low cellular energy levels, promoting glucose uptake, fatty
acid oxidation, and mitochondrial biogenesis. Additionally, SCFAs, particularly butyrate,
activate insulin receptors, enhancing glucose uptake and indirectly supporting lipid ox-
idation. Notably, SCFAs also regulate lipid metabolism by modulating gene expression
related to gluconeogenesis, potentially redirecting energy towards lipid oxidation [145].
However, the role of SCFAs in metabolism is complex, as excessive amounts of SCFAs,
particularly from the consumption of fructose, can contribute to hepatic lipogenesis and fat
accumulation [168].

Clinical and animal studies have suggested a connection between elevated short-chain
fatty acid (SCFA) concentrations and an increased Firmicutes to Bacteroidetes ratio in
obese individuals [169]. Elevated propionate levels, a specific type of SCFA, are found
in NAFLD and obese patients due to gut dysbiosis. This increase in propionate levels is
thought to play a role in the progression of NAFLD by sustaining a state of low-grade
inflammation in the intestines [170]. Propionate and acetate are types of SCFAs that
have the potential to promote lipid accumulation and gluconeogenesis in the liver [171].
Research findings indicate that butyrate initiates the expression of glucagon-like peptide 1
(GLP-1) in HepG2 cells by activating histone deacetylase 2 (HDAC-2), while not involving
GPR43 and GPR109a receptors. Moreover, the introduction of sodium butyrate through
supplementation has demonstrated significant efficacy in preventing the progression from
simple steatosis to steatohepatitis, achieved through the orchestration of multiple intricate
mechanisms [172,173]. The human gut contains important butyrate-producing bacteria
mainly belonging to the Firmicutes phylum, such as C. leptum, E. rectale, F. prausnitzii, and



Antioxidants 2023, 12, 1680 13 of 26

Roseburia spp. These anaerobic bacteria, along with E. hallii, Anaerostipes spp., actively
contribute to butyrate synthesis [174,175]. Bacteroidetes and Clostridia groups also play a
significant role as dominant butyrate producers [176]. Additionally, other bacterial species,
including Bifidobacterium and Akkermansia muciniphila, also participate in the production
of diverse SCFAs [175,177,178]. Probiotics, prebiotics, and synbiotics (PPS) have emerged
as therapeutic strategies with the ability to alter microbiota composition and reinstate
microbial balance (13).

Probiotics encompass non-pathogenic living microorganisms, prebiotics entail in-
digestible fiber compounds, and synbiotics combine probiotics and prebiotics. Upon
consumption, these agents can effectively bring about deliberate adjustments to gastroin-
testinal microbiota composition and activity while concurrently enhancing the release of
endogenous intestinal nutrient peptides [179]. Carpi RZ et al. conducted a systematic
review of 13 randomized controlled trials, encompassing 947 subjects, to assess interven-
tions’ impact on gut microbiota and markers of NAFLD and NASH [180]. The studies
revealed several noteworthy findings: (1) probiotic supplementation resulted in significant
reductions in total cholesterol (TC), Body Mass Index (BMI), Aspartate Transaminase (AST),
Alanine Transaminase (ALT), and liver stiffness, along with microbiota changes; (2) a
multi-probiotic mixture showed improvements in markers such as AST, Interleukin-6 (IL-6),
Tumor Necrosis Factor-alpha (TNF-α), and liver stiffness in NAFLD patients with Type 2
Diabetes (DM2); (3) a synbiotic containing diverse bacterial strains led to significant reduc-
tions in body weight, triglycerides, intrahepatic fat fraction, IL-6, and TNF-α; (4) yogurt
consumption demonstrated positive effects on fat mass, lipid accumulation, Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR), and liver enzymes in obese women
with NAFLD; and (5) prebiotic supplementation, such as fructo-oligosaccharides and inulin,
displayed beneficial effects on NAFLD parameters, despite some studies having limitations
like small sample sizes, short intervention times, and a lack of liver biopsies [180]. While
both probiotics and prebiotics show promise in improving NAFLD/NASH markers, the au-
thors emphasize the need for further research with larger sample sizes, longer intervention
durations, and standardized assessment methods to comprehensively understand their
mechanisms and therapeutic potential.

3.2.4. Amino Acids

The gut microbiota actively metabolizes amino acids, including tryptophan, phenylala-
nine, and branched-chain amino acids (BCAAs), resulting in the production of metabolites
that can significantly impact liver function in the development and progression of NAFLD
(Figure 6). Tryptophan, an essential amino acid, serves as a precursor for multiple metabo-
lites involved in NAFLD [181]. Indole, derived from tryptophan, enhances intestinal
integrity and reduces inflammation and lipogenesis [182,183]. Indole-3-acetic acid, another
derivative of indole, decreases hepatic lipogenesis inflammation and improves insulin
resistance [184]. Serotonin, a neurotransmitter derived from tryptophan, when regulated
by Thp1 (tryptophan hydroxylase 1, an enzyme in serotonin synthesis) and interacting
with the HTR2a receptor (serotonin receptor 2a in the liver), plays a role in NAFLD by
suppressing the energy expenditure of brown adipose tissue through inhibiting mitochon-
drial uncoupling protein 1 (UCP1) and promoting the accumulation of fat in the liver,
known as hepatic steatosis [185,186]. A study done by Nocito et al. revealed that serotonin
accumulation occurs in the liver primarily due to increased uptake by hepatic cells [119].
The study suggests that increased hepatic uptake of extracellular serotonin, possibly due
to up-regulation of serotonin transporter (SERT), leads to its degradation by the enzyme
MAO-A, generating oxidants that contribute to oxidative stress and liver damage in NASH.
Oxidants are generated by the accumulated serotonin, which activates NADPH oxidase
within HSCs. The increased levels of oxidants contribute to oxidative stress, which in
turn impairs the normal functioning of mitochondria in HSCs. Mitochondria, the cellular
powerhouses responsible for energy production, are particularly susceptible to oxidative
damage [119]. There is not much research about Trx’s relation to serotonin in the liver
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context. However, levels and activity of the Trx in hippocampal cells were reported to be
increased by chronic treatment with the antidepressants fluoxetine and venlafaxine. These
drugs also inhibited protein cysteine sulfenylation induced by H2O2 and nitrosylation
induced by the nitric oxide donor nitrosoglutathione. These findings suggest that Trx
upregulation may potentially contribute to the protective effects of SSRIs and SNRIs against
oxidative stress in depression [187]. Additional investigation is necessary to explore and
modulate the potential correlation between Trx and serotonin in the context of the liver.
The kynurenine pathway, also originating from tryptophan, is overactivated in NAFLD,
leading to inflammation [182,184,185,188]. Phenylalanine and its derivative phenylacetic
acid have been linked to hepatic steatosis by contributing to triglyceride accumulation
and inhibiting insulin functions [120]. Furthermore, branched-chain amino acids (BCAAs)
impair the tricarboxylic acid cycle and mitochondrial function, promoting insulin resistance
and exacerbating NAFLD severity [189–191].
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3.2.5. Bile Acids Metabolites

Bile acids are essential for breaking down and absorbing dietary fats, and they are
produced in the liver from cholesterol. In the metabolic pathway of bile acids, the gut
microbiota exerts a significant impact by converting primary bile acids into secondary
bile acids through enzymatic processes. This transformation takes place in the intestine,
influencing the overall balance of bile acid metabolism in the body. These alterations
in bile acid profiles can disrupt lipid metabolism, promote hepatic inflammation, and
contribute to the development of hepatic steatosis and NAFLD [121]. Bile acids act mainly
through farnesoid X receptor (FXR)- or Takeda G-protein-coupled bile acid protein 5 (TGR5)-
mediated signaling pathways. FXR, a nuclear receptor, has multiple effects on lipid and
glucose metabolism. Under the influence of FXR activation, several metabolic processes are
affected. It leads to the inhibition of gluconeogenesis-related gene expression, promotes
liver glycogen synthesis, inhibits lipogenesis, promotes the oxidation of fatty acids, and
influences cholesterol transport. Furthermore, FXR stimulates the production of liver
fibroblast growth factor 21 (FGF21), which facilitates glucose uptake by adipose tissue and
enhances insulin sensitivity [192–195]. On the other hand, bile acids activate the TGR5
receptor in various cell types involved in inflammation regulation, such as nonparenchymal
hepatocytes, monocytes, and macrophages. This activation leads to the suppression of
inflammatory mediators like interleukin-6 (IL-6), IL-1A, and IL-1B. Moreover, through a
TGR5-cAMP-dependent pathway, bile acids inhibit the secretion of tumor necrosis factor
by Kupffer cells [196,197].

Na Jiao et al. conducted a study that revealed that NAFLD was linked to elevated
levels of both primary and secondary bile acids in the bloodstream, resulting from the
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activity of the gut microbiota [198]. Specifically, the study revealed elevated concentrations
of deoxycholic acid (DCA), which acts as an antagonist of FXR, and decreased levels of
the agonistic bile acid chenodeoxycholic acid (CDCA) in NAFLD. In a study conducted by
Masahiro Nomoto et al. [164], it was observed that Fxr-null mice exhibited significantly
higher levels of oxidative stress markers, including 8-hydroxy-2′-deoxyguanosine (8OHdG),
thiobarbituric acid-reactive substances (TBARS), and hydroperoxides, compared to wild-
type mice. Furthermore, the expression of oxidative stress-related genes and the Nrf2
were upregulated in the livers of Fxr-null mice [199]. Also, Wang et al. discovered that
FXR has the ability to inhibit NF-κB [200]. Thus, as discovered by Zhizhen Xu et al., it
was found that administration of the FXR natural ligand, CDCA, in an animal model of
LPS-induced liver injury could alleviate inflammatory damage to hepatocytes [201]. It
has been reported that NF-κB may upregulate the expression or activity of two crucial
cellular antioxidants, Trx1 and Trx2 [202,203]. Taken together, increased levels of DCA,
an antagonist of FXR, and decreased levels of the agonisticCDCA in NAFLD can lead to
antagonizing FXR signaling and activation of NF-κB, potentially impacting the thioredoxin
antioxidant system (Figure 7).
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Figure 7. Impact of DCA on the hepatocytes and antioxidant system. Elevated concentrations of
DCA, acting as an antagonist of FXR in NAFLD, have the potential to antagonize FXR signaling. This
antagonistic effect may lead to the activation of NF-κB, a transcription factor central to inflammation.
This intriguing interaction could potentially influence the function of the thioredoxin antioxidant
system. (DCA: Deoxycholic Acid, FXR: Farnesoid X Receptor, NF-κB: Nuclear Factor-Kappa B).

3.2.6. Ethanol

Ethanol levels are linked to alterations in the gut microbiota, indicating a potential role
of dysbiosis in NAFLD development, with specific bacteria like Escherichia, Bacteroides, Bi-
fidobacterium, Clostridium, and Klebsiella pneumonia associated with alcohol production
and its relation to NAFLD [122–124]. Notably, increased levels of ethanol have been ob-
served in NASH patients, particularly in those with higher quantities of alcohol-producing
Escherichia bacteria [122,123]. Further investigations have demonstrated that the introduc-
tion of Klebsiella pneumonia strains that produce elevated alcohol levels in mice can induce
NAFLD-like changes [124]. Furthermore, abnormal ethanol metabolism and heightened
blood–ethanol levels have been linked to insulin resistance in children diagnosed with
NAFLD [204]. Alcohol metabolism by enzymes like alcohol dehydrogenase (ADH) and
cytochrome P4502E1 (CYP2E1) generates oxidants. Oxidants induce cellular damage by
oxidizing lipids, inhibiting mitochondrial function, and disrupting fatty acid oxidation, ul-
timately leading to the accumulation of intracellular lipids and the development of hepatic
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steatosis [205]. Additionally, alcohol-induced oxidant production can lead to mitochondrial
dysfunction, impaired mitochondrial protein synthesis, and release of proapoptotic factors.
Furthermore, alcohol metabolism produces reactive aldehydes that can form adducts with
proteins, contributing to inflammation and liver injury [205]. Moreover, Trx-1 protein levels
in the liver are depleted by ethanol exposure, potentially heightening the liver’s susceptibil-
ity to injury. This reduction in Trx-1 protein is not linked to changes in Trx-1 mRNA levels,
indicating that its regulation might occur at the posttranscriptional level [206]. While the
precise roles of ethanol in different types of NAFLD remain a topic of debate, additional
research is necessary to unravel its mechanisms and understand its significance.

