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Abstract

Nonalcoholic fatty liver disease or NAFLD is a complex and multifactorial liver disease
that is affecting a majority of the world’s population now more than ever. The review
focuses on two major contributing factors in the etiology of the disease - oxidative stress
and the gut microbiota. There is a complex interplay between oxidative stress and the
gut microbiota in the pathogenesis of NAFLD. Oxidative stress in NAFLD can result from
both the accumulation of lipids in the liver and the interactions between gut-derived
metabolites and the liver. Dysbiosis in the gut microbiota can contribute to oxidative
stress by promoting the production of reactive oxygen species and altering the balance
of antioxidant systems. This interplay between oxidative stress and the gut microbiota
can create a vicious cycle, where dysbiosis contributes to oxidative stress, and oxidative
stress further promotes dysbiosis, exacerbating liver damage in NAFLD. Understanding
the intricate relationship between oxidative stress, the gut microbiota, and NAFLD is
essential for developing targeted therapeutic strategies. In this context, more scientific
research is required to unravel the complex and interconnecting pathways underlying
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NAFLD pathogenesis and progression. Modulating the gut microbiota through dietary

interventions, prebiotics, probiotics, and change in lifestyle may help restore microbial

balance and reduce oxidative stress in NAFLD.
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Introduction

With the growing prevalence of obesity and diabetes
worldwide, liver diseases are becoming more frequent.
Nonalcoholic fatty liver disease (NAFLD) is now the one
of the most common forms of liver disease found across
the globe. Currently, 12% of children and a third (70%)
of adults are affected by this condition, particularly the
ones suffering from type 2 diabetes mellitus (T2DM),
central obesity, and metabolic syndrome (MS). NAFLD is a

condition that is characterized by excessive accumulation
of lipids and triglycerides (TGs) in hepatocytesi.e. by more
than 5%. Whereas NASH, an extended form of the NAFLD,
is characterized by the presence of steatosis in more than
5% of hepatocytes along with signs of inflammation and
ballooning, with or without the occurrence of fibrosis
(Hamid et al. 2022). In Western nations, it is one of
the leading causes of liver cirrhosis and hepatocellular
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carcinoma (HCC), especially in patients with nonalcoholic
steatohepatitis (NASH) and severe fibrosis (Mantovani
etal. 2020).

The MS, a cluster of metabolic abnormalities
including excess weight or obesity, T2DM, dyslipidemia,
and arterial closely connected
pathophysiologically to the causes of this disorder (Ye
et al. 2020). Hence, a suggested nomenclature change
to metabolic-associated fatty liver disease from NAFLD
was made in 2020 by a committee of worldwide experts.
The primary goal of the nomenclature change was to
emphasize the significance of metabolic abnormalities by
making this disease an inclusive rather than an exclusive
entity, like NAFLD (Garcia-Compedn & Jiménez-
Rodriguez 2022).

Currently, a number of animal studies are being
conducted to better understand the development and
pathophysiology of NAFLD/NASHwith differentdiet-based
models (high fructose, high fat, and methionine-deficient
diet). These studies propose that the development of
NAFLD/NASH is a two-step process, the first being insulin
resistance due to the accumulation of fat in hepatocytes.
The second stage of this process involves cellular and
molecular alterations brought on by oxidative stress and
the oxidation of fatty acids in the liver, and the production
of reactive oxygen species (ROS) as a result of numerous
factors (cytokine injury, hyperinsulinemia, hepatic lipid
peroxidation, alteration in the extracellular matrix,
altered energy homeostasis, and altered immunological
function, to name a few) (Edmison & McCullough 2007,
Erbas et al. 2018).

NAFLD has also been associated with alterations
in the composition of the gut microbiota leading to
gut dysbiosis. The gut microbiota is a community of
commensal bacteria that inhabit our gut and play an
instrumental role in normal physiology (StraZar et al.
2021, Fang et al. 2022). The dysbiosis is characterized by
a decrease in beneficial bacteria (such as Bifidobacterium
and Lactobacillus) and an increase in potentially harmful
bacteria (such as Escherichia coli and Enterococcus). This
imbalance can again contribute to metabolic dysfunction,
inflammation, and insulin resistance, all of which are
already known to be involved in the development and
progression of NAFLD. An imbalanced gut microbiota
can lead to the production of harmful metabolites, such
as trimethylamine N-oxide (TMAO), which has been
associated with liver injury and disease pathogenesis.
Conversely, certain bacteria can produce short-chain
fatty acids (SCFAs) through the fermentation of dietary
fibers. SCFAs, such as acetate, propionate, and butyrate,

hypertension, is
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have beneficial effects on the host’s energy metabolism
and can reduce inflammation (Hrncir et al. 2021).
Overall, the development of the entire disease
spectrum of NAFLD to HCC is multifactorial with complex
cellular- and molecular-level alterations brought about by
oxidative stress and toxic host or gut microbiome-derived
metabolites (meta-metabolites) that ultimately lead to liver
injury, hepatic steatosis, and its further complications.

Overview of NAFLD pathogenesis at the
molecular level

Transfer of dietary fat to the liver (contribution to liver
fat: 5%), delivery of extrahepatic nonesterified fatty acids
(NEFAs) to the liver (contribution to liver fat: 60%), and
hepatic de novo lipogenesis are all factors that determine
the formation of fatty liver (Byrne 2012). In various
cell types, CD36 (also known as fatty acid translocase)
promotes NEFA uptake and intracellular trafficking to
(macrophages, hepatocytes, adipocytes, enterocytes, and
myocytes). As a frequent target of the liver X receptor,
pregnancy X receptor, and peroxisome proliferator-
activated receptor (PPAR) gamma, CD36 has been observed
to increase in mouse models of hepatic steatosis (Auguet
et al. 2014, Bessone et al. 2019). Although the function of
CD36 in human diseases is not entirely understood, the
liver fat content and apoptosis have been linked to CD36
messenger RNA levels in individuals with NAFLD who are
morbidly obese (Bechmann et al. 2009).

