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Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide.
It occurs with a prevalence of up to 25%, of which 10–20% cases progress to nonalcoholic
steatohepatitis (NASH), cirrhosis, and liver cancer. The histopathology of NASH is
characterized by neutrophilic infiltration, and endotoxins from gram-negative rods have
been postulated as a contributing factor. Elevations in endotoxin levels in the blood can be
classified as intestinal and hepatic factors. In recent years, leaky gut syndrome, which is
characterized by impaired intestinal barrier function, has become a significant issue. A leaky
gut may prompt intestinal bacteria dysbiosis and increase the amount of endotoxin that enters
the liver from the portal vein. These contribute to persistent chronic inflammation and
progressive liver damage. In addition, hepatic factors suggest that liver damage can be
induced by low-dose endotoxins, which does not occur in healthy individuals. In particular,
increased expression of CD14, an endotoxin co-receptor in the liver, may result in leptin-
induced endotoxin hyper-responsiveness in obese individuals. Thus, elevated blood
endotoxin levels contribute to the progression of NASH. The current therapeutic targets for
NASH treat steatosis and liver inflammation and fibrosis. While many clinical trials are
underway, no studies have been performed on therapeutic agents that target the intestinal
barrier. Recently, a randomized placebo-controlled trial examined the role of the intestinal
barrier in patients with NAFLD. To our knowledge, this study was the first of its kind and study
suggested that the intestinal barrier may be a novel target in the future treatment of NAFLD.

Keywords: NAFLD, leaky gut, endotoxin, intestinal permeability, small intestinal bacterial overgrowth
1 INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic syndrome and
leading cause of chronic liver disease in pediatric and adult populations living in industrialized
countries. NAFLD encompasses steatosis and non-alcoholic steatohepatitis (NASH) and is
characterized by periportal and lobular inflammation. Progression to fibrosis and cirrhosis are
the primary complications of NAFLD (1). Based on a recent meta-analysis, one in four people in
n.org October 2021 | Volume 12 | Article 7709861
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Europe, the United States, and Asia have NAFLD (2). The
“multiple-hit” hypothesis may explain the pathogenesis and
progression of NAFLD. In recent years, there has been
increasing interest in gut-liver axis dysfunction, which is
characterized by dysbiosis, bacterial overgrowth, and changes
in intestinal permeability. Gut-liver axis dysfunction is
considered the second hit that results in the progression of
NAFLD. As such, gut-liver axis dysfunction is considered as an
important alternative therapeutic target for patients who do not
benefit from lifestyle changes, healthy eating, and physical
activity (3, 4). The first hit behind the chronic inflammation in
NASH is triggered by fat accumulation in the hepatocytes,
followed by exposure to inflammatory cytokines, insulin
resistance, oxidative stress, lipotoxicity, mainly from free fatty
acids (as), and gut-derived endotoxins. Here, we focused on gut-
derived endotoxins and reviewed the most recent data regarding
the gut-liver axis and its role in the pathogenesis and progression
of NAFLD.
2 ENDOTOXINS AND NAFLD

Fatty liver is caused by excessive caloric consumption from
overeating, obesity, and lack of exercise. While fatty liver
commonly develops from exposure to inflammatory cytokines,
insulin resistance (IR), oxidative stress, lipotoxicity (mainly from
FFAs), genetic predisposition, and exposure to intestinal
bacterial endotoxins also play a role in its pathogenesis.

Patients with NASH have high levels of endotoxins in their
blood (5). In recent years, metabolic endotoxemia, which is
defined as an increase in serum endotoxin levels in response to
a high-fat Western diet, has gained increasing recognition (6).
Among the intestinal microflora, gram-negative bacilli are
considered the largest source of stable endotoxins. The primary
endotoxin produced by gram-negative bacilli include
lipopolysaccharides (LPS). As the intestinal environment
deteriorates, anaerobic gram-negative rods proliferate, and the
amount of LPS produced by these organisms also increases.
While the elaborate immune system and functional intestinal
barrier prevent all these endotoxins from entering the portal
vein, it is likely that some still reach the hepatic vault. When
intestinal enterobacteria invade the portal vein, the first
target organ is the hepatic vasculature. This suggests that
Enterobacteriaceae-derived endotoxins are important in the
inflammatory response that leads to the development of
NASH. Endotoxins are pathogen-associated molecular patterns
(PAMPs), which are members of the toll-like (TLR) and
nucleotide-binding oligomerization domain (NLRs) groups
of receptors.