4. Therapeutical Potential for NAFLD/NASH with Specifically Thiol
Redox Regulation

Based on the role of thiol-redox systems in the pathogenesis of NAFLD/NASH,
regulation of cellular redox homeostasis emerges as a new pharmacotherapeutic strat-
egy for NAFLD/NASH treatment. Prominent examples of these medications include
N-acetylcysteine, 2,3-meso-dimercaptosuccinic acid, British anti-Lewisite, D-penicillamine,
and amifostine [207]. These pharmaceuticals that contain thiol groups exhibit the ca-
pability to reduce the presence of harmful free radicals and other noxious electrophilic
substances. These compounds have the potential to replenish cellular thiol reserves and
form long-lasting complexes with heavy metals such as lead, arsenic, and copper. Con-
sequently, thiols demonstrate their adaptability in treating a wide range of conditions
by acting as scavengers of radicals, precursors for GSH, and agents for binding metals.
Initial research suggests that taking GSH orally (300 mg/day) for four months can reduce
ALT levels and hepatic steatosis in Japanese NAFLD patients without severe fibrosis or
uncontrolled diabetes. However, further extensive clinical trials are necessary to confirm its
effectiveness [208]. NAC has increasingly become the prime example of an “antioxidant.”
It is arguable that it holds the position as the most extensively employed “antioxidant” in
both experimental cellular and animal biology, as well as clinical trials. Many researchers
utilize and assess NAC with the notion that it has the potential to hinder or reduce oxidative
stress. Traditionally, it is presumed that NAC functions as (i) a reducer of disulfide bonds,
(ii) a scavenger of reactive oxygen species, and/or (iii) a precursor for the production of
glutathione. Although these mechanisms might be applicable in specific scenarios, they
cannot be broadly applied to elucidate the impacts of NAC across a majority of contexts
and conditions [209]. Supplementing with NAC greatly enhanced the effects of high-fat
diet-induced obesity, abnormal lipid levels, and liver issues in mice. NAC also reversed the
disruption of gut microbiota caused by the high-fat diet. Interestingly, the positive impact
of NAC supplementation on reducing liver fat and damage was eliminated when intestinal
microorganisms were removed using antibiotics, suggesting that the gut microbiota plays a
crucial role in NAC’s beneficial effect [210].

Apart from the direct regulation of thiol-redox systems, some other antioxidants ex-
hibit therapeutical potential for NAFLD/NASH. For example, staxanthin lessens weight
gain and adipose tissue growth and enhances lipid metabolism, decreasing liver weight,
triglycerides, plasma triglycerides, and total cholesterol. It possesses anti-inflammatory
properties, reducing inflammatory macrophages, curbing immune cell recruitment in the
liver, and countering inflammation in non-alcoholic fatty liver disease. It also bolsters
insulin signaling, lowers lipid accumulation, and inhibits pro-inflammatory signals. More-
over, astaxanthin spurs autophagy in liver cells, breaking down stored lipid droplets and
influencing pathways that mitigate inflammation and oxidative stress. Notably, it also
impacts gene expression related to these processes [211].

5. Conclusions

The pathogenesis of NAFLD involves several mechanisms that disrupt hepatic lipid
homeostasis, with the Trx/Grx system playing a crucial role in disease development. Main-
taining a balanced redox state is essential for normal cellular physiology, and excessive
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lipid accumulation in liver cells can lead to an oversaturation of free radicals, causing
disturbances in lipid metabolism and subsequent oxidative damage, mitochondrial dys-
function, and endoplasmic reticulum stress in liver cells. This further exacerbates liver
inflammation and hepatocyte fibrosis. Therefore, regulating the body’s redox balance is
vital for maintaining hepatic lipid homeostasis.

The development and progression of NAFLD are significantly influenced by the
interplay between gut microbiota dysbiosis and thiol-redox system-mediated oxidative
stress. By inducing dysbiosis, the gut barrier becomes disrupted, resulting in heightened
permeability and the migration of harmful microbial products into the liver, consequently
triggering inflammation and oxidative stress. The gut microbiota metabolites, such as
TMAO, LPS, and SCFAs, contribute to liver inflammation, lipid accumulation, and insulin
resistance. Elevated levels of TMAO and LPS contribute to oxidative stress, while SCFAs
have anti-inflammatory and metabolic benefits in NAFLD. Additionally, ethanol and
specific bacteria associated with alcohol production are linked to alterations in the gut
microbiota, leading to oxidative stress and insulin resistance in NAFLD. Understanding
the intricate relationship between gut microbiota dysbiosis and thiol-redox systems in
NAFLD opens avenues for potential therapeutic strategies. Targeting both factors through
interventions such as probiotics, prebiotics, dietary modifications, and antioxidant therapies
may hold promise in preventing and treating NAFLD. Further research is necessary to
unravel the precise mechanisms involved and identify novel therapeutic approaches to
effectively manage this prevalent liver disease. By addressing both gut microbiota dysbiosis
and oxidative stress, we can potentially mitigate the development and progression of
NAFLD and improve patient outcomes.

Author Contributions: Conceptualization, J.L.; writing review and editing: M.Z., O.M.A.D., B.B.S.
and J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key Project of Innovation Research 2035 Pilot Plan of
Southwest University (SWU-XDZD22007), Natural Science Foundation of Chongqing (2023NSCQ-
MSX4282), the Hundred Talents Plan of Chongqing and Southwest University ‘Gathering Talent
Project’ (SWU116068).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All of the data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stefan, N.; Häring, H.U.; Cusi, K. Non-alcoholic fatty liver disease: Causes, diagnosis, cardiometabolic consequences, and

treatment strategies. Lancet. Diabetes Endocrinol. 2019, 7, 313–324. [CrossRef]
2. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development and therapeutic

strategies. Nat. Med. 2018, 24, 908–922. [CrossRef]
3. Eslam, M.; Sanyal, A.J.; George, J. MAFLD: A Consensus-Driven Proposed Nomenclature for Metabolic Associated Fatty Liver

Disease. Gastroenterology 2020, 158, 1999–2014. [CrossRef] [PubMed]
4. Seghieri, M.; Christensen, A.S.; Andersen, A.; Solini, A.; Knop, F.K.; Vilsbøll, T. Future Perspectives on GLP-1 Receptor Agonists

and GLP-1/glucagon Receptor Co-agonists in the Treatment of NAFLD. Front. Endocrinol. 2018, 9, 649. [CrossRef]
5. Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metab. Clin.

Exp. 2016, 65, 1038–1048. [CrossRef] [PubMed]
6. Tilg, H.; Moschen, A.R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis.

Hepatology 2010, 52, 1836–1846. [CrossRef] [PubMed]
7. Zarkovic, N. Roles and Functions of ROS and RNS in Cellular Physiology and Pathology. Cells 2020, 9, 767. [CrossRef]
8. Lushchak, V.I. Free radicals, reactive oxygen species, oxidative stress and its classification. Chem. Biol. Interact. 2014, 224, 164–175.

[CrossRef]
9. Nordberg, J.; Arnér, E.S. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system. Free. Radic. Biol. Med.

2001, 31, 1287–1312. [CrossRef]

https://doi.org/10.1016/S2213-8587(18)30154-2
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1053/j.gastro.2019.11.312
https://www.ncbi.nlm.nih.gov/pubmed/32044314
https://doi.org/10.3389/fendo.2018.00649
https://doi.org/10.1016/j.metabol.2015.12.012
https://www.ncbi.nlm.nih.gov/pubmed/26823198
https://doi.org/10.1002/hep.24001
https://www.ncbi.nlm.nih.gov/pubmed/21038418
https://doi.org/10.3390/cells9030767
https://doi.org/10.1016/j.cbi.2014.10.016
https://doi.org/10.1016/S0891-5849(01)00724-9


Antioxidants 2023, 12, 1680 18 of 26

10. Imlay, J.A.; Chin, S.M.; Linn, S. Toxic DNA damage by hydrogen peroxide through the Fenton reaction in vivo and in vitro.
Science 1988, 240, 640–642. [CrossRef]

11. Shabalina, I.G.; Nedergaard, J. Mitochondrial (‘mild’) uncoupling and ROS production: Physiologically relevant or not?
Biochem. Soc. Trans. 2011, 39, 1305–1309. [CrossRef] [PubMed]

12. Liu, X.; Zhang, J.; Ming, Y.; Chen, X.; Zeng, M.; Mao, Y. The aggravation of mitochondrial dysfunction in nonalcoholic fatty liver
disease accompanied with type 2 diabetes mellitus. Scand. J. Gastroenterol. 2015, 50, 1152–1159. [CrossRef] [PubMed]

13. García-Berumen, C.I.; Ortiz-Avila, O.; Vargas-Vargas, M.A.; Del Rosario-Tamayo, B.A.; Guajardo-López, C.; Saavedra-Molina,
A.; Rodríguez-Orozco, A.R.; Cortés-Rojo, C. The severity of rat liver injury by fructose and high fat depends on the degree of
respiratory dysfunction and oxidative stress induced in mitochondria. Lipids Health Dis. 2019, 18, 78. [CrossRef]

14. Okumura, M.; Noi, K.; Kanemura, S.; Kinoshita, M.; Saio, T.; Inoue, Y.; Hikima, T.; Akiyama, S.; Ogura, T.; Inaba, K. Dynamic
assembly of protein disulfide isomerase in catalysis of oxidative folding. Nat. Chem. Biol. 2019, 15, 499–509. [CrossRef]

15. Rashdan, N.A.; Pattillo, C.B. Hydrogen peroxide in the ER: A tale of triage. Redox Biol. 2020, 28, 101358. [CrossRef]
16. Zeeshan, H.M.; Lee, G.H.; Kim, H.R.; Chae, H.J. Endoplasmic Reticulum Stress and Associated ROS. Int. J. Mol. Sci. 2016, 17, 327.

[CrossRef] [PubMed]
17. Ding, L.; Sun, W.; Balaz, M.; He, A.; Klug, M.; Wieland, S.; Caiazzo, R.; Raverdy, V.; Pattou, F.; Lefebvre, P.; et al. Peroxisomal

β-oxidation acts as a sensor for intracellular fatty acids and regulates lipolysis. Nat. Metab. 2021, 3, 1648–1661. [CrossRef]
[PubMed]

18. Forrester, S.J.; Kikuchi, D.S.; Hernandes, M.S.; Xu, Q.; Griendling, K.K. Reactive Oxygen Species in Metabolic and Inflammatory
Signaling. Circ. Res. 2018, 122, 877–902. [CrossRef]

19. Zhang, J.; Tripathi, D.N.; Jing, J.; Alexander, A.; Kim, J.; Powell, R.T.; Dere, R.; Tait-Mulder, J.; Lee, J.H.; Paull, T.T.; et al. ATM
functions at the peroxisome to induce pexophagy in response to ROS. Nat. Cell Biol. 2015, 17, 1259–1269. [CrossRef]

20. Zhang, Y.; Murugesan, P.; Huang, K.; Cai, H. NADPH oxidases and oxidase crosstalk in cardiovascular diseases: Novel therapeutic
targets. Nat. Rev. Cardiol. 2020, 17, 170–194. [CrossRef]

21. Bedard, K.; Krause, K.H. The NOX family of ROS-generating NADPH oxidases: Physiology and pathophysiology. Physiol. Rev.
2007, 87, 245–313. [CrossRef] [PubMed]

22. Kim, S.Y.; Jeong, J.M.; Kim, S.J.; Seo, W.; Kim, M.H.; Choi, W.M.; Yoo, W.; Lee, J.H.; Shim, Y.R.; Yi, H.S.; et al. Pro-inflammatory
hepatic macrophages generate ROS through NADPH oxidase 2 via endocytosis of monomeric TLR4-MD2 complex. Nat. Commun.
2017, 8, 2247. [CrossRef]

23. Thakur, V.; Pritchard, M.T.; McMullen, M.R.; Wang, Q.; Nagy, L.E. Chronic ethanol feeding increases activation of NADPH
oxidase by lipopolysaccharide in rat Kupffer cells: Role of increased reactive oxygen in LPS-stimulated ERK1/2 activation and
TNF-alpha production. J. Leukoc. Biol. 2006, 79, 1348–1356. [CrossRef]

24. Meng, T.; Yu, J.; Lei, Z.; Wu, J.; Wang, S.; Bo, Q.; Zhang, X.; Ma, Z.; Yu, J. Propofol reduces lipopolysaccharide-induced, NADPH
oxidase (NOX 2) mediated TNF-α and IL-6 production in macrophages. Clin. Dev. Immunol. 2013, 2013, 325481. [CrossRef]
[PubMed]

