1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j Cell Metab. Author manuscript; available in PMC 2022 January 05.

Published in final edited form as:
Cell Metab. 2021 January 05; 33(1): 21-32. doi:10.1016/j.cmet.2020.11.010.

Current concepts, opportunities, and challenges of gut
microbiome-based personalized medicine in nonalcoholic fatty
liver disease

Sharpton SR12, Schnabl B34 R Knight4>6.7 R Loombal24
Division of Gastroenterology, Department of Medicine, University of California, San Diego, La
Jolla, CA, USA.

2NAFLD Research Center, Division of Gastroenterology, University of California, San Diego, La
Jolla, CA, USA.

3Department of Medicine, VA San Diego Healthcare System, San Diego, CA, USA.
4Center for Microbiome Innovation, University of California, San Diego, La Jolla, CA, USA.

SDepartment of Computer Science & Engineering, Jacobs School of Engineering, University of
California, San Diego, La Jolla, CA, USA.

6Department of Bioengineering, Jacobs School of Engineering, University of California, San
Diego, La Jolla, CA, USA.

"Department of Pediatrics, University of California, San Diego, La Jolla, CA, USA.

Abstract

Nonalcoholic fatty liver disease (NALFD) is now a leading cause of chronic liver disease
worldwide, in part as a consequence of rapidly rising levels of obesity and metabolic syndrome,
and is a major risk factor for cirrhosis, hepatocellular carcinoma and liver-related mortality.
NAFLD stems a myriad of clinical challenges related to both diagnosis and management. A
growing body of evidence suggests an intricate linkage between the gut microbiome and the
pathogenesis of NAFLD. We highlight how our current knowledge of the gut-liver axis in
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NAFLD may be leveraged to develop gut microbiome-based personalized approaches for disease
management, including use as a non-invasive biomarker for diagnosis and staging, as a target for
therapeutic modulation and as a marker of drug response. We will also discuss current limitations
of these microbiome-based approaches. Ultimately, a better understanding of microbiota-host
interactions in NAFLD will inform the development of novel preventative strategies and precise
therapeutic targets.

In Brief (eTOC blurb)

Sharpton et al. review our current understanding of the gut-liver axis in nonalcoholic fatty liver
disease (NAFLD). They highlight potential opportunities for the development of gut microbiome-
based personalized approaches for NAFLD management, including their use as a non-invasive
biomarker for diagnosis and staging, as targets for therapeutic modulation and as markers of drug
response.
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It is expected that the practice of medicine will shift in the coming decades with continued
advances in our in-depth understanding of biomarkers and disease pathogenesis, paving
the way for personalized medicine in which patients can be more precisely stratified

based on prognosis, response to therapy and risk for development of adverse events with
therapeutic intervention (Vinks, 2017). The gut microbiome, a diverse microbial community
comprised of trillions of bacteria, fungi, viruses, archaea and protists that encodes for, by
several orders of magnitude, more functional genes than the human genome, has the ability
to modulate human health and will likely be an integral component of the personalized
medicine movement (Turnbaugh et al., 2007). Although under normal circumstances

the relationship between the human host and gut microbiome is mutually beneficial,
perturbations of the gut microbiota have been associated with many chronic diseases
(Lynch and Pedersen, 2016). Gut microbial species engage each other and the human

host, exchanging signaling molecules and substrates, and these interactions can modulate
host cellular physiology and immune response (Lynch and Pedersen, 2016). Technological
advances in gut microbiome research have yielded methods for detailed characterization of
not only gut microbial taxonomy, but also microbial gene content and metabolic output,
expanding our understanding of functional attributes of the gut microbiome in disease
pathogenesis (Gilbert et al., 2016).