In particular, TLR4 is expressed in the plasma membrane of
hepatocytes and Kupffer cells. Endotoxins stimulate TLR4, which
activates signaling molecules, such as nuclear factor kappa B
(NF-kB). This leads to the production of inflammatory
cytokines, namely interleukin (IL)-1b and IL-18, which results
in liver injury. Downstream targets of TLR4 signaling are
determined by selective recruitment of cytosolic sorting and
signaling adaptor proteins via interactions between Toll/IL-1
Frontiers in Endocrinology | www.frontiersin.org 2
receptor (TIR) domains (7–9). Thus, TLR4 activation may
engage myeloid differentiation factor 88 (MyD88) and TIR
domain-containing adaptor protein or MyD88 adaptor-like
factors, leading to the activation of nuclear factor kappa-B
(NF-kB) and activator protein 1 transcription factors (10–12).
There is substantial evidence that TLR4-mediated cellular events
escalate liver injury in NAFLD (10, 12). Recent studies indicated
that TLR4 sorting specificity might reflect the etiology of fatty
liver disease. Due to the ubiquitous presence of TLR4 among
various types of liver cells, the specific role of Kupffer cells in
differential activation of TLR4 pathways remains to be
determined. It must also be noted that endogenous ligands
such as certain FFA and other alarmins may also be linked to
TLR4 sorting specificity, a question particularly relevant to
NAFLD. Antimicrobial therapy reduces hepatic damage in
patients with NASH. Animal studies have shown that TLR4-
deficient mice did not develop NASH, which suggests that
intestinal bacteria play an important role in the emergence of
NASH. Intestinal bacteria have been proposed to contribute to
the development of NASH through several mechanisms.
Intestinal factors include (1) disruption of the intestinal barrier
function, which results in a leaky gut and (2) qualitative and
quantitative dysregulation of intestinal bacteria, such as in short
intestinal bacterial overgrowth (SIBO). Increased responsiveness
to endotoxins has been identified as a hepatic factor (Figure 1).

2.1 Measurement of Blood Endotoxins
Unlike pathologic conditions like sepsis, NAFLD has
insignificant amounts of endotoxins. We utilized the HK302
(HyCult Biotechnology, Uden, The Netherlands) and HK503
FIGURE 1 | Mechanisms of NAFLD progression caused by intestinal and
hepatic factors. NALFD, non-alcoholic fatty liver disease; SIBO, small intestinal
bacterial overgrowth.
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(HyCult Biotechnology) enzyme-linked immunosorbent assay
(ELISA) kits to detect trace amounts of endotoxins and
lipopolysaccharide-binding proteins (LBP), respectively, in the
portal vein. In humans, blood endotoxins were measured with an
endotoxin activity assay (Toray Medical Co., Ltd., Tokyo, Japan)
(13, 14) or LBP levels (HK315 ELISA kit; HyCult Biotechnology)
(15). LBP levels can be utilized to measure endotoxin levels with
commercially available limulus amebocyte lysate chromogenic
endpoint assays (Hycult Biotech), which have concentrations
that range from 0.04–10 EU/mL. Whole blood endotoxin activity
assays (EAAs) were performed as described previously (16–18)
with a murine immunoglobulin (Ig)M monoclonal antibody
against lipid A of Escherichia coli J5. Whole blood samples
(40 mL) were incubated in duplicate with saturating
concentrations of antibody and stimulated with zymosan. The
resulting respiratory burst activity was detected as light released
from the lumiphore luminol and measured with a
chemiluminometer (Toray Medical Co., Ltd.). EAAs have been
used in recent NAFLD clinical trials (19).
3 LEAKY GUT SYNDROME

When the contents of the gastrointestinal tract cross the
intestinal wall, they pass through tight junctions in the
epithelial space and are met by immune surveillance cells.
Depending on the invading cells, the immune surveillance cells
secrete the inhibitory cytokine IL-13 to synthesize additional
tight junctions to strengthen the interepithelial barrier.
When the invading cells are pathogenic microorganisms,
the surveillance cells respond with inflammatory reactions.
Cytokines can destroy tight junctions on their own. As a result,
cytokines can invade the intestinal tract and white blood
cells. Cytokines can also mobilize immune cells to the mucosal
surface to fight invading microorganisms. As such, submucosal
immune surveillance cells function as the control tower that
dynamically changes tight junction activity to provide a biologic
defense. Increased intestinal permeability and intestinal
microbiota were first proposed as the possible etiologies behind
some diseases in 1890 (20). The crosstalk between the gut and
liver is an interesting hypothesis that can explain the changes in
the hepatobiliary systems of patients with inflammatory bowel
disorders, such as celiac disease, and infectious bowel conditions
caused by Salmonella and Yersinia (21). Recent evidence has
demonstrated that the hepatointestinal system may be involved
in the development of NASH (22–24).

Obesity increases intestinal permeability by indirectly
damaging the intestinal barrier (24–26). A high-fat diet (HFD)
may increase the risk for metabolic endotoxemia and reduce
intestinal Bifidobacteria (27, 28). Bifidobacteria lower intestinal
LPS levels and improve mucosal barrier function (25).
Mechanisms that regulate intestinal barrier health may also
regulate the degree of endotoxemia (24–26, 29). Instead of
disrupting tight junctions between cells, increased LPS
absorption in the intestine may also occur secondary to
chylomicron secretion from the enterocytes. Cell culture and
Frontiers in Endocrinology | www.frontiersin.org 3
animal model studies have suggested that endotoxins are actively
secreted into the blood along with chylomicrons. Inhibition of
chylomicron synthesis has been demonstrated to inhibit
endotoxin secretion (31). These data suggest that gut
microbiota-derived endotoxins are strongly associated with the
development of NASH through impaired intestinal barriers and
increased chylomicron secretion by enterocytes.