25. Bae, Y.S.; Lee, J.H.; Choi, S.H.; Kim, S.; Almazan, F.; Witztum, J.L.; Miller, Y.I. Macrophages generate reactive oxygen species in
response to minimally oxidized low-density lipoprotein: Toll-like receptor 4- and spleen tyrosine kinase-dependent activation of
NADPH oxidase 2. Circ. Res. 2009, 104, 210–218. [CrossRef] [PubMed]

26. Yang, C.-S.; Kim, J.-J.; Lee, S.J.; Hwang, J.H.; Lee, C.-H.; Lee, M.-S.; Jo, E.-K. TLR3-Triggered Reactive Oxygen Species Contribute
to Inflammatory Responses by Activating Signal Transducer and Activator of Transcription-1. J. Immunol. 2013, 190, 6368–6377.
[CrossRef]

27. Musso, G.; Cassader, M.; Paschetta, E.; Gambino, R. Bioactive Lipid Species and Metabolic Pathways in Progression and
Resolution of Nonalcoholic Steatohepatitis. Gastroenterology 2018, 155, 282–302.e8. [CrossRef]

28. Loffredo, L.; Zicari, A.M.; Perri, L.; Carnevale, R.; Nocella, C.; Angelico, F.; Del Ben, M.; Mosca, A.; Zaffina, S.; Panera, N.; et al.
Does Nox2 Overactivate in Children with Nonalcoholic Fatty Liver Disease? Antioxid. Redox Signal. 2019, 30, 1325–1330.
[CrossRef]

29. Grossini, E.; Garhwal, D.P.; Calamita, G.; Romito, R.; Rigamonti, C.; Minisini, R.; Smirne, C.; Surico, D.; Bellan, M.; Pirisi, M.
Exposure to Plasma From Non-alcoholic Fatty Liver Disease Patients Affects Hepatocyte Viability, Generates Mitochondrial
Dysfunction, and Modulates Pathways Involved in Fat Accumulation and Inflammation. Front. Med. 2021, 8, 693997. [CrossRef]

30. Wang, J.; He, W.; Tsai, P.J.; Chen, P.H.; Ye, M.; Guo, J.; Su, Z. Mutual interaction between endoplasmic reticulum and mitochondria
in nonalcoholic fatty liver disease. Lipids Health Dis. 2020, 19, 72. [CrossRef]

31. Pessayre, D.; Berson, A.; Fromenty, B.; Mansouri, A. Mitochondria in steatohepatitis. Semin. Liver Dis. 2001, 21, 57–69. [CrossRef]
32. Du, X.; Edelstein, D.; Obici, S.; Higham, N.; Zou, M.H.; Brownlee, M. Insulin resistance reduces arterial prostacyclin synthase and

eNOS activities by increasing endothelial fatty acid oxidation. J. Clin. Investig. 2006, 116, 1071–1080. [CrossRef]
33. Arab, J.P.; Arrese, M.; Trauner, M. Recent Insights into the Pathogenesis of Nonalcoholic Fatty Liver Disease. Annu. Rev. Pathol.

2018, 13, 321–350. [CrossRef]
34. Abe, Y.; Hines, I.N.; Zibari, G.; Pavlick, K.; Gray, L.; Kitagawa, Y.; Grisham, M.B. Mouse model of liver ischemia and reperfusion

injury: Method for studying reactive oxygen and nitrogen metabolites in vivo. Free. Radic. Biol. Med. 2009, 46, 1–7. [CrossRef]
35. Holmgren, A. Thioredoxin. Annu. Rev. Biochem. 1985, 54, 237–271. [CrossRef] [PubMed]

https://doi.org/10.1126/science.2834821
https://doi.org/10.1042/BST0391305
https://www.ncbi.nlm.nih.gov/pubmed/21936806
https://doi.org/10.3109/00365521.2015.1030687
https://www.ncbi.nlm.nih.gov/pubmed/25877002
https://doi.org/10.1186/s12944-019-1024-5
https://doi.org/10.1038/s41589-019-0268-8
https://doi.org/10.1016/j.redox.2019.101358
https://doi.org/10.3390/ijms17030327
https://www.ncbi.nlm.nih.gov/pubmed/26950115
https://doi.org/10.1038/s42255-021-00489-2
https://www.ncbi.nlm.nih.gov/pubmed/34903883
https://doi.org/10.1161/CIRCRESAHA.117.311401
https://doi.org/10.1038/ncb3230
https://doi.org/10.1038/s41569-019-0260-8
https://doi.org/10.1152/physrev.00044.2005
https://www.ncbi.nlm.nih.gov/pubmed/17237347
https://doi.org/10.1038/s41467-017-02325-2
https://doi.org/10.1189/jlb.1005613
https://doi.org/10.1155/2013/325481
https://www.ncbi.nlm.nih.gov/pubmed/24371447
https://doi.org/10.1161/CIRCRESAHA.108.181040
https://www.ncbi.nlm.nih.gov/pubmed/19096031
https://doi.org/10.4049/jimmunol.1202574
https://doi.org/10.1053/j.gastro.2018.06.031
https://doi.org/10.1089/ars.2018.7596
https://doi.org/10.3389/fmed.2021.693997
https://doi.org/10.1186/s12944-020-01210-0
https://doi.org/10.1055/s-2001-12929
https://doi.org/10.1172/JCI23354
https://doi.org/10.1146/annurev-pathol-020117-043617
https://doi.org/10.1016/j.freeradbiomed.2008.09.029
https://doi.org/10.1146/annurev.bi.54.070185.001321
https://www.ncbi.nlm.nih.gov/pubmed/3896121


Antioxidants 2023, 12, 1680 19 of 26

36. Arnér, E.S.; Holmgren, A. Physiological functions of thioredoxin and thioredoxin reductase. Eur. J. Biochem. 2000, 267, 6102–6109.
[CrossRef] [PubMed]

37. Lu, J.; Holmgren, A. Thioredoxin system in cell death progression. Antioxid. Redox Signal. 2012, 17, 1738–1747. [CrossRef]
[PubMed]

38. Zhong, L.; Arnér, E.S.; Holmgren, A. Structure and mechanism of mammalian thioredoxin reductase: The active site is a redox-
active selenolthiol/selenenylsulfide formed from the conserved cysteine-selenocysteine sequence. Proc. Natl. Acad. Sci. USA 2000,
97, 5854–5859. [CrossRef]

39. Lu, J.; Holmgren, A. Selenoproteins. J. Biol. Chem. 2009, 284, 723–727. [CrossRef] [PubMed]
40. Lillig, C.H.; Holmgren, A. Thioredoxin and related molecules–from biology to health and disease. Antioxid. Redox Signal. 2007, 9,

25–47. [CrossRef]
41. Gladyshev, V.N.; Jeang, K.-T.; Stadtman, T.C. Selenocysteine, identified as the penultimate C-terminal residue in human T-cell

thioredoxin reductase, corresponds to TGA in the human placental gene. Proc. Natl. Acad. Sci. USA 1996, 93, 6146–6151.
[CrossRef] [PubMed]

42. Zhong, L.; Arnér, E.S.; Ljung, J.; Åslund, F.; Holmgren, A. Rat and calf thioredoxin reductase are homologous to glutathione
reductase with a carboxyl-terminal elongation containing a conserved catalytically active penultimate selenocysteine residue.
J. Biol. Chem. 1998, 273, 8581–8591. [CrossRef]

43. Lee, S.-R.; Kim, J.-R.; Kwon, K.-S.; Yoon, H.W.; Levine, R.L.; Ginsburg, A.; Rhee, S.G. Molecular cloning and characterization of a
mitochondrial selenocysteine-containing thioredoxin reductase from rat liver. J. Biol. Chem. 1999, 274, 4722–4734. [CrossRef]
[PubMed]

44. Rigobello, M.P.; Callegaro, M.T.; Barzon, E.; Benetti, M.; Bindoli, A. Purification of mitochondrial thioredoxin reductase and its
involvement in the redox regulation of membrane permeability. Free Radic. Biol. Med. 1998, 24, 370–376. [CrossRef]

45. Rhee, S.G.; Chae, H.Z.; Kim, K. Peroxiredoxins: A historical overview and speculative preview of novel mechanisms and
emerging concepts in cell signaling. Free Radic. Biol. Med. 2005, 38, 1543–1552. [CrossRef]

46. Morel, Y.; Barouki, R. Repression of gene expression by oxidative stress. Biochem. J. 1999, 342, 481–496. [CrossRef]
47. Welsh, S.J.; Bellamy, W.T.; Briehl, M.M.; Powis, G. The redox protein thioredoxin-1 (Trx-1) increases hypoxia-inducible factor 1α

protein expression: Trx-1 overexpression results in increased vascular endothelial growth factor production and enhanced tumor
angiogenesis. Cancer Res. 2002, 62, 5089–5095. [PubMed]

48. Makino, Y.; Yoshikawa, N.; Okamoto, K.; Hirota, K.; Yodoi, J.; Makino, I.; Tanaka, H. Direct association with thioredoxin allows
redox regulation of glucocorticoid receptor function. J. Biol. Chem. 1999, 274, 3182–3188. [CrossRef] [PubMed]

49. Ueno, M.; Masutani, H.; Arai, R.J.; Yamauchi, A.; Hirota, K.; Sakai, T.; Inamoto, T.; Yamaoka, Y.; Yodoi, J.; Nikaido, T. Thioredoxin-
dependent redox regulation of p53-mediated p21 activation. J. Biol. Chem. 1999, 274, 35809–35815. [CrossRef]

50. Crunkhorn, S. Cardiovascular disease: Thioredoxin lowers hypertension. Nat. Rev. Drug Discov. 2017, 16, 240. [CrossRef]
51. Kaimul, A.M.; Nakamura, H.; Masutani, H.; Yodoi, J. Thioredoxin and thioredoxin-binding protein-2 in cancer and metabolic

syndrome. Free Radic. Biol. Med. 2007, 43, 861–868. [CrossRef] [PubMed]
52. Peña-Orihuela, P.; Camargo, A.; Rangel-Zuñiga, O.A.; Perez-Martinez, P.; Cruz-Teno, C.; Delgado-Lista, J.; Yubero-Serrano, E.M.;

Paniagua, J.A.; Tinahones, F.J.; Malagon, M.M.; et al. Antioxidant system response is modified by dietary fat in adipose tissue of
metabolic syndrome patients. J. Nutr. Biochem. 2013, 24, 1717–1723. [CrossRef] [PubMed]

53. Jankovic, A.; Korac, A.; Buzadzic, B.; Otasevic, V.; Stancic, A.; Daiber, A.; Korac, B. Redox implications in adipose tissue
(dys)function--A new look at old acquaintances. Redox Biol. 2015, 6, 19–32. [CrossRef]

54. Jankovic, A.; Korac, A.; Srdic-Galic, B.; Buzadzic, B.; Otasevic, V.; Stancic, A.; Vucetic, M.; Markelic, M.; Velickovic, K.;
Golic, I.; et al. Differences in the redox status of human visceral and subcutaneous adipose tissues--relationships to obesity and
metabolic risk. Metab. Clin. Exp. 2014, 63, 661–671. [CrossRef]

55. Bouwman, F.G.; Claessens, M.; van Baak, M.A.; Noben, J.P.; Wang, P.; Saris, W.H.; Mariman, E.C. The physiologic effects of
caloric restriction are reflected in the in vivo adipocyte-enriched proteome of overweight/obese subjects. J. Proteome Res. 2009, 8,
5532–5540. [CrossRef]

56. Huh, J.Y.; Kim, Y.; Jeong, J.; Park, J.; Kim, I.; Huh, K.H.; Kim, Y.S.; Woo, H.A.; Rhee, S.G.; Lee, K.J.; et al. Peroxiredoxin 3 is a key
molecule regulating adipocyte oxidative stress, mitochondrial biogenesis, and adipokine expression. Antioxid. Redox Signal. 2012,
16, 229–243. [CrossRef]

57. Okuyama, H.; Son, A.; Ahsan, M.K.; Masutani, H.; Nakamura, H.; Yodoi, J. Thioredoxin and thioredoxin binding protein 2 in the
liver. IUBMB life 2008, 60, 656–660. [CrossRef]

58. Kim, C.H.; Younossi, Z.M. Nonalcoholic fatty liver disease: A manifestation of the metabolic syndrome. Clevel. Clin. J. Med. 2008,
75, 721–728. [CrossRef] [PubMed]

59. Sumida, Y.; Nakashima, T.; Yoh, T.; Furutani, M.; Hirohama, A.; Kakisaka, Y.; Nakajima, Y.; Ishikawa, H.; Mitsuyoshi, H.;
Okanoue, T.; et al. Serum thioredoxin levels as a predictor of steatohepatitis in patients with nonalcoholic fatty liver disease.
J. Hepatol. 2003, 38, 32–38. [CrossRef]