Nonalcoholic fatty liver disease (NAFLD) refers to a range of disorders secondary to
excessive fat accumulation in the liver among individuals who consume little or no alcohol
and do not have a secondary cause for hepatic steatosis, such as viral hepatitis, lipodystrophy
or exposure to medications known to induce this condition. Excessive fat deposition in

the liver leads to progressive liver injury due to multiple mechanistic pathways. NAFLD
represents a major public health concern, as it is now the leading cause of chronic liver
disease worldwide with an estimated 80-100 million adults with NAFLD in the United
States alone (Younossi et al., 2018a). Among persons with NAFLD in the United States,
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approximately 20% present with steatohepatitis (NASH), a severe form of NAFLD that

may progress to cirrhosis, hepatocellular carcinoma and liver-related mortality (Younossi

et al., 2016). Cardiovascular complications and malignancy are important life-threatening
comorbidities that are commonly associated with NAFLD, with cardiovascular disease
representing the leading cause of mortality in such subjects (Adams et al., 2017). Despite
the overwhelming burden of NAFLD, major challenges remain in its clinical management,
including the need for non-invasive diagnostic tools and the paucity of effective therapeutics.

There is a growing body of evidence supporting the role of the gut microbiome-liver

axis in the pathogenesis of NAFLD progression (Sharpton et al., 2019a), and pre-clinical
evidence suggests a causal link between the gut microbiota and the disease. For example,
mice lacking gut microbiota are resistant to diet-induced obesity and hepatic steatosis, and
germ-free mice that receive fecal microbiota transplantation from donor mice with metabolic
syndrome develop liver steatosis independent of dietary intake, demonstrating that NAFLD
is potentially a transmittable process (Backhed et al., 2007; Le Roy et al., 2013).

The prospect of incorporating the gut microbiome in the management of NAFLD,

among other metabolic co-morbidities associated with it, such as obesity, diabetes and
cardiovascular disease, offers an exciting and novel strategy for disease prevention and/or
management. Here, we provide a perspective of the potential for personalized microbiome-
based approaches in NAFLD, based on current knowledge of the gut microbiome in the
disease development and progression and available strategies for therapeutic manipulation
of the microbiota. Specifically, we will highlight potential clinical applications of the

gut microbiome in NAFLD, including use as a non-invasive biomarker for diagnosis and
staging, as a target for therapeutic modulation, and as a marker of drug response (Table 1).
We will also address current challenges and limitations of these applications.

Gut microbiota as a non-invasive biomarker for NAFLD

Non-invasive tools that reliably and accurately differentiate major histologic determinants
of NAFLD are needed. Liver biopsy continues to be the gold standard for diagnosis and
staging of liver disease in NAFLD, including not only for assessment of fibrosis but also
for determining the grade of inflammation (i.e. steatohepatitis) (Younossi et al., 2018b).
Adequate assessment of fibrosis is critical to the management of patients with NAFLD,

as fibrosis is the key determinant of risk for development of cirrhosis and hepatocellular
carcinoma (Dulai et al., 2017; Hagstrom et al., 2017). Liver biopsy carries procedural

risks such as bleeding, penetration of abdominal viscera, pneumothorax, and even death, in
addition to potential limitations of sampling error.

A number of cross-sectional human studies have demonstrated an association between
perturbation in gut microbiota composition and clinical phenotypes of NAFLD severity
(simple steatosis [NAFL], steatohepatitis [NASH], and NAFLD-related advanced fibrosis) in
both pediatric and adult patient populations, recently reviewed in detail elsewhere (Sharpton
et al., 2019a). The most striking results related to the correlation between dysbiosis and
clinical phenotype of NAFLD have been in persons with NAFLD-related advanced fibrosis
(i.e., stage 3—-4). Advanced fibrosis is associated with an overall decrease in microbial
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diversity secondary to enrichment in gram-negative bacteria (likely a source of endotoxin),
and multiple studies have identified associations between Bacteroides and Escherichia spp.
and advanced fibrosis in NAFLD (Sharpton et al., 2019a).