The role of gut microbiota seems essential in
understanding the NAFLD etiology (Fig. 1). The so-called
healthy gut microbiota usually regulates the expression
of fasting-induced adipose factor, also known as
angiopoietin-like protein 4 (ANGPTL4), an inhibitor of
circulating lipoprotein lipase (LPL). Any perturbing agent
inducing gut microbiota perturbation can be a causative
factor for decreased expression of ANGPTLA4. A crucial part
of lipid metabolism and glucose homeostasis is played by
the protein ANGPTL4, which is secreted by the liver and
adipose tissue. In the lipid metabolism pathway, LPL is
the primary rate-limiting enzyme. It mainly accelerates
the hydrolysis of TGs into monoacylglycerol and free fatty
acids (FFAs). Reduced ANGPTL4 can have multiple effects
on the host physiology, one of them being increased
transport of FFAs into the liver from adipose tissue, which
ultimately increases the availability of long-chain fatty
acyl-CoAs and leads to hepatic lipid accumulation. This
buildup can significantly promote TG accumulation in
NAFLD (Byrne 2012, Aragones et al. 2019). Dysbiosis is
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Figure 1

Molecular basis of NAFLD. The Firmicutes-Bacteroidetes ratio is frequently linked to the obesity phenotype. In addition, butyrate-producing bacterial
depletion and gram-negative bacterial abundance lead to intestinal integrity barrier loss. This phenomenon allows endotoxins and lipopolysaccharides
(LPS) to enter into the bloodstream, hence resulting in a chronic inflammatory response. The liver receives nonesterified fatty acids (NEFA), such as
palmitic acid, from high-fat meals and dysfunctional adipose tissue from excessive lipolysis. The increasing circulating levels of NEFA leads to synthesis
and accumulation of intrahepatic triglycerides (TGs). Angiopoietin-like protein 4 (ANGPTL4), a key regulator of LPL activity that ensures proper levels of
circulating triacylglycerol (TAG) for transport to various tissues, including the adipose tissues (ATs), heart, muscle, and liver was found to be
downregulated as well. Numerous lipotoxic mediators are produced when the hepatic mitochondria lose their ability to adapt. Diacylglycerols (DAGs) are
lipid intermediates used in the production of TGs from NEFA and glycerol. They suppress proximal insulin signaling and promote hepatic insulin
resistance. Activation of toll-like receptor 4 (TLR4) by lipopolysaccharides (LPS) causes inflammation, ceramide biosynthesis, and decreased insulin
sensitivity. Meta-metabolites like trimethylamine-N-oxide (TMAO) are also observed to be increased in NAFLD.

also frequently accompanied by a rise in the production of
endotoxins by gram-negative bacteria. These endotoxins
can damage the intestinal barrier, interfere with the
absorption of nutrients, increase gut permeability, and
increase the risk of low-grade, chronic inflammation.
Lipopolysaccharides (LPS) impair the tight connections
between cells in the stomach, releasing pro-inflammatory
cytokines into the bloodstream and, ultimately, into the
liver. Because LPS production sends a direct inflammatory
stimulant to the liver via the portal vein, we can infer
that this LPS-mediated inflammatory response may
increase the risk of inflammation and oxidative stress
inside the liver (Miele et al. 2009). Gut dysbiosis as a
driver of oxidative stress (OS) is discussed further in a later
portion of this review. Excessive LPS can also promote the
intrahepatic buildup of lipid intermediates, including
ceramides and diacylglycerols, obstructing insulin
signaling. For instance, increased ceramide levels in the
liver activate inflammatory toll-like receptor 4 signaling
pathways, impairing insulin signaling pathways by

inhibiting RAC serine/threonine-protein kinase (AKT1)
phosphorylation. Additionally, diacylglycerols can inhibit
the activity of the insulin receptor through translocating
protein kinase C-type, which will also result in decreased
insulin signaling (Fig. 1) (Byrne 2012, Ilan 2012, Jasirwan
etal. 2019).

Some studies have reported increased gluconeogenesis
in individuals with high intrahepatic TG concentrations
indicating dysregulation in insulin signaling (Sunny
et al. 2011). Insulin resistance is now being considered as
a distinct hit, which can escalate the process of NAFLD
pathogenesis significantly. Studies at the molecular
level now suggest insulin resistance, leading to excessive
insulin, can inhibit hepatic sensitive lipase and also
upregulate de novo lipogenesis by promoting the activity
of sterol regulatory binding protein 1c (SREBP-1c). An
incretin that improves insulin sensitivity and supports
glucose metabolism is glucagon-like peptide 1 (GLP-1). In
reaction to a meal being consumed, the small intestine’s L
cells produce an incretin GLP-1. Studies have also revealed
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that individuals with NAFLD secrete less endogenous
GLP-1 (Fig. 1) (Nevola et al. 2023).

Oxidative stress causes cellular dysfunction and brings
an anomaly at both structural and functional levels thus,
appears to be one of the main factors in the development
of liver damage and the advancement of NAFLD. However,
gut dysbiosis is not the sole reason for oxidative stress in
NAFLD, several other cellular pathways at the organelle
level have a crucial role in maintaining the balance
between oxidants and antioxidants. The intracellular
balance of oxidants and antioxidants as well as their
role in developing disease conditions is discussed in the
preceding section of this review.

Oxidative stress

Perturbation in the equilibrium between oxidants and
antioxidants may lead to oxidative stress at the cellular
level. Oxidants include free radicals and other nonradical
species. Free radicals are also known as ROS and reactive
nitrogen species (RNS). Free radicals are molecules with
unpaired electrons in the outer orbitals that are extremely
reactive in the body and capable of oxidizing by taking an
electron from atoms.