60. Grattagliano, I.; Caraceni, P.; Calamita, G.; Ferri, D.; Gargano, I.; Palasciano, G.; Portincasa, P. Severe liver steatosis correlates with
nitrosative and oxidative stress in rats. Eur. J. Clin. Investig. 2008, 38, 523–530. [CrossRef]

https://doi.org/10.1046/j.1432-1327.2000.01701.x
https://www.ncbi.nlm.nih.gov/pubmed/11012661
https://doi.org/10.1089/ars.2012.4650
https://www.ncbi.nlm.nih.gov/pubmed/22530689
https://doi.org/10.1073/pnas.100114897
https://doi.org/10.1074/jbc.R800045200
https://www.ncbi.nlm.nih.gov/pubmed/18757362
https://doi.org/10.1089/ars.2007.9.25
https://doi.org/10.1073/pnas.93.12.6146
https://www.ncbi.nlm.nih.gov/pubmed/8650234
https://doi.org/10.1074/jbc.273.15.8581
https://doi.org/10.1074/jbc.274.8.4722
https://www.ncbi.nlm.nih.gov/pubmed/9988709
https://doi.org/10.1016/S0891-5849(97)00216-5
https://doi.org/10.1016/j.freeradbiomed.2005.02.026
https://doi.org/10.1042/bj3420481
https://www.ncbi.nlm.nih.gov/pubmed/12208766
https://doi.org/10.1074/jbc.274.5.3182
https://www.ncbi.nlm.nih.gov/pubmed/9915858
https://doi.org/10.1074/jbc.274.50.35809
https://doi.org/10.1038/nrd.2017.53
https://doi.org/10.1016/j.freeradbiomed.2007.05.032
https://www.ncbi.nlm.nih.gov/pubmed/17697931
https://doi.org/10.1016/j.jnutbio.2013.02.012
https://www.ncbi.nlm.nih.gov/pubmed/23647888
https://doi.org/10.1016/j.redox.2015.06.018
https://doi.org/10.1016/j.metabol.2014.01.009
https://doi.org/10.1021/pr900606m
https://doi.org/10.1089/ars.2010.3766
https://doi.org/10.1002/iub.102
https://doi.org/10.3949/ccjm.75.10.721
https://www.ncbi.nlm.nih.gov/pubmed/18939388
https://doi.org/10.1016/S0168-8278(02)00331-8
https://doi.org/10.1111/j.1365-2362.2008.01963.x


Antioxidants 2023, 12, 1680 20 of 26

61. Park, B.J.; Cha, M.K.; Kim, I.H. Thioredoxin 1 as a serum marker for ovarian cancer and its use in combination with CA125
for improving the sensitivity of ovarian cancer diagnoses. Biomark. Biochem. Indic. Expo. Response Susceptibility Chem. 2014, 19,
604–610. [CrossRef]

62. Gornicka, A.; Morris-Stiff, G.; Thapaliya, S.; Papouchado, B.G.; Berk, M.; Feldstein, A.E. Transcriptional profile of genes involved
in oxidative stress and antioxidant defense in a dietary murine model of steatohepatitis. Antioxid. Redox Signal. 2011, 15, 437–445.
[CrossRef]

63. Holmgren, A. Thioredoxin and Glutaredoxin Systems. J. Biol. Chem. 1989, 264, 13963–13966. [CrossRef]
64. Morgan, B.; Ezerina, D.; Amoako, T.N.E.; Riemer, J.; Seedorf, M.; Dick, T.P. Multiple glutathione disulfide removal pathways

mediate cytosolic redox homeostasis. Nat. Chem. Biol. 2013, 9, 119–125. [CrossRef] [PubMed]
65. Diaz-Vivancos, P.; de Simone, A.; Kiddie, G.; Foyer, C.H. Glutathione—Linking cell proliferation to oxidative stress. Free Radic.

Biol. Med. 2015, 89, 1154–1164. [CrossRef] [PubMed]
66. Lillig, C.H.; Berndt, C.; Holmgren, A. Glutaredoxin systems. Bba-Gen. Subj. 2008, 1780, 1304–1317. [CrossRef] [PubMed]
67. Shao, D.; Han, J.; Hou, X.; Fry, J.; Behring, J.B.; Seta, F.; Long, M.T.; Roy, H.K.; Cohen, R.A.; Matsui, R.; et al. Glutaredoxin-1

Deficiency Causes Fatty Liver and Dyslipidemia by Inhibiting Sirtuin-1. Antioxid. Redox Signal. 2017, 27, 313–327. [CrossRef]
[PubMed]

68. Ponugoti, B.; Kim, D.H.; Xiao, Z.; Smith, Z.; Miao, J.; Zang, M.; Wu, S.Y.; Chiang, C.M.; Veenstra, T.D.; Kemper, J.K. SIRT1
deacetylates and inhibits SREBP-1C activity in regulation of hepatic lipid metabolism. J. Biol. Chem. 2010, 285, 33959–33970.
[CrossRef] [PubMed]

69. Picard, F.; Kurtev, M.; Chung, N.; Topark-Ngarm, A.; Senawong, T.; Machado De Oliveira, R.; Leid, M.; McBurney, M.W.;
Guarente, L. Sirt1 promotes fat mobilization in white adipocytes by repressing PPAR-gamma. Nature 2004, 429, 771–776.
[CrossRef]

70. Haigis, M.C.; Sinclair, D.A. Mammalian sirtuins: Biological insights and disease relevance. Annu. Rev. Pathol. 2010, 5, 253–295.
[CrossRef]

71. Pfluger, P.T.; Herranz, D.; Velasco-Miguel, S.; Serrano, M.; Tschöp, M.H. Sirt1 protects against high-fat diet-induced metabolic
damage. Proc. Natl. Acad. Sci. USA 2008, 105, 9793–9798. [CrossRef] [PubMed]

72. Shao, D.; Fry, J.L.; Han, J.; Hou, X.; Pimentel, D.R.; Matsui, R.; Cohen, R.A.; Bachschmid, M.M. A redox-resistant sirtuin-1 mutant
protects against hepatic metabolic and oxidant stress. J. Biol. Chem. 2014, 289, 7293–7306. [CrossRef] [PubMed]

73. Deng, X.Q.; Chen, L.L.; Li, N.X. The expression of SIRT1 in nonalcoholic fatty liver disease induced by high-fat diet in rats.
Liver Int. Off. J. Int. Assoc. Study Liver 2007, 27, 708–715. [CrossRef] [PubMed]

74. Yin, H.; Hu, M.; Liang, X.; Ajmo, J.M.; Li, X.; Bataller, R.; Odena, G.; Stevens, S.M., Jr.; You, M. Deletion of SIRT1 from hepatocytes
in mice disrupts lipin-1 signaling and aggravates alcoholic fatty liver. Gastroenterology 2014, 146, 801–811. [CrossRef] [PubMed]

75. Hudemann, C.; Lönn, M.E.; Godoy, J.R.; Zahedi Avval, F.; Capani, F.; Holmgren, A.; Lillig, C.H. Identification, expression pattern,
and characterization of mouse glutaredoxin 2 isoforms. Antioxid. Redox Signal. 2009, 11, 1–14. [CrossRef]

76. Lönn, M.E.; Hudemann, C.; Berndt, C.; Cherkasov, V.; Capani, F.; Holmgren, A.; Lillig, C.H. Expression pattern of human
glutaredoxin 2 isoforms: Identification and characterization of two testis/cancer cell-specific isoforms. Antioxid. Redox Signal.
2008, 10, 547–557. [CrossRef] [PubMed]

77. Scalcon, V.; Folda, A.; Lupo, M.G.; Tonolo, F.; Pei, N.; Battisti, I.; Ferri, N.; Arrigoni, G.; Bindoli, A.; Holmgren, A.; et al.
Mitochondrial depletion of glutaredoxin 2 induces metabolic dysfunction-associated fatty liver disease in mice. Redox Biol. 2022,
51, 102277. [CrossRef]

78. Yamamoto, M.; Kensler, T.W.; Motohashi, H. The KEAP1-NRF2 System: A Thiol-Based Sensor-Effector Apparatus for Maintaining
Redox Homeostasis. Physiol. Rev. 2018, 98, 1169–1203. [CrossRef]

79. Malhotra, D.; Portales-Casamar, E.; Singh, A.; Srivastava, S.; Arenillas, D.; Happel, C.; Shyr, C.; Wakabayashi, N.; Kensler, T.W.;
Wasserman, W.W.; et al. Global mapping of binding sites for Nrf2 identifies novel targets in cell survival response through
ChIP-Seq profiling and network analysis. Nucleic Acids Res. 2010, 38, 5718–5734. [CrossRef]

80. Galicia-Moreno, M.; Lucano-Landeros, S.; Monroy-Ramirez, H.C.; Silva-Gomez, J.; Gutierrez-Cuevas, J.; Santos, A.; Armendariz-
Borunda, J. Roles of Nrf2 in Liver Diseases: Molecular, Pharmacological, and Epigenetic Aspects. Antioxidants 2020, 9, 980.
[CrossRef]

81. Higgins, L.G.; Kelleher, M.O.; Eggleston, I.M.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Transcription factor Nrf2 mediates an adaptive
response to sulforaphane that protects fibroblasts in vitro against the cytotoxic effects of electrophiles, peroxides and redox-cycling
agents. Toxicol. Appl. Pharmacol. 2009, 237, 267–280. [CrossRef]

82. Hawkes, H.J.; Karlenius, T.C.; Tonissen, K.F. Regulation of the human thioredoxin gene promoter and its key substrates: A study
of functional and putative regulatory elements. Biochim. Biophys. Acta 2014, 1840, 303–314. [CrossRef] [PubMed]

83. Harvey, C.J.; Thimmulappa, R.K.; Singh, A.; Blake, D.J.; Ling, G.; Wakabayashi, N.; Fujii, J.; Myers, A.; Biswal, S. Nrf2-regulated
glutathione recycling independent of biosynthesis is critical for cell survival during oxidative stress. Free Radic. Biol. Med. 2009,
46, 443–453. [CrossRef] [PubMed]

84. Hayes, J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 39, 199–218. [CrossRef] [PubMed]

https://doi.org/10.3109/1354750X.2014.956793
https://doi.org/10.1089/ars.2010.3815
https://doi.org/10.1016/S0021-9258(18)71625-6
https://doi.org/10.1038/nchembio.1142
https://www.ncbi.nlm.nih.gov/pubmed/23242256
https://doi.org/10.1016/j.freeradbiomed.2015.09.023
https://www.ncbi.nlm.nih.gov/pubmed/26546102
https://doi.org/10.1016/j.bbagen.2008.06.003
https://www.ncbi.nlm.nih.gov/pubmed/18621099
https://doi.org/10.1089/ars.2016.6716
https://www.ncbi.nlm.nih.gov/pubmed/27958883
https://doi.org/10.1074/jbc.M110.122978
https://www.ncbi.nlm.nih.gov/pubmed/20817729
https://doi.org/10.1038/nature02583
https://doi.org/10.1146/annurev.pathol.4.110807.092250
https://doi.org/10.1073/pnas.0802917105
https://www.ncbi.nlm.nih.gov/pubmed/18599449
https://doi.org/10.1074/jbc.M113.520403
https://www.ncbi.nlm.nih.gov/pubmed/24451382
https://doi.org/10.1111/j.1478-3231.2007.01497.x
https://www.ncbi.nlm.nih.gov/pubmed/17498258
https://doi.org/10.1053/j.gastro.2013.11.008
https://www.ncbi.nlm.nih.gov/pubmed/24262277
https://doi.org/10.1089/ars.2008.2068
https://doi.org/10.1089/ars.2007.1821
https://www.ncbi.nlm.nih.gov/pubmed/18092940
https://doi.org/10.1016/j.redox.2022.102277
https://doi.org/10.1152/physrev.00023.2017
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.3390/antiox9100980
https://doi.org/10.1016/j.taap.2009.03.005
https://doi.org/10.1016/j.bbagen.2013.09.013
https://www.ncbi.nlm.nih.gov/pubmed/24041992
https://doi.org/10.1016/j.freeradbiomed.2008.10.040
https://www.ncbi.nlm.nih.gov/pubmed/19028565
https://doi.org/10.1016/j.tibs.2014.02.002
https://www.ncbi.nlm.nih.gov/pubmed/24647116


Antioxidants 2023, 12, 1680 21 of 26

85. Kim, Y.C.; Masutani, H.; Yamaguchi, Y.; Itoh, K.; Yamamoto, M.; Yodoi, J. Hemin-induced activation of the thioredoxin gene by
Nrf2. A differential regulation of the antioxidant responsive element by a switch of its binding factors. J. Biol. Chem. 2001, 276,
18399–18406. [CrossRef] [PubMed]