Given the association between gut dysbiosis and NAFLD, a clinical consideration is whether
the gut microbiota may serve as a non-invasive biomarker of disease phenotype and/or

can provide prognostic value in terms of risk for progression to cirrhosis and hepatic
decompensation (including risk for subsequent development of hepatocellular carcinoma).
Fecal markers of disease have been noted in other disease states such as colorectal cancer
(Thomas et al., 2019; Wirbel et al., 2019; Yu et al., 2017) and breast cancer subtypes
(Banerjee et al., 2018). Fecal markers have also been shown to portend prognostic value and
predict overall mortality risk in persons with severe alcoholic hepatitis.(Duan et al., 2019)

Loomba et al. examined whether a gut microbial signature exists for advanced fibrosis

in NAFLD, and performed a prospective cohort study in which metagenomic sequencing
was performed in 86 patients with biopsy-proven NAFLD, of which 72 had no or minimal
fibrosis (i.e, stage 0-2) and 14 had advanced fibrosis (i.e, stage 3-4).(Loomba et al., 2017)

It was noted that 37 bacterial species, including Escherichia coli and Bacteroides vulgatus,
were differentially represented between minimal and advanced fibrosis phenotypes. When
the differentially abundant species were incorporated into a prediction model that also
incorporated patient age, body mass index, and a microbial diversity index, the model
possessed an area under the receiver operating characteristic curve (AUROC) of 0.936

for detecting advanced fibrosis. A subsequent study identified seven bacterial species,
including Bacteroides caccae, Escherichia coli, and Clostridium sporogenes, that strongly
correlated with the presence of NAFLD-related advanced fibrosis on liver biopsy.(Caussy

et al., 2018) More recently, a microbiome-derived signature of NAFLD-associated cirrhosis
encompassing 27 discriminatory bacterial species was derived from a cohort of 98 probands
and validated in a separate cohort of first degree relatives.(Caussy et al., 2019) A subsequent
study examined the combination of the stool metagenome profile and patient age and serum
albumin levels, reporting an AUROC of 0.91 in detecting cirrhosis in a multi-national cohort
of 163 adults.(Loomba, 2020) Altogether, these results suggest that there is the potential for
a fecal sample to yield a non-invasive assessment of advanced fibrosis in NAFLD, perhaps
negating the need for more invasive assessments such as liver biopsy, although because

of differences in biomarkers associated with technical methodology cross-validation across
populations of a single assay is essential. Whether microbial markers may predict risk for
disease progression and risk for hepatic decompensations before their occurrence in NAFLD
has never been examined.

There are, however, a number of limitations in the use of the gut microbiota as a biomarker.
The baseline gut microbiota is shaped by a number of factors including age, sex, geographic
localization and lifestyle factors (e.g., alcohol, smoking, physical activity). Unlike the
human genome, the gut microbiome is dynamic.(Uhr et al., 2019) Numerous studies

have demonstrated that endogenous and exogenous factors influence short- and long-term
temporal dynamics in the gut microbial community, including hormonal cycles, diet, diurnal
variation, and xenobiotics (including antimicrobials).(Lynch and Pedersen, 2016) Moreover,
exposure to such factors may leave long-lasting changes in the gut microbiome that modify
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subsequent responses to exogenous stimuli. While a single DNA-based measurement of the
gut microbiome may yield reliable information regarding taxonomic composition and gene
content, the transcriptome (and ensuing metabolome) show the most fluctuation, implying
that multiple snapshots (i.e. longitudinal sampling) might be more representative of the

gut microbiota.(Mehta et al., 2018) Moreover, the gut metagenome encodes redundancy
among microorganisms resulting in incongruence between microbial species abundance and
gene expression, and studies have demonstrated that lean and obese individuals are better
differentiated based on their gut metagenome as opposed to their taxonomic profile.(Le
Chatelier et al., 2013)