Radicals of superoxide anions can undergo a
dismutation process (usually enzymatic)
hydrogen peroxide. In the absence of catalase (CAT) or
glutathione peroxidase (GSH-Px) and in the presence of
transition metals, the end product hydrogen peroxide
may go through an iron-catalyzed Fenton reaction to
produce hydroxyl radicals (*OH) and water. Hydroxyl
radicals either directly or indirectly promote the synthesis
of other harmful pro-oxidants, such as peroxyl radicals,
and hypochlorous acid. Nitric oxide and superoxide anion
radicals can combine to generate peroxynitrite radicals,
which are extremely reactive (Delli Bovi et al. 2021, Hong
etal. 2021).

Cytosolic low-molecular-weight sulfthydryl molecules
such as protein-bound thiol and nonprotein thiol, work
as a reducing and protecting reagent against a variety of
hazardous chemicals, including the majority of pollutants
derived from an inorganic source, through the -SH group.
Therefore, the first line of defense against oxidative stress
is often thiol.

In order to prevent damage caused by free radicals, the
defensemechanismiscomposed ofagroup of antioxidants.
These include both enzymatic and nonenzymatic
elements. Numerous enzymes in the enzymatic system
detoxify ROS. Superoxide dismutases (SODs), CAT, GSH-Px
and glutathione reductase are a few of the most important

to form
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and well-studied enzymatic components of antioxidants.
like glutathione (GSH),
acid (vitamin C), retinol (vitamin A), and tocopherol
(vitamin E), which function as electron acceptors, shield
biomolecules and cell structures from ROS harm, are
nonenzymatic components of the antioxidant system
(Irie et al. 2016, Hadi et al. 2018).

Small molecules ascorbic

Cellular pathways of oxidative stress

Mitochondria

The liver is an organ that uses up to 15% of the body’s
total oxygen, this is possible by the high abundance of
mitochondria (500-4000 per hepatocyte), which have
a fast turnover and are in charge of producing ATP. As
an effect, any dysfunction in mitochondrial function
can be a major driving force for the development
of NAFLD. Steatosis in the liver leads to a metabolic
hyperdrive state. A rise in the tricarboxylic acid cycle,
oxidative phosphorylation, and electron transport
chain activity is observed as a compensatory effort.
Increased mitochondrial carnitine palmitoyltransferase
(CPT)-1 and mitochondrial uncoupling protein (UCP)-2
activity, in particular, lowers blood levels of ROS and liver
damage indicators, as a preventative measure against the
development of NAFLD. However, if this anomaly goes
on for a chronic period, higher mitochondrial respiration
makes the mitochondria ineffective and causes structural
and functional changes as a result of oxidative stress, so
the hepatocyte can no longer adaptively adjust for the
excess FFA (Ma et al. 2021).

Superoxides are produced when oxygen interacts with
leaking electrons from electron transport chain complexes
to cause oxidative stress in mitochondria.

Superoxides can drive an alteration in the structure
and function of mitochondria by oxidizing electron
transport chain complexes, phospholipid acyl chains, and
mitochondrial DNA.

Most ROS are neutralized by being converted to
water by redox molecules in the mitochondrial matrix
under normal circumstances. Chronically elevated
mitochondrial respiratory chain activity causes excessive
electron leakage, which puts the liver under oxidative
stress (Fig. 2) (Prasun et al. 2021).

An excess of mitochondrial calcium is another factor
in generating mitochondrial ROS. Although Ca2+ is an
established secondary messenger with a significant role in
controlling various cellular physiological processes, Ca2+
excess is harmful to mitochondrial processes. Increased
calcium flow encourages tricarboxylic acid cycle enzymes
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Intracellular pathways of oxidative stress. Oxidative stress is one of the key factors that are assumed to be responsible for the overall severity and
progression of NAFLD. Multiple sources of oxidative stress are there at the cellular and organelle level, of which mitochondrial dysfunction, peroxisomal
stress, and ER stress are major mediators. During steatosis, mitochondrial complex | and complex Il tend to leak electrons (much more compared to
basal level) and form superoxide radicals which contribute significantly to the overall cellular ROS. Excess free fatty acid pool leads to an elevation in
beta-oxidation of very long-chain fatty acids (VLCFAs), other peroxisomal enzyme like p-amino acid oxidase (DAO) oxidizes polar p-amino acids, which
leads to the production of H,0, and other cytotoxic compounds as terminal products of this process. Endoplasmic reticulum (ER) stress is another major
mediator of cellular ROS. Chronic activation of UPR can lead to inflammation and oxidative stress. Other ER-specific enzymes like endoplasmic reticulum
oxidoreductin 1 (ERO1) and NADPH oxidase 4 protein (NOX4) also play a crucial role in generation of ROS. All of these organelle-based pathways activate
redox sensitive transcription factors like NF-kB and Early growth response factor 1 (egr1) which leads to induction of proinflammatory and cell death

pathways.

to produce NADH, which in turn boosts ATP synthesis and
ROS generation. Additionally, elevated calcium levels in
the mitochondrial matrix cause additional mitochondrial
permeability transition pore opening, which promotes
mitochondria-mediated apoptotic pathways over time.
Oxidative stress-mediated peroxidation of lipid
intermediates and lipids are additional pathways of
mitochondrial failure in advanced NAFLD like NASH;
the levels of glycerophospholipids, sphingolipids,
DAGs, ceramides, and free cholesterol are all elevated
in NAFLD. Among them, cardiolipins fall under the
category of phospholipid which is of recent interest to
numerous researchers. It is complicated and currently
being researched how exactly variations in cardiolipin
content impact mitochondrial structure and function.
However, it is understood that cytochrome c separates
from cardiolipin when the acyl chain of cardiolipin is
altered. The latter then moves to the outer mitochondrial

membrane, where it destabilizes its lipid structure and
encourages pore formation (Arroyave-Ospina et al. 2021).