86. Chorley, B.N.; Campbell, M.R.; Wang, X.; Karaca, M.; Sambandan, D.; Bangura, F.; Xue, P.; Pi, J.; Kleeberger, S.R.; Bell, D.A.
Identification of novel NRF2-regulated genes by ChIP-Seq: Influence on retinoid X receptor alpha. Nucleic Acids Res. 2012, 40,
7416–7429. [CrossRef]

87. Yodoi, J.; Nakamura, H.; Masutani, H. Redox regulation of stress signals: Possible roles of dendritic stellate TRX producer cells
(DST cell types). Biol. Chem. 2002, 383, 585–590. [CrossRef] [PubMed]

88. Charlot, C.; Dubois-Pot, H.; Serchov, T.; Tourrette, Y.; Wasylyk, B. A review of post-translational modifications and subcellular
localization of Ets transcription factors: Possible connection with cancer and involvement in the hypoxic response. Methods Mol.
Biol. 2010, 647, 3–30. [CrossRef]

89. Shiota, M.; Izumi, H.; Miyamoto, N.; Onitsuka, T.; Kashiwagi, E.; Kidani, A.; Hirano, G.; Takahashi, M.; Ono, M.; Kuwano, M.; et al.
Ets regulates peroxiredoxin1 and 5 expressions through their interaction with the high-mobility group protein B1. Cancer Sci.
2008, 99, 1950–1959. [CrossRef]

90. Osborne, S.A.; Hawkes, H.J.; Baldwin, B.L.; Alexander, K.A.; Svingen, T.; Clarke, F.M.; Tonissen, K.F. The tert-butylhydroquinone-
mediated activation of the human thioredoxin gene reveals a novel promoter structure. Biochem. J. 2006, 398, 269–277. [CrossRef]

91. Bai, J.; Nakamura, H.; Kwon, Y.W.; Hattori, I.; Yamaguchi, Y.; Kim, Y.C.; Kondo, N.; Oka, S.; Ueda, S.; Masutani, H.; et al. Critical
roles of thioredoxin in nerve growth factor-mediated signal transduction and neurite outgrowth in PC12 cells. J. Neurosci. Off. J.
Soc. Neurosci. 2003, 23, 503–509. [CrossRef]

92. Rundlöf, A.K.; Carlsten, M.; Arnér, E.S. The core promoter of human thioredoxin reductase 1: Cloning, transcriptional activity,
and Oct-1, Sp1, and Sp3 binding reveal a housekeeping-type promoter for the AU-rich element-regulated gene. J. Biol. Chem.
2001, 276, 30542–30551. [CrossRef]

93. Canfora, E.E.; Meex, R.C.; Venema, K.; Blaak, E.E. Gut microbial metabolites in obesity, NAFLD and T2DM. Nat. Rev. Endocrinol.
2019, 15, 261–273. [CrossRef] [PubMed]

94. Zhang, X.; Coker, O.O.; Chu, E.S.; Fu, K.; Lau, H.C.; Wang, Y.-X.; Chan, A.W.; Wei, H.; Yang, X.; Sung, J.J. Dietary cholesterol drives
fatty liver-associated liver cancer by modulating gut microbiota and metabolites. Gut 2021, 70, 761–774. [CrossRef] [PubMed]

95. Schoeler, M.; Caesar, R. Dietary lipids, gut microbiota and lipid metabolism. Rev. Endocr. Metab. Disord. 2019, 20, 461–472.
[CrossRef] [PubMed]

96. Li, D.; Li, Y.; Yang, S.; Lu, J.; Jin, X.; Wu, M. Diet-gut microbiota-epigenetics in metabolic diseases: From mechanisms to
therapeutics. Biomed. Pharmacother. 2022, 153, 113290. [CrossRef] [PubMed]

97. Makri, E.; Goulas, A.; Polyzos, S.A. Epidemiology, pathogenesis, diagnosis and emerging treatment of nonalcoholic fatty liver
disease. Arch. Med. Res. 2021, 52, 25–37. [CrossRef]

98. Milosevic, I.; Vujovic, A.; Barac, A.; Djelic, M.; Korac, M.; Radovanovic Spurnic, A.; Gmizic, I.; Stevanovic, O.; Djordjevic, V.;
Lekic, N. Gut-liver axis, gut microbiota, and its modulation in the management of liver diseases: A review of the literature. Int. J.
Mol. Sci. 2019, 20, 395. [CrossRef] [PubMed]

99. Delli Bovi, A.P.; Marciano, F.; Mandato, C.; Siano, M.A.; Savoia, M.; Vajro, P. Oxidative stress in non-alcoholic fatty liver disease.
An updated mini review. Front. Med. 2021, 8, 595371. [CrossRef]

100. Arroyave-Ospina, J.C.; Wu, Z.; Geng, Y.; Moshage, H. Role of oxidative stress in the pathogenesis of non-alcoholic fatty liver
disease: Implications for prevention and therapy. Antioxidants 2021, 10, 174. [CrossRef]

101. Ma, Y.; Lee, G.; Heo, S.-Y.; Roh, Y.-S. Oxidative stress is a key modulator in the development of nonalcoholic fatty liver disease.
Antioxidants 2021, 11, 91. [CrossRef] [PubMed]

102. Chen, Z.; Tian, R.; She, Z.; Cai, J.; Li, H. Role of oxidative stress in the pathogenesis of nonalcoholic fatty liver disease. Free Radic.
Biol. Med. 2020, 152, 116–141. [CrossRef] [PubMed]

103. Xu, D.; Xu, M.; Jeong, S.; Qian, Y.; Wu, H.; Xia, Q.; Kong, X. The role of Nrf2 in liver disease: Novel molecular mechanisms and
therapeutic approaches. Front. Pharmacol. 2019, 9, 1428. [CrossRef] [PubMed]

104. Okanoue, T.; Yamauchi, N.; Furutani, M.; Hirohama, A.; Sumida, Y.; Nakashima, T. Predictors of nonalcoholic steatohepatitis
in Japanese patients: Thioredoxin and NASH. In NASH and Nutritional Therapy; Springer: Berlin/Heidelberg, Germany, 2005;
pp. 64–72.

105. Nakashima, T.; Sumida, Y.; Furutani, M.; Hirohama, A.; Okita, M.; Mitsuyoshi, H.; Itoh, Y.; Okanoue, T. Elevation of serum
thioredoxin levels in patients with nonalcoholic steatohepatitis. Hepatol. Res. 2005, 33, 135–137. [CrossRef] [PubMed]

106. Xiong, F.; Zhou, Q.; Huang, X.; Cao, P.; Wang, Y. Ferroptosis plays a novel role in nonalcoholic steatohepatitis pathogenesis.
Front. Pharmacol. 2022, 13, 1055793. [CrossRef] [PubMed]

107. Tsurusaki, S.; Tsuchiya, Y.; Koumura, T.; Nakasone, M.; Sakamoto, T.; Matsuoka, M.; Imai, H.; Yuet-Yin Kok, C.; Okochi, H.;
Nakano, H. Hepatic ferroptosis plays an important role as the trigger for initiating inflammation in nonalcoholic steatohepatitis.
Cell Death Dis. 2019, 10, 449. [CrossRef] [PubMed]

108. Seco-Cervera, M.; González-Cabo, P.; Pallardó, F.V.; Romá-Mateo, C.; García-Giménez, J.L. Thioredoxin and glutaredoxin systems
as potential targets for the development of new treatments in Friedreich’s ataxia. Antioxidants 2020, 9, 1257. [CrossRef]

https://doi.org/10.1074/jbc.M100103200
https://www.ncbi.nlm.nih.gov/pubmed/11279008
https://doi.org/10.1093/nar/gks409
https://doi.org/10.1515/BC.2002.060
https://www.ncbi.nlm.nih.gov/pubmed/12033447
https://doi.org/10.1007/978-1-60761-738-9_1
https://doi.org/10.1111/j.1349-7006.2008.00912.x
https://doi.org/10.1042/BJ20060076
https://doi.org/10.1523/JNEUROSCI.23-02-00503.2003
https://doi.org/10.1074/jbc.M101452200
https://doi.org/10.1038/s41574-019-0156-z
https://www.ncbi.nlm.nih.gov/pubmed/30670819
https://doi.org/10.1136/gutjnl-2019-319664
https://www.ncbi.nlm.nih.gov/pubmed/32694178
https://doi.org/10.1007/s11154-019-09512-0
https://www.ncbi.nlm.nih.gov/pubmed/31707624
https://doi.org/10.1016/j.biopha.2022.113290
https://www.ncbi.nlm.nih.gov/pubmed/35724509
https://doi.org/10.1016/j.arcmed.2020.11.010
https://doi.org/10.3390/ijms20020395
https://www.ncbi.nlm.nih.gov/pubmed/30658519
https://doi.org/10.3389/fmed.2021.595371
https://doi.org/10.3390/antiox10020174
https://doi.org/10.3390/antiox11010091
https://www.ncbi.nlm.nih.gov/pubmed/35052595
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://www.ncbi.nlm.nih.gov/pubmed/32156524
https://doi.org/10.3389/fphar.2018.01428
https://www.ncbi.nlm.nih.gov/pubmed/30670963
https://doi.org/10.1016/j.hepres.2005.09.021
https://www.ncbi.nlm.nih.gov/pubmed/16257259
https://doi.org/10.3389/fphar.2022.1055793
https://www.ncbi.nlm.nih.gov/pubmed/36532757
https://doi.org/10.1038/s41419-019-1678-y
https://www.ncbi.nlm.nih.gov/pubmed/31209199
https://doi.org/10.3390/antiox9121257


Antioxidants 2023, 12, 1680 22 of 26

109. Pan, M.; Zhang, F.; Qu, K.; Liu, C.; Zhang, J. TXNIP: A double-edged sword in disease and therapeutic outlook. Oxidative Med.
Cell. Longev. 2022, 2022, 7805115. [CrossRef]

110. Lee, S.; Kim, S.M.; Lee, R.T. Thioredoxin and thioredoxin target proteins: From molecular mechanisms to functional significance.
Antioxid. Redox Signal. 2013, 18, 1165–1207. [CrossRef]

111. Le Roy, T.; Llopis, M.; Lepage, P.; Bruneau, A.; Rabot, S.; Bevilacqua, C.; Martin, P.; Philippe, C.; Walker, F.; Bado, A. Intestinal
microbiota determines development of non-alcoholic fatty liver disease in mice. Gut 2013, 62, 1787–1794. [CrossRef]

112. Del Chierico, F.; Nobili, V.; Vernocchi, P.; Russo, A.; De Stefanis, C.; Gnani, D.; Furlanello, C.; Zandonà, A.; Paci, P.; Capuani, G. Gut
microbiota profiling of pediatric nonalcoholic fatty liver disease and obese patients unveiled by an integrated meta-omics-based
approach. Hepatology 2017, 65, 451–464. [CrossRef]

113. Shen, F.; Zheng, R.-D.; Sun, X.-Q.; Ding, W.-J.; Wang, X.-Y.; Fan, J.-G. Gut microbiota dysbiosis in patients with non-alcoholic fatty
liver disease. Hepatobiliary Pancreat. Dis. Int. 2017, 16, 375–381. [CrossRef] [PubMed]

114. Tilg, H.; Zmora, N.; Adolph, T.E.; Elinav, E. The intestinal microbiota fuelling metabolic inflammation. Nat. Rev. Immunol. 2020,
20, 40–54. [CrossRef] [PubMed]

115. Miura, K.; Ohnishi, H. Role of gut microbiota and Toll-like receptors in nonalcoholic fatty liver disease. World J. Gastroenterol.
2014, 20, 7381. [CrossRef]

116. Chen, J.; Vitetta, L. Gut microbiota metabolites in NAFLD pathogenesis and therapeutic implications. Int. J. Mol. Sci. 2020,
21, 5214. [CrossRef]

117. Vallianou, N.; Stratigou, T.; Christodoulatos, G.S.; Dalamaga, M. Understanding the role of the gut microbiome and microbial
metabolites in obesity and obesity-associated metabolic disorders: Current evidence and perspectives. Curr. Obes. Rep. 2019, 8,
317–332. [CrossRef]

118. Carpino, G.; Del Ben, M.; Pastori, D.; Carnevale, R.; Baratta, F.; Overi, D.; Francis, H.; Cardinale, V.; Onori, P.; Safarikia, S.
Increased liver localization of lipopolysaccharides in human and experimental NAFLD. Hepatology 2020, 72, 470–485. [CrossRef]