It is also plausible that there is not one unique microbial signature of disease phenotype

in NAFLD and that several pathogenic microbiome states exist. This concept has been
noted in heterogeneous conditions such as obesity (Duvallet et al., 2017; Finucane et al.,
2018; Walters et al., 2014), but less so in other disease states such as inflammatory bowel
disease (Walters et al., 2014). For example, while it was previously thought that obesity
was associated with a unique gut microbial signature, an analysis of publicly available

data found no such association between body mass index and gut microbial composition.
(Finucane et al., 2018) Intriguingly, Duvallet et al. combined datasets from 28 microbiome-
wide association studies and found an overlap of microbiome signatures among different
diseases, implying that several previously reported host-microbiome links might represent
a shared response to disease development or to generic features of inflammation.(Duvallet
et al., 2017) Altogether, the predictive value of the gut microbiota for NAFLD disease
phenotype is likely to be more robust when incorporating additional patient characteristics
(e.g., age, body mass index), other non-invasive biomarkers, as well as known risk factors
for NAFLD risk and progression such as comorbid metabolic conditions and genetic
polymorphisms(Younossi et al., 2018a), but this is an area that requires further investigation.

Finally, a variety of methods exist for characterizing the gut microbiome, each of which
has advantages and limitations.(Sharpton et al., 2019a) While advances in high throughput
sequencing technologies have yielded methods to obtain a more comprehensive snapshot
of the gut microbial community, these methods remain time-intensive, costly and subject
to bias.(Lynch and Pedersen, 2016) Uniform sequencing standards are needed to ensure
reproducibility of results across studies and reduce biases in their interpretation. High
throughput sequencing methods generate immense amounts of multidimensional data, and
integrating and analyzing multi-omic datasets creates a number of statistical challenges.
(Badal et al., 2019) Multi-dimensional data not only makes drawing biological inferences
difficult and subject to risk of false discovery (as significant correlations are expected by
random chance), but also requires data storage capabilities and extensive computational
resources.

Therapeutic manipulation of the gut microbiome in NAFLD

Therapeutic options in NAFLD are sorely needed. While there are multiple ongoing Phase
2 and 3 trials examining therapeutics in NAFLD, there are currently no established FDA-
approved pharmacologic therapies.(Younossi et al., 2018c) Lifestyle modification to achieve
weight loss, including dietary modifications and regular physical activity, remains the
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cornerstone of NAFLD management. However, even the optimal dietary regimen for persons
with NAFLD remains controversial. Altogether, less than 50% of persons with NAFLD
achieve the necessary weight loss goal (i.e., 5-10% of total body weight) to reduce hepatic
inflammation and/or fibrosis, and even those that do achieve adequate weight loss may
experience weight regain over time.(Romero-Gomez et al., 2017)

NAFLD is a heterogeneous and multi-factorial disorder with diverse pathogenic mechanisms
including de novo hepatic lipogenesis, oxidative stress, insulin resistance, inflammasome
activation and/or fibrogenesis.(Friedman et al., 2018) The prospect of manipulating the gut
microbiome in the management of NAFLD offers an exciting and novel strategy for disease
prevention and/or management (Figure 1). However, establishing causality in microbiome-
host interactions remains a challenge. Human microbiome studies are at risk for bias related
to confounding and multiple hypothesis testing. More importantly, cross-sectional human
studies yield correlative data only, with findings from these studies requiring evaluation

in pre-clinical models to confirm causality. This includes experiments such as gnotobiotic
transfer of human microbiome samples into controlled animal models or colonizing mice
with communities that differ via a single bacterial strain, in order to link bacteria with
modulation of disease.(Donia and Fischbach, 2015) Nevertheless, once causative links
between the gut microbiome and disease pathogenesis in NAFLD are well-established, a
diverse array of potential therapeutic strategies exist, which we highlight here.