In recent years, patients have demonstrated very slight
decreases in barrier function in the absence of subjective
symptoms; this condition is referred to as leaky gut syndrome.
Fatty diets, such as Western-style diets, reportedly reduce the
intestinal barrier function, which increases serum endotoxin
levels (6). The endotoxins in this study were derived from
gram-negative bacilli, which suggested that they were derived
from the gut microbiota of the intestinal tract. When patients
were shifted to a normal diet, serum endotoxin levels normalized,
which indicated that changes in dietary content may affect
intestinal barrier function.

Leaky gut syndrome is characterized by decreased intestinal
barrier function and its pathologic sequelae. The etiology of leaky
gut syndrome is quite diverse and may include high-fat and
fructose diets, drugs, and age. Several observational studies and
animal experiments have also demonstrated that leaky gut
syndrome is associated with a wide variety of diseases. It is
speculated that various molecules enter the bloodstream through
a leaky gut. Among these molecules, the most significant seems to
be endotoxins. When endotoxins enter the bloodstream, even
minute amounts may cause sepsis and death. Minute amounts of
endotoxins have also been documented to cause liver damage
because the liver is highly sensitive to endotoxins. Endotoxins
have also been associated with IR in adipose tissue and
arteriosclerosis of the arterial wall. Given the above data, a leaky
gut allows minute amounts of endotoxins into the bloodstream,
which results in chronic inflammation. Chronic inflammation is
the basis of the pathophysiology of lifestyle-related diseases, such
as diabetes, arteriosclerosis, and chronic kidney disease. It is
thought to play an important role in high-grade inflammation,
which is also known as metabolic endotoxemia.

3.1 Leaky Gut Syndrome and NAFLD
NAFLD andNASH are the most common liver diseases associated
with Westernized eating habits. Westernized eating habits impair
the intestinal environment, which results in anaerobic gram-
negative rod proliferation. In particular, obese patients with
NASH who consume high-fat and fructose diets have increased
intestinal permeability. These may result in an influx of
endotoxins that can travel up to the liver via the portal vein.
Endotoxins react with receptor groups, such as TLRs and NLRs, as
PAMPs. TLR 4 is expressed on the cell membranes of hepatocytes,
Kupffer cells, and other similar cells. TLR 4mediates the activation
of signaling molecules, such as NF-kB, which activate
inflammatory cytokines like IL-1b. It is thought that IL-18 is
produced following liver damage. (1) Increased intestinal
permeability, such as in leaky gut syndrome and (2) qualitative
and quantitative abnormalities in intestinal bacteria, such as in
SIBO, have been proposed to play important roles in the
pathogenesis and progression of NAFLD and NASH (Figure 1).
October 2021 | Volume 12 | Article 770986
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In recent years, a meta-analysis of patients with NASH
demonstrated a correlation between intestinal permeability and
liver damage and suggested that patients with NASH were more
likely to have higher intestinal permeability and blood flow than
healthy controls. The gut-liver axis, which allows intestinal
bacteria and bacterial products to migrate to the liver, may be
one of the underlying etiologies of NASH. In a study of 35
patients with NAFLD, Miele et al. found that NAFLD was
associated with SIBO. Moreover, significant intestinal
permeability was observed in 60% of the NAFLD group
compared to 20.8% of the control group (p < 0.001). The
combination of SIBO and intestinal permeability correlated
with the severity of fat accumulation in the liver (31).

3.2 Intestinal Permeability and Gut
Microbiota
The liver and gut are impacted by the nutrients and microbiome
in the biliary tract, portal vein, and systemic mediators. Liver
damage caused by disruption of the gut microbiome, its derived
metabolites, and the gut immune system is implicated in the
pathogenesis of obesity-induced IR and NAFLD. The liver is
exposed to the byproducts in the portal system, which include
PAMPs and damage-associated molecular patterns (DAMPs). The
liver is strongly influenced by diet-induced dysbiosis. PAMPs and
DAMPs induce an inflammatory response in hepatocytes, Kupffer
cells, and hepatic stellate cells through a TLR cascade, which
enhances the release of cytokines and chemokines, such as tumor
necrosis factor (TNF)-a, IL-1, IL-6, IL-8, and interferon (IFN)-g,
and results in liver damage. Mice that were fed high-fat or choline-
deficient diets demonstrated increased intestinal permeability
similar to patients with NAFLD (26, 31, 32). Increased intestinal
permeability triggered a proinflammatory cascade that worsened
hepatic inflammation by facilitating the portal influx of
microbiome-derived metabolites to the liver (32, 33). Intestinal
permeability is regulated by epithelial tight junctions, which
consist of several integral membrane proteins, such as zonula
occludens (ZO), occludin, junctional adhesionmolecule-A (JAM-A),
and claudins (34). Mice that were fed HFDs exhibited decreased
tight junction protein levels and increased low-grade gut
inflammation as a result of microbiome abnormalities. These
suggested that intestinal and gut vascular barriers were impaired
by HFD-induced microbiome changes, which promoted the influx
of bacterial products through the portal vein and worsened non-
hepatic inflammation and metabolic abnormalities. Moreover, the
mice that were fed HFDs demonstrated altered microbiota that
could cross intestinal epithelial barriers, which resulted in the
disruption of the intestinal epithelial and vascular barriers (31). It
was unclear whether the ability to cross the damaged intestinal
epithelium was an active mechanism or the result of increased
intestinal permeability secondary to decreased tight junction
protein expression. Several clinical studies have suggested a link
between the gut microbiota, such as in SIBO and microbial
dysbiosis, and the pathogenesis of NAFLD, but causality has not
been established (35). Shotgun metagenomic sequencing indicated
that there may be an association between Escherichia coli and
Bacteroides vulgatus-rich microbiome signatures and advanced
Frontiers in Endocrinology | www.frontiersin.org 4
fibrosis among patients with NAFLD (36). Escherichia spp. were
more abundant in obese children with NASH than in obese
children without NASH (37). Patients with NASH (stage ≥2
fibrosis) also had significantly more Bacteroides and
Ruminococcus colonies and less Prevotella colonies than patients
without NASH, as demonstrated by 16S amplicon sequencing
(38). This finding was consistent with previous evidence that
indicated that Bacteroides and Prevotella are competitive species
in the gut microbiota, depending on dietary composition (39).
4 SIBO