Endoplasmic reticulum

Since protein folding requires a lot of energy, it is now
assumed that around 25% of all cellular ROS originates
from the forming of disulfide bonds while a peptide
undergoes folding.

Different processes are used in the endoplasmic
reticulum (ER) to produce ROS. First, endoplasmic
reticulum oxidoreductin 1 (ERO1) mediates oxidation-
reduction processes that are necessary for protein folding
in the ER, which causes the formation of ROS and alters
the redox balance of the ER. Furthermore, by its direct
interaction with PDI, the ER-specific isoform of the
NADPH oxidase 4 protein (Nox4) is directly connected
to ROS production. Therefore, increased ROS production
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under ER stress is likewise linked to higher Nox4 levels.
Finally, the NADPH-P450 reductase activity of the
microsomal monooxygenase system plays a significant
role in ROS generation in the ER. Depletion of GSH has
also been linked to increased ROS production in the ER
(Fig. 2).

RNA-dependent protein kinase-like ER eukaryotic
initiation factor-2 kinase, activating transcription factor
6, and inositol-requiring ER-to-nucleus signaling protein
1 are components which activate the ‘unfolded protein
response’ (UPR). At first, the activation of enzymesreduces
ER stress. Still, continued activation of these pathways
triggers pro-inflammatory reactions and increases the
transcription and protein levels of the pro-apoptotic
factor, the C/EBP homologous protein mediates the
direct transcription of apoptotic BCL-2 protein family
members, resulting in hepatocyte cell death (Cao &
Kaufman 2014).

When it comes to the involvement of ER in the
metabolism of lipids, the primary site for de novo
lipogenesis is ER. Excess saturated fatty acids (SFA) result
in ER stress, which disrupts regular ER function and leads
to the buildup of unfolded and misfolded proteins, which
sets off the UPR. Excess free SFAs are then incorporated
into the phospholipids of the ER membrane, which causes
Ca* to be released. As an effect of calcium-mediated
mitochondrial dysfunction, pro-inflammatory and cell
death pathways are activated (Hong et al. 2021, Ma et al.
2021).

Peroxisomes

Peroxisomes are multifunctional organelles that
contribute to purine catabolism, glycolipid and bile acid
production, fatty acid beta-oxidation, and beta-oxidation
of very long-chain fatty acids (VLCFA). Approximately
35% of all intracellular ROS are produced by peroxisomes.

Aryl-CoA oxidase, which contains flavin adenine
dinucleotide (FAD), facilitates the initial stage of the
peroxisomal oxidation cycle by directly supplying
electrons to molecular oxygen, which produces hydrogen
peroxide (H,O,). This process starts in the traditional
regulatory and inducible oxidation helices of the
peroxisome PPAR, which deals with straight-chain acyl-
CoA and is mediated by the same enzyme, AOX in all
species. When the straight-chain acyl-CoA oxidase gene
is disrupted, mice develop substantial microvascular
hepatic steatosis. The outcomes of this are hepatomegaly,
steatohepatitis, and excessive amounts of fatty acid
chains in the serum. This could hasten the onset of

NAFLD. The oxidation pathway is likewise activated in
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stimulated peroxisomes, but antioxidant enzymes are not
concurrently elevated like oxidants, leading to arise in the
intracellular concentration of H,O,.

Another important source of oxidative stress, D-amino
acid oxidase (DAO), an FAD-containing peroxisomal
enzyme that catalyzes the oxidation of neutral and polar
D-amino acids, is abundantly present in the kidney and
liver. Amino acids are broken down to form 2-oxo acid
(-keto acid) and ammonia when DAO is present, and the
reduced flavin is reoxidized to form H,O,. These DAO
reaction by-products are cytotoxic (Fig. 2) (Ucar et al. 2013,
Ma et al. 2021).

Effectors of oxidative stress

It is essential to note that ROS are molecules capable
of diverse functions that can modulate cell signaling
and cellular stress response. The inflammatory response
additionally contributes to OS. OS induces the activation
of redox-sensitive transcription factors, such as
nuclear factor kappa B (NF-kB), early growth response
factor 1 (Egr-1), and activator protein 1 (AP-1), in the
aftermath of liver injury, resulting in an inflammatory
response and the induction of cell death pathways in
hepatocytes.

Nuclear factor E2-related factor 2 (Nrf2) is a redox-
sensitive transcription factor and the principal modulator
of oxidative stress. High levels of ROS result in the
expression of Nrf2 and its localization to the nucleus,
promoting the transcription of target genes specific to
antioxidants regulated by antioxidant response elements
(ARE). Nrf2 regulates GSH levels and maintains the ratio of
reduced GSH to oxidized GSH (GSH/GSSG), among other
functions. In addition, Nrf2 regulates the production of
numerous detoxifying enzymes that eliminate H,O, and
peroxide radicals from the cytosol, mitochondria, and ER.
Yet the function of the Nrf2 pathway in lipid metabolism
appears to be strongly condition-dependent, as there
is distinct evidence supporting and against the Nrf2
pathway in relation to hepatic steatosis (Kang et al. 2017,
Maetal. 2021).

ROS can regulate NF-KkB activation by inducing the
pro-inflammatory cytokine TNFa, whereas antioxidants
such as N-acetyl-L-cysteine inhibit NFKB activation.
Similarly, it has been reported that in vitro or in vivo
activation of Nrf2 by various antioxidants prevents
inflammation via inhibition of the NF-kB pathway. In
the context of NAFLD, it has been shown that the absence
of Nrf2 results in hepatic insulin resistance through an
NF-kB-dependent mechanism (Fig. 2) (Farzanegi et al.
2019, Ma et al. 2021).
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Gut microbiome and gut-derived metabolites
as a regulatory component of oxidative stress
in NAFLD

The importance of gut microbiome became more apparent
afteran experimentwherewild type mice developed NAFLD
upon fecal transplantation from diseased mice. Moreover,
clinical studies have shown an increased abundance of
circulating LPS in NAFLD patients. Since then, numerous
researchers have attempted to comprehend the function
of various gut bacteria in controlling the oxidative stress
linked to the pathophysiology of the illness (Jones et al.
2012, Ferro etal. 2020). Some of the phylum level variations
in different NAFLD clinical studies are summarized in
Table 1.