Modulating gut barrier dysfunction and endotoxemia

The intestinal epithelial barrier represents the first line of defense against pathogens, and the
gut microbiome plays a significant role in maintenance of gut barrier function. Impairment
of the gut barrier, predominantly caused by disruption of intercellular tight junctions, can be
present in adults with NAFLD and can even occur in healthy subjects transitioned to a high-
fat diet.(Luther et al., 2015a; Miele et al., 2009; Pendyala et al., 2012) This disruption leads
to microbiota-host interactions involving cell-associated ligands (e.g., lipopolysaccharides)
that are released into the portal circulation and influence microbial sensing and response
systems such as toll-like receptors, which function as immune gatekeepers.(Cani et al.,
2007) Endotoxin translocation and induction of toll-like receptors (TLR) in the liver,
specifically TLR4, leads to downstream activation of transcription factors inducing an
inflammatory response, and TLR4 knockout may mitigate hepatic inflammation.(Henao-
Mejia et al., 2012)

Hepatic TLR4 expression is upregulated in persons with NAFLD (Sharifnia et al., 2015),
and preclinical data suggest that TLR4 inhibition could mitigate steatohepatitis through
mechanisms including reduction of IL-6 and IL-12 and inhibition of hepatic stellate cell
proliferation and collagen expression (Dattaroy et al., 2016; Du et al., 2016; Gan et al.,
2014). However, despite robust pre-clinical data in support of TLR4 inhibition, a Phase

2 randomized, placebo controlled, double-blind, trial of a TLR4 antagonist (JKB-121)
revealed no difference in liver fat content when compared to 24 weeks of placebo, albeit
the placebo response rate in this study was unexpectedly high (Diehl et al., 2018). These
negative results may also indicate that the pathogenesis of NAFLD is not equally driven by
the gut microbiota in all patients, and that subsets of patients will derive more benefit from
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microbiota-targeted therapies than others. This is further corroborated by a meta-analysis
that found that only 39.1% of persons with NAFLD had increased intestinal permeability,
although individuals with NAFLD were significantly more likely to have increased intestinal
permeability than controls (Luther et al., 2015b).

It has been demonstrated in multiple studies that the gut microbiota influence neutrophil
migration and function, as well as promote the differentiation of T cell populations into
various types of helper T cells and regulatory T cells (Fujimura et al., 2016; Owaga et al.,
2015; Xu et al., 2018). A recent study found that mice with NASH had increased hepatic
and intestinal a4B7* CD4* T cells relative to controls. This increase in CD4* T cells was
promoted by expression of mucosal addressin cell adhesion molecule 1 (MAdCAM-1)

in the colonic mucosa, which was highly correlated with increased mucosa-associated
Proteobacteria. These findings suggest that targeting dysbiosis-associated T cell recruitment
to the gut and liver may hold therapeutic potential in NAFLD (Rai et al., 2020).

Targeting gut microbiota dysbiosis

1. Antibiotics, prebiotics, probiotics, and synbiotics

The majority of currently available strategies aim to alter microbial composition through
exogenous administration of antimicrobials (e.g., antibiotics and antifungals), living
microorganisms (e.g., probiotics), indigestible fermentable dietary fibers that stimulate

the growth and survival of microbes (e.g., prebiotics), or a combination thereof (e.g.,
synbiotics). The most well-studied use of this category of microbiome-targeted therapies in
chronic liver disease is in the management of symptomatic hyperammonemia resulting from
cirrhosis (i.e., hepatic encephalopathy). Lactulose, a prebiotic and synthetic disaccharide of
galactose and fructose utilized routinely as first-line management of hepatic encephalopathy,
enhances growth of Bifidobacterium and Lactobacillus at clinically relevant dosages
(Bouhnik et al., 2014), although effects on gut microbiota composition may be variable
(Sarangi et al., 2017). In contrast, rifaximin, a minimally absorbable oral antibiotic also
used in the management of hepatic encephalopathy, leads to minimal changes in microbial
taxonomic composition but significant changes in microbial metabolic function are seen
while on the therapy (Bajaj et al., 2013).