119. Nocito, A.; Dahm, F.; Jochum, W.; Jang, J.H.; Georgiev, P.; Bader, M.; Renner, E.L.; Clavien, P.A. Serotonin mediates oxidative stress
and mitochondrial toxicity in a murine model of nonalcoholic steatohepatitis. Gastroenterology 2007, 133, 608–618. [CrossRef]

120. Hoyles, L.; Fernandez-Real, J.-M.; Federici, M.; Serino, M.; Abbott, J.; Charpentier, J.; Heymes, C.; Luque, J.L.; Anthony, E.; Barton,
R.H. Molecular phenomics and metagenomics of hepatic steatosis in non-diabetic obese women. Nat. Med. 2018, 24, 1070–1080.
[CrossRef]

121. Molinaro, A.; Wahlström, A.; Marschall, H.-U. Role of bile acids in metabolic control. Trends Endocrinol. Metab. 2018, 29, 31–41.
[CrossRef]

122. Zhu, L.; Baker, S.S.; Gill, C.; Liu, W.; Alkhouri, R.; Baker, R.D.; Gill, S.R. Characterization of gut microbiomes in nonalcoholic
steatohepatitis (NASH) patients: A connection between endogenous alcohol and NASH. Hepatology 2013, 57, 601–609. [CrossRef]

123. Yuan, J.; Chen, C.; Cui, J.; Lu, J.; Yan, C.; Wei, X.; Zhao, X.; Li, N.; Li, S.; Xue, G. Fatty liver disease caused by high-alcohol-
producing Klebsiella pneumoniae. Cell Metab. 2019, 30, 675–688.e7. [CrossRef]

124. Chen, X.; Zhang, Z.; Li, H.; Zhao, J.; Wei, X.; Lin, W.; Zhao, X.; Jiang, A.; Yuan, J. Endogenous ethanol produced by intestinal
bacteria induces mitochondrial dysfunction in non-alcoholic fatty liver disease. J. Gastroenterol. Hepatol. 2020, 35, 2009–2019.
[CrossRef] [PubMed]

125. Jameson, E.; Quareshy, M.; Chen, Y. Methodological considerations for the identification of choline and carnitine-degrading
bacteria in the gut. Methods 2018, 149, 42–48. [CrossRef]

126. Rath, S.; Heidrich, B.; Pieper, D.H.; Vital, M. Uncovering the trimethylamine-producing bacteria of the human gut microbiota.
Microbiome 2017, 5, 54. [CrossRef]

127. Hu, Y.; Zhao, Y.; Yuan, L.; Yang, X. Protective effects of tartary buckwheat flavonoids on high TMAO diet-induced vascular
dysfunction and liver injury in mice. Food Funct. 2015, 6, 3359–3372. [CrossRef]

128. Ren, D.; Liu, Y.; Zhao, Y.; Yang, X. Hepatotoxicity and endothelial dysfunction induced by high choline diet and the protective
effects of phloretin in mice. Food Chem. Toxicol. 2016, 94, 203–212. [CrossRef]

129. Wu, Q.; Zhang, X.; Zhao, Y.; Yang, X. High l-carnitine ingestion impairs liver function by disordering gut bacteria composition in
mice. J. Agric. Food Chem. 2020, 68, 5707–5714. [CrossRef]

130. Yang, C.; Zhao, Y.; Ren, D.; Yang, X. Protective effect of saponins-enriched fraction of gynostemma pentaphyllum against high
choline-induced vascular endothelial dysfunction and hepatic damage in mice. Biol. Pharm. Bull. 2020, 43, 463–473. [CrossRef]
[PubMed]

131. Zhang, L.; Wu, Q.; Wang, N.; Zhang, L.; Yang, X.; Zhao, Y. Quercetin inhibits hepatotoxic effects by reducing trimethylamine-N-
oxide formation in C57BL/6J mice fed with a high l-carnitine diet. Food Funct. 2023, 14, 206–214. [CrossRef]

132. Chen, S.; Henderson, A.; Petriello, M.C.; Romano, K.A.; Gearing, M.; Miao, J.; Schell, M.; Sandoval-Espinola, W.J.; Tao, J.; Sha,
B. Trimethylamine N-oxide binds and activates PERK to promote metabolic dysfunction. Cell Metab. 2019, 30, 1141–1151.e5.
[CrossRef]

133. Abais, J.M.; Xia, M.; Zhang, Y.; Boini, K.M.; Li, P.-L. Redox regulation of NLRP3 inflammasomes: ROS as trigger or effector?
Antioxid. Redox Signal. 2015, 22, 1111–1129. [CrossRef]

134. Zhou, Y.; Tong, Z.; Jiang, S.; Zheng, W.; Zhao, J.; Zhou, X. The roles of endoplasmic reticulum in NLRP3 inflammasome activation.
Cells 2020, 9, 1219. [CrossRef] [PubMed]

https://doi.org/10.1155/2022/7805115
https://doi.org/10.1089/ars.2011.4322
https://doi.org/10.1136/gutjnl-2012-303816
https://doi.org/10.1002/hep.28572
https://doi.org/10.1016/S1499-3872(17)60019-5
https://www.ncbi.nlm.nih.gov/pubmed/28823367
https://doi.org/10.1038/s41577-019-0198-4
https://www.ncbi.nlm.nih.gov/pubmed/31388093
https://doi.org/10.3748/wjg.v20.i23.7381
https://doi.org/10.3390/ijms21155214
https://doi.org/10.1007/s13679-019-00352-2
https://doi.org/10.1002/hep.31056
https://doi.org/10.1053/j.gastro.2007.05.019
https://doi.org/10.1038/s41591-018-0061-3
https://doi.org/10.1016/j.tem.2017.11.002
https://doi.org/10.1002/hep.26093
https://doi.org/10.1016/j.cmet.2019.08.018
https://doi.org/10.1111/jgh.15027
https://www.ncbi.nlm.nih.gov/pubmed/32150306
https://doi.org/10.1016/j.ymeth.2018.03.012
https://doi.org/10.1186/s40168-017-0271-9
https://doi.org/10.1039/C5FO00581G
https://doi.org/10.1016/j.fct.2016.06.004
https://doi.org/10.1021/acs.jafc.9b08313
https://doi.org/10.1248/bpb.b19-00805
https://www.ncbi.nlm.nih.gov/pubmed/32115504
https://doi.org/10.1039/D2FO01909D
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.1089/ars.2014.5994
https://doi.org/10.3390/cells9051219
https://www.ncbi.nlm.nih.gov/pubmed/32423023


Antioxidants 2023, 12, 1680 23 of 26

135. Lerner, A.G.; Upton, J.-P.; Praveen, P.; Ghosh, R.; Nakagawa, Y.; Igbaria, A.; Shen, S.; Nguyen, V.; Backes, B.J.; Heiman, M.
IRE1α induces thioredoxin-interacting protein to activate the NLRP3 inflammasome and promote programmed cell death under
irremediable ER stress. Cell Metab. 2012, 16, 250–264. [CrossRef] [PubMed]

136. Oslowski, C.M.; Hara, T.; O’Sullivan-Murphy, B.; Kanekura, K.; Lu, S.; Hara, M.; Ishigaki, S.; Zhu, L.J.; Hayashi, E.; Hui, S.T.
Thioredoxin-interacting protein mediates ER stress-induced β cell death through initiation of the inflammasome. Cell Metab.
2012, 16, 265–273. [CrossRef] [PubMed]

137. Cao, S.S.; Kaufman, R.J. Endoplasmic reticulum stress and oxidative stress in cell fate decision and human disease. Antioxid.
Redox Signal. 2014, 21, 396–413. [CrossRef]

138. Sun, X.; Jiao, X.; Ma, Y.; Liu, Y.; Zhang, L.; He, Y.; Chen, Y. Trimethylamine N-oxide induces inflammation and endothelial
dysfunction in human umbilical vein endothelial cells via activating ROS-TXNIP-NLRP3 inflammasome. Biochem. Biophys. Res.
Commun. 2016, 481, 63–70. [CrossRef]

139. Kim, S.K.; Choe, J.Y.; Park, K.Y. TXNIP-mediated nuclear factor-κB signaling pathway and intracellular shifting of TXNIP in uric
acid-induced NLRP3 inflammasome. Biochem. Biophys. Res. Commun. 2019, 511, 725–731. [CrossRef]

140. Ferro, D.; Baratta, F.; Pastori, D.; Cocomello, N.; Colantoni, A.; Angelico, F.; Del Ben, M. New insights into the pathogenesis
of non-alcoholic fatty liver disease: Gut-derived lipopolysaccharides and oxidative stress. Nutrients 2020, 12, 2762. [CrossRef]
[PubMed]

141. Suliman, H.B.; Carraway, M.S.; Welty-Wolf, K.E.; Whorton, A.R.; Piantadosi, C.A. Lipopolysaccharide stimulates mitochondrial
biogenesis via activation of nuclear respiratory factor-1. J. Biol. Chem. 2003, 278, 41510–41518. [CrossRef] [PubMed]

142. Baratta, F.; Pastori, D.; Bartimoccia, S.; Cammisotto, V.; Cocomello, N.; Colantoni, A.; Nocella, C.; Carnevale, R.; Ferro, D.;
Angelico, F. Poor adherence to mediterranean diet and serum lipopolysaccharide are associated with oxidative stress in patients
with non-alcoholic fatty liver disease. Nutrients 2020, 12, 1732. [CrossRef] [PubMed]

143. Fukunishi, S.; Sujishi, T.; Takeshita, A.; Ohama, H.; Tsuchimoto, Y.; Asai, A.; Tsuda, Y.; Higuchi, K. Lipopolysaccharides accelerate
hepatic steatosis in the development of nonalcoholic fatty liver disease in Zucker rats. J. Clin. Biochem. Nutr. 2014, 54, 39–44.
[CrossRef]

144. Park, H.S.; Jung, H.Y.; Park, E.Y.; Kim, J.; Lee, W.J.; Bae, Y.S. Cutting edge: Direct interaction of TLR4 with NAD (P) H oxidase 4
isozyme is essential for lipopolysaccharide-induced production of reactive oxygen species and activation of NF-κB. J. Immunol.
2004, 173, 3589–3593. [CrossRef]

145. Friedman, S.L. Mechanisms of hepatic fibrogenesis. Gastroenterology 2008, 134, 1655–1669. [CrossRef]
146. Lee, U.E.; Friedman, S.L. Mechanisms of hepatic fibrogenesis. Best Pract. Res. Clin. Gastroenterol. 2011, 25, 195–206. [CrossRef]
147. Iwaisako, K.; Brenner, D.A.; Kisseleva, T. What’s new in liver fibrosis? The origin of myofibroblasts in liver fibrosis. J. Gastroenterol.

Hepatol. 2012, 27, 65–68. [CrossRef] [PubMed]
148. Barnes, J.L.; Gorin, Y. Myofibroblast differentiation during fibrosis: Role of NAD(P)H oxidases. Kidney Int. 2011, 79, 944–956.