SIBO is a disease entity characterized by increased bacterial levels
in the small intestine in amounts more typical of the large
intestine. There are a number of physiologic mechanisms that
prevent aberrant bacterial colonization of the small intestine,
such as the acidic pH of the stomach, pancreatic enzymes,
intestinal immune system, small intestine peristalsis, ileocecal
valve, and intact intestinal barriers from proper construction and
renewal of the intestinal walls. SIBO may develop when any one
of these mechanisms are disturbed. SIBO most commonly
presents with abdominal pain, diarrhea, flatulence, and
abdominal overflow; however, the symptoms are usually non-
specific, diverse, and may depend on the patient or etiology of
SIBO. Some patients may have none of the typical intestinal
symptoms but complain of weight loss, neuropathy,
megaloblastic anemia, peripheral edema, erythema nodosum,
and osteomalacia. SIBO has a wide variety of symptoms and
often overlaps with other disease entities. As such, precise data
on the prevalence of SIBO are not available. The disease is more
common in the elderly and may be associated with
polypharmacy, particularly with proton pump inhibitors, co-
morbidities, particularly diabetes, peristaltic disorders, and
endocrine disorders, and decreased gastric acid secretion.

The overgrowth of altered gut microbiota in the small
intestine can affect the absorption and metabolism of
carbohydrates, proteins, fats, and vitamins. Damage to the
intestinal villi, impaired digestive enzyme production, and
intestinal barrier dysfunction lead to malabsorption and
increased nutrient loss. Larger amounts of undigested
nutrients, such as sorbitol or lactose, enhance bacterial
fermentation in the gut. Bile salt deconjugation is responsible
for the impaired digestion and absorption of fats and fat-soluble
vitamins, respectively. Anaerobic bacteria increase vitamin B12
consumption, which may result in megaloblastic anemia. Folic
acid levels may increase slightly because these can be synthesized
by intestinal bacteria (40, 41).

SIBO is currently diagnosed with a hydrogen breath test using
glucose or lactulose (42–45). The test can be prepared,
performed, and interpreted in several ways, and the results
may be heterogenous across centers and physicians. Because
there is a lack of a clear consensus on how this test should be
performed, the results should be treated with caution. Prior to
the test, antibiotics and promotility drugs and laxatives are
avoided for four and one week, respectively. It is unclear
October 2021 | Volume 12 | Article 770986
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whether probiotics should be avoided before testing, but proton
pump inhibitors may be administered based on the North
American consensus (42–45). Quantitative assessments of
small intestine aspirates are not performed because the process
is expensive, difficult to perform, and invasive (42, 45).

Antibiotic therapy is the primary treatment for SIBO, and
rifaximin (400 mg, taken 3-4× daily for 14 days) is the first drug-
of-choice. Dietary treatment and the removal of the risk factors
for SIBO are also recommended (42). This treatment approach is
based on the correlation between SIBO and NAFLD (46–48), and
the observation that endotoxins trigger liver inflammation in
mice with steatosis (49, 50). In this population of patients, the
prevalence of SIBO was approximately three times that of
controls. These findings correlated with those of previous
studies (51). The association among SIBO, NAFLD, and
endotoxemia highlight the role of the gut microbiota in the
initiation and development of metabolic liver disease (26, 51).
5 GUT MICROBIOTA AND NAFLD