Some antioxidant pathways, such as the AMP-
activated protein kinase (AMPK) and Nrf2 pathways, are
severely dysregulated in NAFLD (Solano-Urrusquieta et al.
2020). Cellular oxidative stress is further exacerbated by
mitochondrial malfunction and ER stress (Zhang 2014,
Meex & Blaak 2021). Numerous studies have drawn
attention to the connection between the gut microbiome
and its metabolites to redox equilibrium (Bellanti et al.
2023).

According to certain research, a high-fat diet disrupts
the tight junction protein at the epithelial barrier, thereby
rendering easy LPS translocation (Ferro et al. 2020). These
bacterial cell wall products are sensed by hepatic stellate
cells (HSCs), which activate the toll-like receptor 4 (TLR-4)
pathway for the secretion of chemokines (Bigorgne et al.
2016). Reports suggest upregulation of cytokine receptors
like TNFa upon endocytosis of LPS by Kupffer cells, which
ultimately leads to ROS production (Delli Bovi et al. 2021).
Additionally, LPS have been demonstrated to activate
NADPH oxidase variation Nox2, which results in liver
damage brought on by oxidative stress (Ferro et al. 2020).

There are some nuclear receptors known as
peroxisome proliferator-activated receptors which prevent
the progression of the disease by controlling both cellular
and ER stress (Wang et al. 2020). However, research has
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emphasized on the role of gut microbiome in modulating
the activity of these receptors. The population of
Bacteroidetes, Firmicutes, and Streptococcaceae was
found to be positively associated with NAFLD progression
via the PPAR-y signaling pathway. Since this pathway
is downregulated in the diseased condition, some of
the gut microbiota act as probiotic and upregulate the
activity of the receptors. Lactobacillus casei, being one of
them, ameliorates hepatic steatosis by inhibiting TLR4
pathway and elevating PPAR-y activity. Few other strains
of Lactobacillus have been found to cause similar activity
(Wuetal. 2021a, Cao et al. 2023). The majority of research
emphasizes the growth of butyrate-producing bacteria
for improved signaling by these receptors, suggesting the
metabolite's favorable connection with PPAR signaling
(Wuetal. 2021a).

PPAR-B/3 receptors are also associated with another
important antioxidant signaling, i.e. AMPK Pathway
(Aguilar-Recarte et al. 2021). These pathways usually
redirect ROS produced by mitochondria into antioxidant
(Rabinovitch et al. 2017). Metabolite
acetate and propionate have been found to decrease the
severity of the disease by activating AMPK pathways.
Circulating acetate reduces macrophage infiltration,
whereas propionate reduces the gluconeogenic gene
expression in HepG2 cells (Carvalho et al. 2012, Yoshida
et al. 2019). With the exception of butyrate, which has
consistently shown a positive connection with AMPK
activation, the impact of SCFAs on pathways is, however,
widely debated (Anand & Mande 2022). Some probiotics
are designed to stimulate the AMPK and SIRT1 pathways,
which would otherwise be inactive. This downregulates
liver autophagy and aids in the promotion of NAFLD
(Pant et al. 2023). In certain experiments, lactic acid
bacteria have been used to demonstrate their importance
in activating the AMPK pathway (Wei et al. 2023). Some
gut microbiomes release metabolites to stimulate the
AMPK pathway for maintaining iron homeostasis and
thus prevent NAFLD (Gonzalez-Bosch et al. 2021). Many
experimental studies have verified the role of hepatic iron

mechanisms

Table 1 Summary of studies on phylum level distribution in NAFLD patients.

Shen et al. (2017) Jiang et al. (2015)

Del Chierico et al. (2017)

Wang et al. (2016) Behary et al. (2021)

Study size, n
NAFLD cases 25 53
Control 22 32
Phylum
Bacteroidetes l l
Firmicutes 1
Proteobacteria 1 1
Actinobacteria 1

27 43 60
54 83 30
1 1 1

! 1
1
1 1
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load in promoting insulin resistance by ROS production.
Increase in iron accumulation has led to increment in fat
deposits (Sumida et al. 2009). While Bifidobacterium and
Lactobacillus species have shown a negative correlation,
microbes like Bacteroides and Prevotella spp. are activated
upon an increase in ferritin content (Mayneris-Perxachs
etal. 2021).

Another key metabolic pathway for regulating
cellular oxidative stress is the Keapl-Nrf2 pathway
which stimulates antioxidant enzymes and detoxifying
mechanisms to alleviate hepatic injury (Luo et al. 2022).
This pathway is also regulated by the gut microbiome
and gut-derived products. It has been demonstrated that
some Lactobacillus species can downregulate oxidative
stress by activating Nrf2 (Teng et al. 2020). Additionally,
S-methoxyindoleacetate, one of the metabolites this
bacterium produces, has been found to activate hepatic
Nrf2 (Luo etal. 2022). However, probiotic Bacillus aid in the
degradation of Keap 1, but no effect was seen on Nrf2 (Wu
etal. 2022). Among SCFAs, butyrate has been a promising
candidate as it facilitates Nrf2 transport to the nucleus
and in some cases activates the pathway by altering Nrf2’s
epigenetic state (Gonzalez-Bosch et al. 2021).
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It has been observed that the onset of the disease
has been linked with imbalanced gut flora and altered
intestinal permeability. This provides an opportunity for
microbiome-derived metabolites to enter the liver via
lymphatic circulation. This stimulates the liver to release
components into systemic circulation via the biliary duct
and affects the distant organs (Anand & Mande 2022).