[CrossRef] [PubMed]
149. Bocca, C.; Protopapa, F.; Foglia, B.; Maggiora, M.; Cannito, S.; Parola, M.; Novo, E. Hepatic Myofibroblasts: A Heterogeneous and

Redox-Modulated Cell Population in Liver Fibrogenesis. Antioxidants 2022, 11, 1278. [CrossRef]
150. Xu, J.; Liu, X.; Koyama, Y.; Wang, P.; Lan, T.; Kim, I.G.; Kim, I.H.; Ma, H.Y.; Kisseleva, T. The types of hepatic myofibroblasts

contributing to liver fibrosis of different etiologies. Front. Pharmacol. 2014, 5, 167. [CrossRef]
151. Okuyama, H.; Nakamura, H.; Shimahara, Y.; Araya, S.; Kawada, N.; Yamaoka, Y.; Yodoi, Y. Overexpression of thioredoxin

prevents acute hepatitis caused by thioacetamide or lipopolysaccharide in mice. Hepatology 2003, 37, 1015–1025. [CrossRef]
[PubMed]

152. Okuyama, H.; Nakamura, H.; Shimahara, Y.; Uyama, N.; Kwon, Y.-W.; Kawada, N.; Yamaoka, Y.; Yodoi, J. Overexpression of
thioredoxin prevents thioacetamide-induced hepatic fibrosis in mice. J. Hepatol. 2005, 42, 117–123. [CrossRef] [PubMed]

153. Wang, X.; Xing, Y.; Tang, Z.; Tang, Y.; Shen, J.; Zhang, F. Thioredoxin-2 impacts the inflammatory response via suppression of
NF-κB and MAPK signaling in sepsis shock. Biochem. Biophys. Res. Commun. 2020, 524, 876–882. [CrossRef] [PubMed]

154. Asehnoune, K.; Strassheim, D.; Mitra, S.; Kim, J.Y.; Abraham, E. Involvement of reactive oxygen species in Toll-like receptor
4-dependent activation of NF-κB. J. Immunol. 2004, 172, 2522–2529. [CrossRef] [PubMed]

155. Kim, S.-J.; Lee, S.-M. NLRP3 inflammasome activation in D-galactosamine and lipopolysaccharide-induced acute liver failure:
Role of heme oxygenase-1. Free Radic. Biol. Med. 2013, 65, 997–1004. [CrossRef] [PubMed]

156. Vallianou, N.; Christodoulatos, G.S.; Karampela, I.; Tsilingiris, D.; Magkos, F.; Stratigou, T.; Kounatidis, D.; Dalamaga, M.
Understanding the role of the gut microbiome and microbial metabolites in non-alcoholic fatty liver disease: Current evidence
and perspectives. Biomolecules 2021, 12, 56. [CrossRef] [PubMed]

157. Park, J.W.; Kim, H.Y.; Kim, M.G.; Jeong, S.; Yun, C.-H.; Han, S.H. Short-chain fatty acids inhibit staphylococcal lipoprotein-induced
nitric oxide production in murine macrophages. Immune Netw. 2019, 19, e9. [CrossRef]

158. Maslowski, K.M.; Vieira, A.T.; Ng, A.; Kranich, J.; Sierro, F.; Yu, D.; Schilter, H.C.; Rolph, M.S.; Mackay, F.; Artis, D. Regulation of
inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature 2009, 461, 1282–1286. [CrossRef]

159. Macia, L.; Tan, J.; Vieira, A.T.; Leach, K.; Stanley, D.; Luong, S.; Maruya, M.; Ian McKenzie, C.; Hijikata, A.; Wong, C. Metabolite-
sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the inflammasome.
Nat. Commun. 2015, 6, 6734. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cmet.2012.07.007
https://www.ncbi.nlm.nih.gov/pubmed/22883233
https://doi.org/10.1016/j.cmet.2012.07.005
https://www.ncbi.nlm.nih.gov/pubmed/22883234
https://doi.org/10.1089/ars.2014.5851
https://doi.org/10.1016/j.bbrc.2016.11.017
https://doi.org/10.1016/j.bbrc.2019.02.141
https://doi.org/10.3390/nu12092762
https://www.ncbi.nlm.nih.gov/pubmed/32927776
https://doi.org/10.1074/jbc.M304719200
https://www.ncbi.nlm.nih.gov/pubmed/12902348
https://doi.org/10.3390/nu12061732
https://www.ncbi.nlm.nih.gov/pubmed/32531941
https://doi.org/10.3164/jcbn.13-49
https://doi.org/10.4049/jimmunol.173.6.3589
https://doi.org/10.1053/j.gastro.2008.03.003
https://doi.org/10.1016/j.bpg.2011.02.005
https://doi.org/10.1111/j.1440-1746.2011.07002.x
https://www.ncbi.nlm.nih.gov/pubmed/22320919
https://doi.org/10.1038/ki.2010.516
https://www.ncbi.nlm.nih.gov/pubmed/21307839
https://doi.org/10.3390/antiox11071278
https://doi.org/10.3389/fphar.2014.00167
https://doi.org/10.1053/jhep.2003.50203
https://www.ncbi.nlm.nih.gov/pubmed/12717382
https://doi.org/10.1016/j.jhep.2004.09.020
https://www.ncbi.nlm.nih.gov/pubmed/15629516
https://doi.org/10.1016/j.bbrc.2020.01.169
https://www.ncbi.nlm.nih.gov/pubmed/32057359
https://doi.org/10.4049/jimmunol.172.4.2522
https://www.ncbi.nlm.nih.gov/pubmed/14764725
https://doi.org/10.1016/j.freeradbiomed.2013.08.178
https://www.ncbi.nlm.nih.gov/pubmed/23994575
https://doi.org/10.3390/biom12010056
https://www.ncbi.nlm.nih.gov/pubmed/35053205
https://doi.org/10.4110/in.2019.19.e9
https://doi.org/10.1038/nature08530
https://doi.org/10.1038/ncomms7734
https://www.ncbi.nlm.nih.gov/pubmed/25828455


Antioxidants 2023, 12, 1680 24 of 26

160. Feng, Y.; Wang, Y.; Wang, P.; Huang, Y.; Wang, F. Short-chain fatty acids manifest stimulative and protective effects on intestinal
barrier function through the inhibition of NLRP3 inflammasome and autophagy. Cell. Physiol. Biochem. 2018, 49, 190–205.
[CrossRef]

161. Kobayashi, M.; Mikami, D.; Kimura, H.; Kamiyama, K.; Morikawa, Y.; Yokoi, S.; Kasuno, K.; Takahashi, N.; Taniguchi, T.;
Iwano, M. Short-chain fatty acids, GPR41 and GPR43 ligands, inhibit TNF-α-induced MCP-1 expression by modulating p38 and
JNK signaling pathways in human renal cortical epithelial cells. Biochem. Biophys. Res. Commun. 2017, 486, 499–505. [CrossRef]

162. Deng, M.; Qu, F.; Chen, L.; Liu, C.; Zhang, M.; Ren, F.; Guo, H.; Zhang, H.; Ge, S.; Wu, C. SCFAs alleviated steatosis and
inflammation in mice with NASH induced by MCD. J. Endocrinol. 2020, 245, 425–437. [CrossRef]

163. Araújo, J.R.; Tazi, A.; Burlen-Defranoux, O.; Vichier-Guerre, S.; Nigro, G.; Licandro, H.; Demignot, S.; Sansonetti, P.J. Fermentation
products of commensal bacteria alter enterocyte lipid metabolism. Cell Host Microbe 2020, 27, 358–375.e357. [CrossRef]

164. Den Besten, G.; Bleeker, A.; Gerding, A.; van Eunen, K.; Havinga, R.; van Dijk, T.H.; Oosterveer, M.H.; Jonker, J.W.; Groen, A.K.;
Reijngoud, D.-J. Short-chain fatty acids protect against high-fat diet–induced obesity via a PPARγ-dependent switch from
lipogenesis to fat oxidation. Diabetes 2015, 64, 2398–2408. [CrossRef]

165. van der Beek, C.M.; Canfora, E.E.; Lenaerts, K.; Troost, F.J.; Olde Damink, S.W.; Holst, J.J.; Masclee, A.A.; Dejong, C.H.; Blaak, E.E.
Distal, not proximal, colonic acetate infusions promote fat oxidation and improve metabolic markers in overweight/obese men.
Clin. Sci. 2016, 130, 2073–2082. [CrossRef]

166. Canfora, E.E.; van der Beek, C.M.; Jocken, J.W.; Goossens, G.H.; Holst, J.J.; Olde Damink, S.W.; Lenaerts, K.; Dejong, C.H.;
Blaak, E.E. Colonic infusions of short-chain fatty acid mixtures promote energy metabolism in overweight/obese men: A ran-
domized crossover trial. Sci. Rep. 2017, 7, 2360. [CrossRef]

167. Schwiertz, A.; Taras, D.; Schäfer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean and overweight
healthy subjects. Obesity 2010, 18, 190–195. [CrossRef]

168. Murugesan, S.; Nirmalkar, K.; Hoyo-Vadillo, C.; García-Espitia, M.; Ramírez-Sánchez, D.; García-Mena, J. Gut microbiome
production of short-chain fatty acids and obesity in children. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 621–625. [CrossRef]

169. Park, G.; Jung, S.; Wellen, K.E.; Jang, C. The interaction between the gut microbiota and dietary carbohydrates in nonalcoholic
fatty liver disease. Exp. Mol. Med. 2021, 53, 809–822. [CrossRef]

170. Quesada-Vázquez, S.; Bone, C.; Saha, S.; Triguero, I.; Colom-Pellicer, M.; Aragonès, G.; Hildebrand, F.; Del Bas, J.M.; Caimari,
A.; Beraza, N.; et al. Microbiota Dysbiosis and Gut Barrier Dysfunction Associated with Non-Alcoholic Fatty Liver Disease Are
Modulated by a Specific Metabolic Cofactors’ Combination. Int. J. Mol. Sci. 2022, 23, 13675. [CrossRef]

171. Leung, C.; Rivera, L.; Furness, J.B.; Angus, P.W. The role of the gut microbiota in NAFLD. Nat. Rev. Gastroenterol. Hepatol. 2016, 13,
412–425. [CrossRef]

172. Zhou, D.; Chen, Y.-W.; Zhao, Z.-H.; Yang, R.-X.; Xin, F.-Z.; Liu, X.-L.; Pan, Q.; Zhou, H.; Fan, J.-G. Sodium butyrate reduces
high-fat diet-induced non-alcoholic steatohepatitis through upregulation of hepatic GLP-1R expression. Exp. Mol. Med. 2018, 50,
1–12. [CrossRef] [PubMed]

173. Baumann, A.; Jin, C.J.; Brandt, A.; Sellmann, C.; Nier, A.; Burkard, M.; Venturelli, S.; Bergheim, I. Oral supplementation of sodium
butyrate attenuates the progression of non-alcoholic steatohepatitis. Nutrients 2020, 12, 951. [CrossRef] [PubMed]

174. Louis, P.; Flint, H.J. Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine.
FEMS Microbiol. Lett. 2009, 294, 1–8. [CrossRef]

175. Louis, P.; Flint, H.J. Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 2017, 19, 29–41.
[CrossRef]

176. Kelly, C.J.; Colgan, S.P. Breathless in the gut: Implications of luminal O2 for microbial pathogenicity. Cell Host Microbe 2016, 19,
427–428. [CrossRef] [PubMed]

177. Rivière, A.; Selak, M.; Lantin, D.; Leroy, F.; De Vuyst, L. Bifidobacteria and butyrate-producing colon bacteria: Importance and
strategies for their stimulation in the human gut. Front. Microbiol. 2016, 7, 979. [CrossRef]

178. Derrien, M.; Vaughan, E.E.; Plugge, C.M.; de Vos, W.M. Akkermansia muciniphila gen. nov., sp. nov., a human intestinal
mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 2004, 54, 1469–1476. [CrossRef]

179. Li, S.; Liu, J.; Wang, Z.; Duan, F.; Jia, Z.; Chen, X.; Li, S. The promising role of probiotics/prebiotics/synbiotics in energy
metabolism biomarkers in patients with NAFLD: A systematic review and meta-analysis. Front. Public Health 2022, 10, 862266.
[CrossRef]

180. Carpi, R.Z.; Barbalho, S.M.; Sloan, K.P.; Laurindo, L.F.; Gonzaga, H.F.; Grippa, P.C.; Zutin, T.L.M.; Girio, R.J.; Repetti, C.S.F.;
Detregiachi, C.R.P. The effects of probiotics, prebiotics and synbiotics in non-alcoholic fat liver disease (NAFLD) and non-alcoholic
steatohepatitis (NASH): A systematic review. Int. J. Mol. Sci. 2022, 23, 8805. [CrossRef]

181. Agus, A.; Planchais, J.; Sokol, H. Gut microbiota regulation of tryptophan metabolism in health and disease. Cell Host Microbe
2018, 23, 716–724. [CrossRef]

182. Shimada, Y.; Kinoshita, M.; Harada, K.; Mizutani, M.; Masahata, K.; Kayama, H.; Takeda, K. Commensal bacteria-dependent
indole production enhances epithelial barrier function in the colon. PLoS ONE 2013, 8, e80604. [CrossRef]

183. Ma, L.; Li, H.; Hu, J.; Zheng, J.; Zhou, J.; Botchlett, R.; Matthews, D.; Zeng, T.; Chen, L.; Xiao, X. Indole alleviates diet-induced
hepatic steatosis and inflammation in a manner involving myeloid cell 6-Phosphofructo-2-kinase/Fructose-2, 6-Biphosphatase 3.
Hepatology 2020, 72, 1191–1203. [CrossRef]

https://doi.org/10.1159/000492853
https://doi.org/10.1016/j.bbrc.2017.03.071
https://doi.org/10.1530/JOE-20-0018
https://doi.org/10.1016/j.chom.2020.01.028
https://doi.org/10.2337/db14-1213
https://doi.org/10.1042/CS20160263
https://doi.org/10.1038/s41598-017-02546-x
https://doi.org/10.1038/oby.2009.167
https://doi.org/10.1007/s10096-017-3143-0
https://doi.org/10.1038/s12276-021-00614-x
https://doi.org/10.3390/ijms232213675
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1038/s12276-018-0183-1
https://www.ncbi.nlm.nih.gov/pubmed/30510243
https://doi.org/10.3390/nu12040951
https://www.ncbi.nlm.nih.gov/pubmed/32235497
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1016/j.chom.2016.03.014
https://www.ncbi.nlm.nih.gov/pubmed/27078062
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.3389/fpubh.2022.862266
https://doi.org/10.3390/ijms23158805
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1371/journal.pone.0080604
https://doi.org/10.1002/hep.31115