Fukui summarized gut-microbiota and NAFLD progression based
on the evidence (52). Shen et al. (53) reported that Chinese
NAFLD patients with moderate fibrosis (F≥2) had a higher
abundance of genus Escherichia, Shigella and the corresponding
Enterobacteriaceae family than those with F0/F1 mild fibrosis.
Özkul et al. (54) found increased Enterobacteriaceae and decreased
Akkermansia muciniphila (A. muciniphila) in their Turkish NASH
patients and reported that those with moderate F ≥ 2 fibrosis also
had a higher abundance of Enterobacteriaceae than those with F0/
F1 fibrosis. A low abundant mucous bacteria A. muciniphila is
known to elevate the intestinal endocannabinoids levels and to
control inflammation, increase gut barrier and peptide secretion
(55). This microbiome is also known to reverse high-fat diet-
induced metabolic disorders, such as fat-mass gain, endotoxemia,
adipose tissue inflammation, and insulin resistance (55). Boursier
et al. (56) further reported that their NAFLD patients with
significant fibrosis (F ≥ 2) had a higher abundance of fecal
Bacteroides than those with mild F0/F1 fibrosis in France. Their
NASH patients showed greater abundance of Bacteroides and
Ruminococcus and smaller amount of Prevotella compared with
non-NASH patients (56). Increased Bacteroides and decreased
Prevotella in the feces of NASH patients is in line with above-
mentioned information on the relationship between diet and gut
microbiome (56) and may be regarded as the proinflammatory gut
dysbiosis with the progression of NAFLD. The authors explained
the effect of increased Ruminococcus by a possible increase in
deleterious proinflammatory species (e.g., R. gnavus) within the
genus, on the bases that the Ruminococcus genus is quite
heterogeneous (56). In fact, reclassification of some
proinflammatory species originally classified to Ruminococcus
has been discussed (57). Furthermore, Loomba et al. (58)
characterized the gut microbiome compositions using whole
genome shotgun sequencing of DNA extracted from stool
samples of 86 patients with biopsy-proven NAFLD and reported
that Firmicutes is higher in mild/moderate NAFLD (stage 0–2
Frontiers in Endocrinology | www.frontiersin.org 5
fibrosis) while Proteobacteria was higher in advanced fibrosis
(stage 3 or 4 fibrosis). At the species level, the abundances of
Ruminococcus obeum and Eubacterium rectale were significantly
lower in advanced cases. They also found a trend of increase in E.
coli in advanced fibrosis and demonstrated that the dysbiosis
including E. coli dominance occurs earlier in the stage of fibrosis
and may precede development of portal hypertension (58).
6 ENDOTOXIN HYPERRESPONSIVENESS
IN NAFLD

Previous studies have shown that gut microbiota-derived
endotoxins may be involved in the progression of NASH from
simple fat deposition to steatohepatitis (5, 24–26, 51, 59–62).
Despite these findings, the impact of increased endotoxemia on
NASH progression is controversial. It is still unclear whether
patients with NASH have significantly higher serum endotoxin
levels than healthy controls and patients with simple fat
deposition. Harte et al. reported that serum endotoxin levels
were elevated in patients with NAFLD compared to healthy
controls (5). In another study, patients with biopsy-proven
NASH demonstrated elevated levels of plasma IgG against
endotoxins, and serum IgG levels increased proportionately
with NASH severity (63). These findings suggested a
relationship between chronic endotoxin exposure and NASH
severity in humans. Increased permeability drives endotoxemia,
which triggers an inflammatory cytokine response and IR (28).
In contrast, Loguercio et al. (5, 64) did not identify endotoxemia
in any patient with NAFLD in their study; however, the results of
their study were inconsistent. Currently, there is a general
agreement that mild portal endotoxemia from gut-derived
bacterial endotoxins can be detected in healthy participants
(26); however, mild portal endotoxemia does not usually cause
liver dysfunction (65). We propose that low-level endotoxin-
mediated mechanisms may contribute to the progression of
NASH. Here, we hypothesized that patients with simple
adiposity may demonstrate enhanced responsiveness to gut-
derived bacterial endotoxins compared to healthy controls.
Furthermore, our data showed that HFD-induced murine
adiposity enhanced the response to low-dose LPS. Low-dose
LPS resulted in liver injury and severe liver fibrosis in HFD-fed
mice but not chow-fed mice (66). Previous studies have also
shown that a high-cholesterol diet increases the sensitivity of
mice to LPS even in the absence of changes to plasma levels
of LPS. This further supported our hypothesis (67). Cluster of
differentiation (CD)14 enhances the effect of LPSs in Kupffer
cells and is an important regulatory factor in LPS-induced
inflammation (68–73). A previous report suggested that the
promoter polymorphisms of CD14 were risk factors for human
NASH (74). As such, the increased expression of CD14 is closely
related to the pathogenesis of NASH. Indeed, our data
demonstrated that patients with NAFLD, NAFL, and NASH
expressed more CD14 mRNA than healthy controls (66).
Hepatic CD14 may serve as an important factor in the
development of NASH by enhancing hepatic inflammation
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against gut-derived bacterial endotoxins. We also investigated the
leptin-dependent increase in hepatic CD14 expression in leptin-
deficient ob/ob mice and leptin receptor-deficient db/db mice.
Leptin and signal transducer and activation of transcription
(STAT)3 signaling increased the number of CD14-positive
Kupffer cells, which increased the responsiveness to gut-derived,
low-dose bacterial endotoxins, regardless of the presence of
steatosis. In humans, elevated serum leptin levels are associated
with obesity, visceral fat accumulation, and fat deposition (75, 76).
Enhanced expression of leptin-induced hepatic CD14 may
increase hepatic responsiveness to even low levels of gut
microbiota-derived endotoxins, which may prompt the
progression of simple steatosis to NASH via STAT3 signaling.
Moreover, our previous study demonstrated that resveratrol, a
natural polyphenol, reduced inflammation and fibrosis by
controlling CD14 expression in Kupffer cells, which inhibited
LPS reactivity. These findings suggested that resveratrol may be
a treatment option for NASH (77).
7 THERAPEUTIC APPROACH FOR
REDUCING LPS IN NAFLD