Understanding extrahepatic manifestation in
NAFLD through oxidative stress and
gut microbiome

In-depth studies over the last few decades have revealed
that NAFLD is a ‘multisystems disease’. Although this
disease is increasing at an alarming rate, extrahepatic
consequences account for the majority of morbidity and
mortality (as shown in Fig. 3) (Byrne & Targher 2015,
Tomeno et al. 2020). Moreover, extrahepatic organs
including the brain, heart, gut, and kidneys might suffer
damage from systemic oxidative stress brought on by liver
illness (Li et al. 2015). Hepatokines, proteins derived from
the liver, have been the subject of extensive investigation

OBESITY

Lactobacillus l
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Association of gut microbiome and oxidative stress with extrahepatic abnormalities in NAFLD. A tripartite link exists between ROS, microbiome, and
NAFLD. The inflammation arising due to this association is not only limited to liver but also occurs at the systemic level, thereby leading to extrahepatic
manifestations of cardiovascular diseases (CVD), chronic kidney disease (CKD). However, at the same time it has been observed that extrahepatic
disorders also contribute to the onset of NAFLD, thereby indicating a bidirectional association. Along with ROS, gut microbiome (acting as a probiotic) and
gut-derived products also play a vital role in establishing such connectivity.
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for unraveling multiorgan communication. The three
major hepatokines, i.e. fetuin A, angiopoietin-like protein
(ANGPTL)8/betatrophin, and fibroblast growth factor 21
(FGF21), have been the subject of a thorough investigation
(Iroz et al. 2015). For example, fetuin A has been observed
to work in collaboration with other proteins to promote
Insulin resistance by regulating pathways linked to
oxidative stress (Ix & Sharma 2010). In addition to pro-
inflammatory substances, compromised gut permeability
brought on by an unbalanced gut flora serves as an
additional connecting factor between the liver and other
distant organs. The gut-derived metabolites can travel via
portal circulation and activate the immune cells in the
liver. These immune cells also commute to the liver via
lymphatic circulation. In response to this interaction, the
liver is prompted to release bile acids and other metabolites
into thebiliary tract, from which they travel to the systemic
circulation (Anand & Mande 2022). It has been observed
that both excess calorie intake and altered gut microbiome
lead to adipocyte dysfunction. When adipocytes reach the
limit of fat storage, it promotes ectopic fat storage, i.e. fat
buildup in distant organs like the liver, skeletal muscles,
and pancreas, ultimately causing lipotoxicity and systemic
insulin resistance (Sears & Perry 2015, Martinez-Montoro
etal. 2022).

Obesity

Obesity and NAFLD have recently been linked to ER stress-
induced alteration in insulin sensitivity and concomitant
inflammation. The results of liver biopsies showed a
substantial elevation of NAFLD prevalence with increase
in body mass index (BMI), adding support to the idea
that these two metabolic disorders can co-occur (Fabbrini
et al. 2010). The development of persistent low-grade
inflammation linked to obesity has also been linked to
the gut microbiota. Hence, it is safe to assume that gut
microbiome perturbation can be strongly correlated with
the disease. In contrast, some have found no difference
or even the opposite, which can be attributable to
experimental variations. It's interesting to note that there
is growing evidence of particular bacteria at the species
level that may have a role in preventing the development
of NAFLD and obesity. Akkermansia muciniphila, a
gram-negative bacterium that degrades mucin, is one
of them. A. muciniphila was demonstrated to have a
reasonable correlation with a healthier metabolic status in
investigations on mice and people who were overweight
and had diabetes. Numerous studies have highlighted
this bacterium’s capability to downregulate oxidative
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damage. The administration of A. muciniphila to several
animal models has resulted in an improvement in glucose
tolerance and antioxidant parameters (Zhang et al. 2018).
All this evidence suggests that the microbiome plays an
essential role in the pathogenesis of NAFLD, especially in
obese people. As the direct correlation between obesity
and NAFLD is quite established, most of the individuals
either suffering from one or both shows a decrease in the
expression of SOD (Liu et al. 2013). Fat accumulation along
with insulin resistance can drive a shift in the balance of
oxidative stress markers and antioxidative defense. One
study has demonstrated this imbalance can be restored by
calorie restriction for 8 weeks in obese patients, changes
were also seen in insulin tolerance. Oxidative stress-
induced dysregulated autophagy can also develop an
Obesogenic microenvironment, this can be achieved in a
mitochondrial alteration independent or dependent way.
Some studies have demonstrated the role of mitochondrial
antioxidants (MitoQ) in preventing oxidative stress-
associated changes in obese rats (Feillet-Coudray et al.
2014). As discussed earlier, there are also evidence of gut
dysbiosis as a contributing factor for NAFLD and obesity
both. However, what is severely lacking in this field is the
integration and number of unified studies linking all these
risk factors. Gut dysbiosis induced oxidative stress or vice
versa might aid in the progression of diseases like NAFLD
and obesity.