Antioxidants 2023, 12, 1680 25 of 26

184. Ji, Y.; Gao, Y.; Chen, H.; Yin, Y.; Zhang, W. Indole-3-acetic acid alleviates nonalcoholic fatty liver disease in mice via attenuation of
hepatic lipogenesis, and oxidative and inflammatory stress. Nutrients 2019, 11, 2062. [CrossRef]

185. Crane, J.D.; Palanivel, R.; Mottillo, E.P.; Bujak, A.L.; Wang, H.; Ford, R.J.; Collins, A.; Blümer, R.M.; Fullerton, M.D.; Yabut, J.M.
Inhibiting peripheral serotonin synthesis reduces obesity and metabolic dysfunction by promoting brown adipose tissue
thermogenesis. Nat. Med. 2015, 21, 166–172. [CrossRef]

186. Choi, W.; Namkung, J.; Hwang, I.; Kim, H.; Lim, A.; Park, H.J.; Lee, H.W.; Han, K.-H.; Park, S.; Jeong, J.-S. Serotonin signals
through a gut-liver axis to regulate hepatic steatosis. Nat. Commun. 2018, 9, 4824. [CrossRef]

187. Bharti, V.; Tan, H.; Deol, J.; Wu, Z.; Wang, J.-F. Upregulation of antioxidant thioredoxin by antidepressants fluoxetine and
venlafaxine. Psychopharmacology 2020, 237, 127–136. [CrossRef] [PubMed]

188. Ritze, Y.; Bárdos, G.; Hubert, A.; Böhle, M.; Bischoff, S.C. Effect of tryptophan supplementation on diet-induced non-alcoholic
fatty liver disease in mice. Br. J. Nutr. 2014, 112, 1–7. [CrossRef] [PubMed]

189. Sunny, N.E.; Kalavalapalli, S.; Bril, F.; Garrett, T.J.; Nautiyal, M.; Mathew, J.T.; Williams, C.M.; Cusi, K. Cross-talk between
branched-chain amino acids and hepatic mitochondria is compromised in nonalcoholic fatty liver disease. Am. J. Physiol.
Endocrinol. Metab. 2015, 309, E311–E319. [CrossRef] [PubMed]

190. Lynch, C.J.; Adams, S.H. Branched-chain amino acids in metabolic signalling and insulin resistance. Nat. Rev. Endocrinol. 2014, 10,
723–736. [CrossRef]

191. Adeva, M.M.; Calviño, J.; Souto, G.; Donapetry, C. Insulin resistance and the metabolism of branched-chain amino acids in
humans. Amino Acids 2012, 43, 171–181. [CrossRef] [PubMed]

192. Zhang, Y.; Lee, F.Y.; Barrera, G.; Lee, H.; Vales, C.; Gonzalez, F.J.; Willson, T.M.; Edwards, P.A. Activation of the nuclear receptor
FXR improves hyperglycemia and hyperlipidemia in diabetic mice. Proc. Natl. Acad. Sci. USA 2006, 103, 1006–1011. [CrossRef]
[PubMed]

193. De Fabiani, E.; Mitro, N.; Gilardi, F.; Caruso, D.; Galli, G.; Crestani, M. Coordinated control of cholesterol catabolism to bile acids
and of gluconeogenesis via a novel mechanism of transcription regulation linked to the fasted-to-fed cycle. J. Biol. Chem. 2003,
278, 39124–39132. [CrossRef]

194. Cyphert, H.A.; Ge, X.; Kohan, A.B.; Salati, L.M.; Zhang, Y.; Hillgartner, F.B. Activation of the farnesoid X receptor induces hepatic
expression and secretion of fibroblast growth factor 21. J. Biol. Chem. 2012, 287, 25123–25138. [CrossRef] [PubMed]

195. Watanabe, M.; Houten, S.M.; Wang, L.; Moschetta, A.; Mangelsdorf, D.J.; Heyman, R.A.; Moore, D.D.; Auwerx, J. Bile acids lower
triglyceride levels via a pathway involving FXR, SHP, and SREBP-1c. J. Clin. Investig. 2004, 113, 1408–1418. [CrossRef]

196. Gruenbacher, G.; Gander, H.; Rahm, A.; Dobler, G.; Drasche, A.; Troppmair, J.; Nussbaumer, W.; Thurnher, M. The human G
protein-coupled ATP receptor P2Y11 is associated with IL-10 driven macrophage differentiation. Front. Immunol. 2019, 10, 1870.
[CrossRef]

197. Keitel, V.; Donner, M.; Winandy, S.; Kubitz, R.; Häussinger, D. Expression and function of the bile acid receptor TGR5 in Kupffer
cells. Biochem. Biophys. Res. Commun. 2008, 372, 78–84. [CrossRef]

198. Jiao, N.; Baker, S.S.; Chapa-Rodriguez, A.; Liu, W.; Nugent, C.A.; Tsompana, M.; Mastrandrea, L.; Buck, M.J.; Baker, R.D.;
Genco, R.J. Suppressed hepatic bile acid signalling despite elevated production of primary and secondary bile acids in NAFLD.
Gut 2018, 67, 1881–1891. [CrossRef]

199. Nomoto, M.; Miyata, M.; Yin, S.; Kurata, Y.; Shimada, M.; Yoshinari, K.; Gonzalez, F.J.; Suzuki, K.; Shibasaki, S.; Kurosawa, T. Bile
acid-induced elevated oxidative stress in the absence of farnesoid X receptor. Biol. Pharm. Bull. 2009, 32, 172–178. [CrossRef]

200. Wang, Y.D.; Chen, W.D.; Wang, M.; Yu, D.; Forman, B.M.; Huang, W. Farnesoid X receptor antagonizes nuclear factor κB in
hepatic inflammatory response. Hepatology 2008, 48, 1632–1643. [CrossRef] [PubMed]

201. Xu, Z.; Huang, G.; Gong, W.; Zhou, P.; Zhao, Y.; Zhang, Y.; Zeng, Y.; Gao, M.; Pan, Z.; He, F. FXR ligands protect against
hepatocellular inflammation via SOCS3 induction. Cell. Signal. 2012, 24, 1658–1664. [CrossRef]

202. Djavaheri-Mergny, M.; Javelaud, D.; Wietzerbin, J.; Besançon, F. NF-κB activation prevents apoptotic oxidative stress via an
increase of both thioredoxin and MnSOD levels in TNFα-treated Ewing sarcoma cells. FEBS Lett. 2004, 578, 111–115. [CrossRef]

203. Kairisalo, M.; Korhonen, L.; Blomgren, K.; Lindholm, D. X-linked inhibitor of apoptosis protein increases mitochondrial
antioxidants through NF-κB activation. Biochem. Biophys. Res. Commun. 2007, 364, 138–144. [CrossRef] [PubMed]

204. Engstler, A.J.; Aumiller, T.; Degen, C.; Dürr, M.; Weiss, E.; Maier, I.B.; Schattenberg, J.M.; Jin, C.J.; Sellmann, C.; Bergheim, I.
Insulin resistance alters hepatic ethanol metabolism: Studies in mice and children with non-alcoholic fatty liver disease. Gut 2016,
65, 1564–1571. [CrossRef] [PubMed]

205. Ambade, A.; Mandrekar, P. Oxidative stress and inflammation: Essential partners in alcoholic liver disease. Int. J. Hepatol. 2012,
2012, 853175. [CrossRef] [PubMed]

206. Cohen, J.I.; Roychowdhury, S.; DiBello, P.M.; Jacobsen, D.W.; Nagy, L.E. Exogenous thioredoxin prevents ethanol-induced
oxidative damage and apoptosis in mouse liver. Hepatology 2009, 49, 1709–1717. [CrossRef]

207. Pfaff, A.R.; Beltz, J.; King, E.; Ercal, N. Medicinal Thiols: Current Status and New Perspectives. Mini Rev. Med. Chem. 2020, 20,
513–529. [CrossRef]

208. Honda, Y.; Kessoku, T.; Sumida, Y.; Kobayashi, T.; Kato, T.; Ogawa, Y.; Tomeno, W.; Imajo, K.; Fujita, K.; Yoneda, M.; et al.
Efficacy of glutathione for the treatment of nonalcoholic fatty liver disease: An open-label, single-arm, multicenter, pilot study.
BMC Gastroenterol. 2017, 17, 96. [CrossRef]

https://doi.org/10.3390/nu11092062
https://doi.org/10.1038/nm.3766
https://doi.org/10.1038/s41467-018-07287-7
https://doi.org/10.1007/s00213-019-05350-9
https://www.ncbi.nlm.nih.gov/pubmed/31473777
https://doi.org/10.1017/S0007114514000440
https://www.ncbi.nlm.nih.gov/pubmed/24708895
https://doi.org/10.1152/ajpendo.00161.2015
https://www.ncbi.nlm.nih.gov/pubmed/26058864
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1007/s00726-011-1088-7
https://www.ncbi.nlm.nih.gov/pubmed/21984377
https://doi.org/10.1073/pnas.0506982103
https://www.ncbi.nlm.nih.gov/pubmed/16410358
https://doi.org/10.1074/jbc.M305079200
https://doi.org/10.1074/jbc.M112.375907
https://www.ncbi.nlm.nih.gov/pubmed/22661717
https://doi.org/10.1172/JCI21025
https://doi.org/10.3389/fimmu.2019.01870
https://doi.org/10.1016/j.bbrc.2008.04.171
https://doi.org/10.1136/gutjnl-2017-314307
https://doi.org/10.1248/bpb.32.172
https://doi.org/10.1002/hep.22519
https://www.ncbi.nlm.nih.gov/pubmed/18972444
https://doi.org/10.1016/j.cellsig.2012.04.015
https://doi.org/10.1016/j.febslet.2004.10.082
https://doi.org/10.1016/j.bbrc.2007.09.115
https://www.ncbi.nlm.nih.gov/pubmed/17936246
https://doi.org/10.1136/gutjnl-2014-308379
https://www.ncbi.nlm.nih.gov/pubmed/26006114
https://doi.org/10.1155/2012/853175
https://www.ncbi.nlm.nih.gov/pubmed/22500241
https://doi.org/10.1002/hep.22837
https://doi.org/10.2174/1389557519666191119144100
https://doi.org/10.1186/s12876-017-0652-3


Antioxidants 2023, 12, 1680 26 of 26

209. Pedre, B.; Barayeu, U.; Ezerina, D.; Dick, T.P. The mechanism of action of N-acetylcysteine (NAC): The emerging role of H(2)S and
sulfane sulfur species. Pharmacol. Ther. 2021, 228, 107916. [CrossRef] [PubMed]

210. Ding, Q.; Guo, R.; Pei, L.; Lai, S.; Li, J.; Yin, Y.; Xu, T.; Yang, W.; Song, Q.; Han, Q.; et al. N-Acetylcysteine alleviates high fat
diet-induced hepatic steatosis and liver injury via regulating the intestinal microecology in mice. Food Funct. 2022, 13, 3368–3380.
[CrossRef]

211. Li, J.; Guo, C.; Wu, J. Astaxanthin in Liver Health and Disease: A Potential Therapeutic Agent. Drug Des. Dev. Ther. 2020, 14,
2275–2285. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.pharmthera.2021.107916
https://www.ncbi.nlm.nih.gov/pubmed/34171332
https://doi.org/10.1039/D1FO03952K
https://doi.org/10.2147/DDDT.S230749

	Introduction 
	Disruption of Thiol Homeostasis in NAFLD 
	Sites of ROS Production 
	Thioredoxin (Trx) System 
	Glutathione (GSH)-Grx System 
	Nrf2 Signaling Pathway 

	Gut Microbiota in NAFLD 
	Dysbiosis and Oxidative Stress in NAFLD 
	Impact of Intestinal Barrier Dysfunction and Gut Microbiota Metabolites on NAFLD 
	Trimethylamine N-oxide (TMAO) 
	Lipopolysaccharides (LPS) 
	Short-Chain Fatty Acids (SCFAs) 
	Amino Acids 
	Bile Acids Metabolites 
	Ethanol 


	Therapeutical Potential for NAFLD/NASH with Specifically Thiol Redox Regulation 
	Conclusions 
	References