Few studies have assessed the relationship between dietary
interventions and serum LPS levels. Healthy dietary patterns
seem to be associated with lower serum LPS activity. The
Mediterranean diet, which is rich in fiber and unsaturated fats,
has been recommended to reduce endotoxemia (78). The Finn
Dianne Study conducted a nutritional survey of 668 individuals
with type 1 diabetes and found that healthy dietary choices, such
as the consumption of fish, fresh vegetables, and fruits and
berries, were associated with reduced systemic endotoxemia
(79). This study also placed eight healthy participants on a
Western-style diet for one month. This subgroup of patients
demonstrated a 71% increase in plasma endotoxin activity,
whereas patients on a prudent diet reduced endotoxin activity
levels by 31% (6). Another study examined the effect of diet on
LPS fasting plasma levels in 20 older adults. This study
demonstrated that a low-fat, high-carbohydrate diet enriched
in n-3 polyunsaturated fatty acids reduced LPS fasting plasma
levels compared to Mediterranean and high-saturated fat diets
(0.24 ± 0.01 EU/mL vs. 0.38 ± 0.06 EU/mL and 0.35 ± 0.03 EU/mL,
respectively) (80).

Postprandial endotoxemia occurs after meals and is
characterized by different fatty acid compositions. Several
studies on postprandial endotoxemia have shown that high-
saturated fat meals increase serum LPS levels, which suggested
that dietary fats have different regulatory effects on intestinal
epithelial endotoxin transport (81) and postprandial low-grade
inflammation (82, 83). While evidence supports a positive
association between HFDs and endotoxemia, the link among
dietary patterns, intestinal microbiota, subclinical inflammation,
and endotoxemia is still debated (84).

Probiotics or prebiotics regulate the gut flora and are newly
recommended for the prevention and treatment of several
metabolic diseases, such as NAFLD. Probiotic bacteria reduce
Frontiers in Endocrinology | www.frontiersin.org 6
pathogenic bacterial growth and restore the integrity of the
intestinal barrier against LPS-induced epithelial toxicity (85).

Previous data demonstrated that serum LPS, liver TLR4-
mRNA, and serum inflammatory cytokines were all
significantly decreased in the probiotic intervention group
compared to the NAFLD model group. Additionally, the
intervention group demonstrated less liver steatosis and
inflammatory cell infiltration compared to the model group.
These results supported the hypothesis that probiotics may delay
the process of NAFLD by inhibiting the LPS–TLR4 signaling
pathway (85). The narrative review by Eslamparast et al.
summarized studies that demonstrated that probiotic
supplementation improved the inflammatory status and
clinical manifestations of NAFLD in animal and human
models (86). Recently, the dose-dependent effects of
multispecies probiotic supplementation on serum LPS levels
and cardiometabolic profiles in obese postmenopausal women
have been demonstrated (87).

Many antibiotics have regulatory effects on the intestinal
microbiota and are beneficial to NAFLD (88). For example,
oral cidomycin increased small intestine transit rates and
reduced serum levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and TNF-a in a NASH
mouse model, which suggested that cidomycin may reduce the
severity of NASH by modulating intestinal microbiota (59).
Rifaximin, a largely water-insoluble and nonabsorbable
(<0.4%) drug, has been shown to exert antimicrobial activity
against enteric bacteria such as Streptococcus, Bacteroides, and
Citrobacter (89). Gangarapu et al. demonstrated that short-term
administration of rifaximin (1,200 mg/day for 28 days) improved
the clinical status of patients with NAFLD/NASH and reduced
serum transaminase and circulating endotoxin levels (90).
Abdel-Razik et al. reported that patients with NASH
demonstrated significantly reduced proinflammatory cytokine
and ALT levels and lower NAFLD-liver fat scores after rifaximin
therapy (1,100 mg/day for six months) (91). In contrast, an
open-label clinical trial suggested that rifaximin administration
(800 mg/day for six weeks) was not effective in humans with
NASH (92). The inconsistency may be because of the small
sample size, relatively low treatment dose, or short duration of
this clinical study.
8 TREATMENT FOR SIBO AND GUT-
BARRIER IN NAFLD

As mentioned above, NAFLD treatments targeting the intestinal
tract can be broadly divided into two categories. One is SIBO and
the second is an intestinal barrier. This paper reports evidence
for SIBO and intestinal barriers (Figure 2).