Type 2 diabetes

When NAFLD coexists with obesity and insulin resistance
(as it frequently does), the risk of incident T2DM increases
noticeably. Thus, NAFLD as a potential cause of T2DM
and T2DM as a causal factor of liver disease in NAFLD
are interdependent (Scorletti & Byrne 2016). Just like
most other metabolic disorders, T2DM also forms a triad
with NAFLD and gut dysbiosis, as changes in the gut
microbiome have been observed with the emergence of
both NAFLD and T2DM (Canfora et al. 2019, Motta et al.
2019). The gut microbiome and its related metabolites
contribute through several metabolic (like glucose
metabolism) and immunologic pathways to T2DM
(Tanase et al. 2020). Some studies have reported a decrease
in the population of butyrate-producing microbes like
A. muciniphila, Bifidobacterium breve, Faecalibacterium
prausnitzii, Coprococcus, Roseburia intestinalis, and an
increase in LPS-producing gram-negative bacteria like
Ruminococcaceae (Faecalibacterium) and Lactobacillus
gasser in T2DM (Ebrahimzadeh Leylabadlo et al. 2021).
According to previous studies, SCFAs blocked insulin
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signaling by activating G protein-coupled receptor 43 in
adipocytes, which prevented fat from accumulating in
adipose tissue and encouraged energy metabolism in other
tissues. Additionally, SCFAs slowed the growth of L cells
by inhibiting neurogenin 3 expression through forkhead
box O1 O-GlcNAcylation. Therefore, adipogenesis will be
aided by a decrease in butyrate-producing bacteria after
the onset of T2DM (Zhou et al. 2022). Notably, several
antidiabetic treatments that target the gut microbiome
are being investigated. Probiotics and prebiotics stand
out among them as the most promising ones for use in
therapeutic settings. By controlling the makeup of the gut
microbiome in T2DM mice, Lactobacillus rhamnosus LRa05
decreased fasting blood glucose and insulin resistance.
By reversing gut microbiome dysbiosis and maintaining
intestinal barrier integrity, Chang et al. showed that
polysaccharides from Ganoderma lucidum reduced insulin
resistance and inflammation in mice fed a high-fat diet,
suggesting that they may be an effective prebiotic for the
treatment of diabetes (Wu et al. 2021b). Thus, a triangular
relationship between T2DM, NAFLD, and gut dysbiosis
can be established, which can provide novel therapeutic
approaches.

Lean NAFLD

However, some recent publications have reported that
impaired insulin sensitivity occurs in some individuals
independent of BMI, which led to lean NAFLD (Bilic-
Curcic et al. 2021). Lean NAFLD is mainly associated with
high visceral fat (Xu ef al. 2022). In a different study, lean
NAFLD mice had an increase in liver weight but a decrease
in epididymal WAT (Huang et al. 2022). Reduction in
subcutaneous adipose tissue can be one of the reasons for
an increase in intrahepatic fat accumulation (Younes &
Bugianesi 2019). Moreover, the gut microbiota of obese and
nonobese NAFLD patients significantly differ (Wang et al.
2016). However, it is important to note that lean NAFLD
is not benign because it can develop into cirrhosis and
more severe liver diseases like NASH. Furthermore, several
studies show that, compared to persons with obesity and
NAFLD, those with lean NAFLD have a higher chance of
developing T2DM and a higher all-cause mortality (Younes
& Bugianesi 2019).

Cardiovascular disease (CVD)

Hyperglycemia and lipotoxicity triggered by insulin
resistance have been observed to elevate oxidative stress,
thereby leading to vascular injury and atherosclerosis
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(D’Archivio et al. 2012). This stress drives the conversion
of macrophage into foam cells aiding in plaque formation.
Similarly, ROS in NAFLD patients cause progression of
the disease to advanced stages. Thus, oxidative stress can
be one of the significant components for increasing the
risk of CVD in NAFLD Patients (Polimeni 2015). Genetic
predisposition and gut microbiome are also found to be
linked with oxidative stress increment. Some clinical
studies have found that loss of function mutation in genes
lead to NAFLD by causing mitochondrial dysfunction
(Longo et al. 2022). Furthermore, research has shown
that some hepatic enzymes convert the gut microbiome-
derived metabolite trimethylamine into TMAO, which
further raises the level of ROS. Both illnesses exhibit
endothelial impairment that is mediated by TMAO. These
compounds cause the production of pro-inflammatory
cytokines including interleukin 6 (IL-6) and TNFa by
activating common inflammatory pathways like the
NF-kB pathway (Shanmugham et al. 2023).

Inflammatory bowel disease (IBD)

The TNFa produced is responsible for the formation
of superoxide in the colon with the help of NOX1 and
NADPH oxidase organizer 1 (NOXO1), thereby leading
to IBD (Tian et al. 2017). Additionally, ulcerative colitis
(UC) patients have an increased level of inducible nitric
oxide synthase caused by the NF-kB pathway (Schreiber
2005). Excessive ROS production in the gut manipulates
the functions of protein and aids in lipid peroxidation
which is also observed in the case of NAFLD (Tian et al.
2017). Malondialdehyde, a lipid peroxidation marker,
has been found to be elevated in IBD patients by clinical
studies (Achitei et al. 2013). Even certain probiotics like
Bifidobacterium have been found to be ameliorating colitis
in mice by downregulating lipid peroxidation (Lee et al.
2010). However, certain microbes are highly deleterious as
they have been proven to trigger the neutrophils in ROS
production or because they produce such reactive species
themselves (Lundberg et al. 2004). Radical imbalances
cause the cytoskeleton proteins to be disrupted and the
tight junction proteins to be altered, which results in
the loss of barrier integrity (Tian et al. 2017). Moreover,
clinical studies have also highlighted the NAFLD-like
increment of visceral adipose tissue volume in Crohn’s
disease patients (Simon et al. 2018). Thus, all of these
factors have acted as a connecting thread between NAFLD
and IBD, indicating the likelihood that these two diseases
may co-occur (McGowan et al. 2012, Gaidos & Fuchs 2017,
Lin et al. 2021).

https://rem.bioscientifica.com
https://doi.org/10.1530/REM-23-0016

© 2023 the author(s)
Published by Bioscientifica Ltd.

ok deliniswarkis Jicensed ppder aGreative GoMMOns s 10:34:50pM

@ @/@ ceé&t.”bH%f&'WSPQOIQmHE'ShQ‘@@%V&éWea 4Qeative Commons
nclo%%g}%ti%r\a—ll\ﬂ??enrsf\'/atives 4.0 International License.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1530/REM-23-0016
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

EDOX A Das, A De, T Mohanty et al.
EXPERIMENTAL
MEDICINE

Chronic kidney disease (CKD)