8.1 Treatment of SIBO and Its Impact on
the Course of NAFLD
8.1.1 Antibiotics
Only antibiotics that work in the gastrointestinal tract alone,
such as rifaximin (1,200–1,600 mg/day for 14 days) and
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metronidazole (750 mg/day for 10–14 days), are prescribed for
SIBO. Antibiotic therapy can be repeated for disease relapse.
Rifaximin has broad-spectrum activity against gram-positive and
gram-negative aerobic and anaerobic bacteria. It exhibits bile
acid-dependent solubility and is more effective in the small
intestine than the colon (93). In particular, rifaximin seems to
exert stable and persistent changes to the composition of
duodenal bacteria, whereas its effects on colonic gut microbiota
are gradually and completely reversed following treatment
interruption (94). Rifaximin has bactericidal and bacteriostatic
activity, which is typical of antibiotics, but rifaximin also exerts
non-traditional effects by positively modulating the composition
and interactions of the microbiota (42, 92). Rifaximin
downregulates the inflammatory and NF-kB responses by
inhibiting proinflammatory cytokine and pregnane X receptor
(PXR) activation, respectively (95, 96). Rifaximin has been
proven to be beneficial for severe liver disease and the
secondary prevention of hepatic encephalopathy. It also
contributes to the secondary prevention of spontaneous
bacterial peritonitis and works as an adjuvant to beta-blockers
to reduce portal vein system pressure, which significantly reduces
the risk of bleeding from esophageal varices (41). The drug is
commonly prescribed in clinical practice; however, there is less
available data on its efficacy in NAFLD. Gangarapu et al.
prescribed rifaximin (1,200 mg/day for 28 days) to 42 patients
with biopsy-confirmed NAFLD, which included 27 patients with
Frontiers in Endocrinology | www.frontiersin.org 7
NASH. After the administration of rifaximin, there was a
significant decrease in the AST, g-glutamyl transpeptidase, and
endotoxemia levels of the patients with NASH (90).

8.1.2 Probiotics
Experiments were conducted on animals on VSL#3 (Alfasigma
USA, Inc., Covington, La, USA), which is comprised of
Streptococcus thermophilus, Bifidobacterium longum,
Bifidobacterium breve, Bifidobacterium infantis, Lactobacillus
acidophilus, Lactobacillus plantarum, Lactobacillus paracasei,
and Lactobacillus delbrueckii ssp. Bulgaricus. VSL#3 (Alfasigma
USA, Inc.) has shown promising results for animal models of
NAFLD by decreasing the severity of histopathological changes
and activity of aminotransferases (97); however, its benefits in
human models are equivocal. Loguercio et al. administered VSL#3
(Alfasigma USA, Inc.) to 22 and 20 patients with NAFLD and
alcoholic cirrhosis, respectively, and demonstrated reductions in
serum oxidative stress factors (98). Malaguarmera et al.
categorized 66 patients with NASH into two subgroups. Both
groups were advised lifestyle modifications, but one group was
additionally treated with Bifidobacterium longum and
fructooligosaccharides. The group treated with the prebiotics
demonstrated significant decreases in TNF-a, C-reactive
protein, low-density lipoprotein cholesterol, and endotoxin
concentrations. Patients were evaluated based on their AST and
NALFD activity, homeostatic model assessment for insulin
FIGURE 2 | Treatment strategies targeting the intestinal tract of NAFLD patients. NAFLD, non-alcoholic fatty liver disease; SIBO, small intestinal bacterial overgrowth.
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resistance score, and steatosis grade (99).Wong et al. administered
Lactobacillus and Bifidobacterium spp. to 16 patients with NASH.
The patients demonstrated reductions in steatosis levels after
treatment but no changes in the other morphologic parameters
(100). As previously reported, quantitative assessments of the
individual bacteria in patients with NAFLD/NASH are
inconsistent. The administered probiotics did not contain
bacterial strains, the greatest deficiency of which is observed in
these diseases.

Prebiotics are non-digestible nutrients improved the
composition of the gut microbiota and regenerating the
intestinal epithelium. Probiotics primarily treat NAFLD by
improving lipid metabolism. Probiotics also change the
composition of the microbiota, improve the intestinal barrier,
reduce intestinal permeability, and lower the levels of
proinflammatory cytokines, which reduce bacterial translocation.
There are inadequate studies on the efficacy of probiotics, but
probiotics may be considered in patients who do not respond to
conventional therapy. A low-calorie diet with reduced
carbohydrate and fat and increased choline content may have a
beneficial effect on the composition of the intestinal microbiota,
but no current studies can support this hypothesis (97). It is highly
probable that such a diet retards the development of NAFLD and
should be recommended for patients with this disease.

8.2 Therapeutic Target of Gut Barrier for
NAFLD
8.2.1 Vitamin D
NAFLD also seems to be caused by vitamin D deficiency, but the
underlying mechanisms are poorly understood. Vitamin D has
recently been identified as a possible factor in the dysregulation of
the gut-liver axis. Optimal vitamin D levels maintain the intestinal
barrier by up-regulating the production of tight junction
components and mucosal proteoglycans in the ileal epithelium.
Vitamin D also reduces microbial proliferation by promoting
intestinal mucosal Paneth cells to produce defensins and
converting enzymes, such as matrix metalloproteinase 7. Vitamin
D deficiency in an HFD mouse model exacerbated a leaky gut,
enterotoxemia, endotoxemia, and systemic inflammation, which
worsened IR and hepatic lipidosis (101). Thus, supplementation
with vitamin D has been recommended (102).

8.2.2 Prebiotics
Prebiotics may have beneficial effects on NAFLD and NASH. In
animal models, prebiotics altered the gut microbiota composition
and increased plasma glucagon-like peptide(GLP)-2 levels, which
improved gut barrier function. Prebiotics also reduce liver
inflammation and treat the metabolic disorders associated with
obesity and diabetes (103). Prebiotics, such as inulin and
oligofructose, control the growth of Faecalibacterium prausnitzii
and Bifidobacterium and reduce plasma endotoxin levels by
increasing GLP-1 secretion and the trophic effect of GLP-2 on
gut barrier integrity (104). In humans, oligofructose
supplementation improves glucose tolerance and promotes
weight loss by regulating the expression of hormones involved
in energy intake, such as ghrelin and peptide YY, in obesity (105).
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Ameta-analysis of probiotic, prebiotic, and synbiotic therapies for
NAFLD demonstrated that these treatments significantly reduced
BMI, ALT, and AST levels. Compared to prebiotics and probiotics,
synbiotics did not decrease serum lipid levels (106).

Biogenic heat-killed lactic acid bacteria have been used in
studies of NAFLD and NASH, because they are easier to handle
than live lactic acid bacteria. Heat-killed Lactobacillus reuteri
GMNL-263 (Lr263; Genmont Biotech Incorporation, Tainan,
Taiwan) reduced cardiac and liver fibrosis in HFD-fed mice by
suppressing tumor growth factor (TGF)-b (107). Live Lr263
(Genmont Biotech Incorporation) also improved inflammation,
IR, and hepatic steatosis in high fructose-fed rats (108). In
comparison, heat-killed Lactobacillus plantarum L-137 (HK L-
137; House Wellness Foods Corp., Hyogo, Japan), which was
isolated from fermented fish and rice, attenuated adipose tissue
and hepatic inflammation in DahlS. Z-Leprfa/Leprfa rats are the
model for metabolic syndrome (109). The live and heat-killed
Lactobacillus pentosus strains, which are isolated from Kyoto
pickles called shibazuke, reportedly enhanced splenic natural
killer (NK) activity and IFN-g production in mice (110, 111).
Heat-killed S-PT84 partially restored the expression of ZO-1,
occludin, and xlaudin-3 but did not restore alterations in the
microbiota profile of a NASH model. Heat-killed S-PT84
suppressed metabolic endotoxemia by maintaining the gut
barrier, regulating intestinal permeability, and suppressing IL-
17-producing T(Th17)-cell accumulation in the intestinal lamina
propria. While heat-killed S-PT84 had no effect on the abundance
of NK T-cells in the liver, it attenuated hepatic inflammation and
fibrosis by decreasing the macrophage (M)1/M2 ratio in the liver.
These results indicated that heat-killed S-PT84 attenuated
lipotoxicity-induced hepatic IR and steatohepatitis in a NASH
animal model (112). In contrast, live Lactobacillus pentosaceus
LP28 isolated from the longan fruit (Euphoria longana) reduced
weight gain and liver triglyceride and cholesterol levels in HFD-
fed mice. Heat-killed LP28 did not prevent metabolic syndrome
(113). Similar to other live lactic acid bacteria, biogenic heat-killed
lactic acid bacteria can improve NAFLD and NASH. The
immunomodulatory effects, shelf-life, and storage and
transportation of heat-killed lactic acid bacteria should be
further investigated in clinical and animal studies.

8.2.3 Constipation Drug Lubiprostone
LUB is a bicyclic fatty acid derived from the prostone metabolite,
prostaglandin E1. It is a type 2 chloride channel activator that
promotes chloride efflux into the gastrointestinal lumen, which
results in intestinal fluid secretion (114). LUB is typically
prescribed to treat chronic idiopathic constipation and irritable
bowel syndrome with constipation, but it has additional potential
actions on the intestinal mucosa. For example, LUB prevented
non-steroidal anti-inflammatory drug (NSAID)-induced small
bowel injury in rats (115), ameliorated increased intestinal
permeability in an atherosclerotic mouse model that was fed a
Western diet (116), and maintained intestinal tight junction
barrier functions by activating the chloride channel in the
Caco-2 cell line (117). We previously reported that LUB
dramatically reduced NSAID-induced intestinal permeability in
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healthy controls (16). A recent three-arm parallel, double-blind,
randomized controlled trial examined LUB as a new therapeutic
target for NAFLD. A total of 150 Japanese patients with NAFLD
and constipation were treated with a placebo or 12 mg or 24 mg of
LUB for 12 weeks. The LUB groups demonstrated improvements
in the urinary lactulose/mannitol ratio, which is an index of
intestinal permeability. Liver enzymes, liver fat, and blood
endotoxin levels were significantly improved (19). In
particular, the patients with improved intestinal permeability
demonstrated a marked decrease in liver enzymes levels, liver
adipose content, and blood endotoxin concentration (Figure 3).
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Drugs that target intestinal permeability may be a promising new
therapeutic approach for NAFLD.
9 CONCLUSION AND OUTLOOK

The pathogenesis and progression of NAFLD/NASH are associated
with increased susceptibility to endotoxins, increased intestinal
permeability, and qualitative and quantitative abnormalities in
intestinal bacteria. Advances in the understanding of the role of
the gut-liver axis in NAFLD pathogenesis and the encouraging
results of gut microbiota modulation with probiotic supplementation
provide promising and safe alternatives for therapy. Additional
extensive and long-term studies are needed to better identify the
best probiotic strains and the dose, timing, and duration of
supplementation therapy. These will allow physicians to
individualize probiotic therapy using a patient-tailored approach to
modulate intestinal permeability and endotoxemia and treat liver
disease. Future studies should explore the pathogenesis of NAFLD,
particularly the mechanisms behind intestinal permeability, to
facilitate the development of novel therapeutic approaches that
target the gut-liver axis.
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