Coming to the nonmetabolic disorders linked to NAFLD,
more recent studies have shown people suffering from
noncirrhotic NAFLD, and more particularly NASH, are ata
higher risk of developing a form of kidney disorder known
as CKD. CKD and NASH can aggravate one another mostly
via insulin resistance, dyslipidemia, renin-angiotensin
system, and proinflammatory pathways. Several scientific
studies show that patients with NAFLD have higher
rates of CKD regardless of their age, sex, BMI, or other
factors such as diabetes, obesity, or hypertension (Yasui
et al. 2011). Oxidative stress has been a key contributing
factor that leads to renal failure and disease pathogenesis.
Superoxides like NADPH oxidase and xanthine oxidase
are upregulated leading to excess production of ROS,
while SOD has been found to be downregulated in the
case of CKD as well as in NAFLD. One major cause for
oxidative disbalance could be the overproduction of
TLR4 and proinflammatory cytokines like IL-6 in both
these diseased conditions. Loss of intestinal barrier
integrity (leaky gut) significantly increases the expression
of these proinflammatory factors. In addition, oxidative
stress can worsen renal function through fibrosis,
hypertension, glomerular filtration barrier degradation,
and inflammation (NF-kB activation) (Whaley-Connell
etal. 2006).

Disrupted gut microbiome and their derived
metabolites like indole, p-cresol, and their sulfates have
significant effects in increasing both liver and kidney
toxicity (Liu et al. 2016). A probiotic combination of
Lactobacillaceae and Bifidobacteriales has been found to
mitigate NAFLD by reducing systemic inflammation
while Lactobacillaceae supplementation alone was found
to mitigate CKD by reducing both systemic inflammation
and proteinuria (Yoshifuji et al. 2016, Liang et al. 2018).

Metabolites like cystatin-C, gamma glutamyl
transferase in serum, and urine albumin have been found
to be elevated in both CKD and NAFLD (Stevens et al. 2013).
The prognosis of patients who are diagnosed with both
illnesses may significantly be impacted by the relationship
between NAFLD and CKD, which is a growing association.
This link can be explained by the fact that both diseases
share similar metabolic risk factors. Extended research can
better bridge the link between these two diseases (Ling &
Kuo 2018, Kiapidou et al. 2020).

Cognitive impairment

Another nonmetabolic extrahepatic complication that
has currently gained attention is the altered cognitive
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state and higher risks of cognitive impairment associated
with NAFLD pathogenesis. Dysbiosis of the gut-liver-
brain axis has been found to have a huge impact in
the development of neuropsychiatric disorders with
the progression of liver disease. Recent studies suggest
up to 70% of NAFLD cases have memory, attention,
focus, forgetfulness, and confusion issues, which have
a detrimental effect on daily functioning and quality of
life (Kennedy-Martin et al. 2018). One study showed that
NAFLD was associated with a reduction in psychomotor
speed and deficits in visuospatial function (Seo et al.
2016). Some studies have reported memory deficits in
individuals with NAFLD, particularly in the domain of
episodic memory. Cognitive changes in NAFLD can also
be accompanied by mood and affective disturbances, such
as depression and anxiety. These psychological symptoms
can further exacerbate cognitive impairments.

NAFLD and cognitive impairment appear to be linked
by one molecular mechanism, oxidative stress. Both
conditions share several pathophysiological mechanisms,
including  systemic inflammation,
dysfunction, insulin resistance, and lipid peroxidation.
These mechanisms can contribute to oxidative stress in
both the liver and the brain, potentially leading to liver
injury, neuroinflammation, and cognitive impairment.

Another mechanistic link suggests NAFLD at the
noncirrhotic stage is associated with hyperammonemia
due to an altered nitrogen cycle. This excess ammonia acts
as a neurotoxin, can easily cross the blood-brain barrier,
and plays a key role in the pathophysiology of hepatic
encephalopathy (Aldridge et al. 2015, De Chiara et al.
2018).

An altered gut microbial state like an enriched
Firmicutes-Bacteroidetes ratio has long been associated
with leaky gut. It has now been proposed that bacterial
metabolites, endotoxins, ammonia, and DNA of these
bacteria can initiate and spread systemic and neurological
Another study wused the probiotic
Lactobacillus plantarum to treat control and diet-induced
NASH mice for 2 weeks while examining alterations
in cognitive activity and hippocampus histology. The
probiotic treatment in this case restored the decline in
memory and spatial learning that was linked to NASH. The
NASH group also experienced an increase in hippocampus
viable cells and a reversal of hepatic steatosis, ballooning,
and fibrosis following probiotic medication. These studies
suggest that progressive stages of NAFLD are linked with
cognitive loss whereas supplementation of probiotics
and a better lifestyle can help improve the condition
(Mohammed et al. 2020).

mitochondrial

inflammation.
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Conclusion

NAFLD, a multifactorial liver disease, is becoming widely
common not just in the United States but also around the
world as a result of obesity and insulin resistance, leading
to TG and free fatty acid accumulation in the liver. There
are several risk factors for the development of NAFLD, and
the pathophysiology of the majority of these risk factors
centers around some or the other form of metabolic
disorder or insulin resistance.

Now that it has been established that oxidative stress,
and overproduction of ROS can be major leading factors
for the pathogenesis of NAFLD, future studies can focus on
application of antioxidants as a therapeutic measure.

Gut dysbiosis and altered gut microbiota facilitate
NAFLD pathogenesis and progression. These bacteria can
take advantage of altered intestinal permeability and the
circulating bacterial endotoxins can enhance systemic
alterations as extrahepatic manifestations.
To counter this, a healthy lifestyle and a healthy diet
consisting of probiotics, prebiotics, and vitamin E
supplementation could potentially contribute to NAFLD
prevention.

Although a lot of research is being focused to
understand this complex disease and its underlying
mechanisms, a lot is yet to be uncovered as regards how
the disease progression can be halted and comorbidity
with extrahepatic diseases can be prevented.
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