The benefit of similar microbiota-targeted therapies in NAFLD is not well delineated. A
recent meta-analysis and meta-regression examined evidence from 21 randomized controlled
trials (7= 1252 participants) that examined microbiome-targeted therapy in individuals
with NAFLD and noted that the use of probiotics or synbiotics was associated with
improvement in specific markers of hepatic inflammation, liver stiffness (via elastography),
and steatosis (via ultrasound imaging). However, there was significant heterogeneity in
included trials due to a number of factors including varying severity of liver disease
phenotype, additional patient-level factors including population age, and intervention-level
factors including selection and duration of microbiota-targeted therapy (Sharpton et al.,
2019b). This may be in part due to the fact that probiotics have not been shown to lead

to shifts in the gut microbial community. A meta-analysis that included 7 randomized
clinical trials found no effects of probiotics on microbiota composition and no evidence for
persistent probiotic engraftment (Kristensen et al., 2016). More recent evidence suggests
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that engraftment of bacterial strains can be predicted based on a person’s baseline gut
microbiota, with autochthonous bacterial strains demonstrating higher ecological fitness than
allochthonous strains (Maldonado-Gomez et al., 2016). Next-generation probiotics (e.g.,
those that are comprised of core microbial species that are underrepresented in dysbiosis) are
also currently being developed (Olle, 2013).

Fecal microbiota transplantation (FMT)

FMT represents a potential microbiota-targeted therapeutic strategy for NAFLD. The most
well-known example of clinical use of FMT is in the management of Clostridium difficile-
associated diarrhea, a disorder preceded by gut dysbiosis predominantly following exposure
to antibiotics. In a pivotal randomized trial, FMT in C. difficile colitis demonstrated more
success than antibiotic treatment and resulted in overall shift in microbial community
composition away from a dysbiotic state (Van Nood et al., 2013). FMT into mice using
isolates of high-alcohol-producing Klebsiella pneumoniae, a microbe shown to be strongly
associated with NASH in a cohort of patients, induced NAFLD. (J et al., 2019) To date,
FMT trials in human subjects with metabolic disease have been limited to obese adults
with metabolic syndrome but without clearly defined NAFLD (Allegretti et al., 2020;
Kootte et al., 2017; Vrieze et al., 2012), but at least one randomized trial examining

FMT in adults with biopsy-confirmed NAFLD is actively recruiting subjects at this time.
(ClinicalTrials.gov Identifier: NCT04465032)

It is worth noting that FMT can be associated with risks for the recipient, including the
potential for inadvertent transplantation of pathobionts and/or detrimental interactions with
the recipient’s existing gut microbiota. It was recently reported that two adults who had
undergone FMT in the clinical trial setting developed extended-spectrum beta-lactamase
(ESBL)-producing Escherichia coli bacteremia, and one of these patients died as a result
of bacteremia. Genomic sequencing linked both cases to the stool donor, highlighting the
potential for adverse infectious events with FMT (DeFilipp et al., 2019). Furthermore, our
mechanistic understanding of the gut microbiome’s response to FMT is limited. In trials
including individuals with C. difficile-mediated colitis, recipients had an increase in alpha
diversity and a shift in gut microbial composition toward donors (Smillie et al., 2018;
Vermeire et al., 2016). However, in other FMT trials, particularly those that included persons
with metabolic syndrome and inflammatory bowel disease, recipient microbial community
post-FMT did not associate closely with the donor (Fuentes et al., 2017; Kootte et al.,
2017), and recipient and donor strains were found to co-exist in recipients for months
following FMT (Kumar et al., 2017; Lee et al., 2017; Moss et al., 2017). While discrepant
findings on engraftment of donor microbiota amongst FMT studies can in part be attributed
to study methodologic differences, a better understanding of the determinants of microbial
engraftment with FMT is needed.

3. Phage-mediated modulation of the gut microbiota

A potential paradigm in microbial modulation is a shift away from relatively untargeted
approaches for dysbiosis that may yield broader perturbations in the microbial community
structure (including antimicrobials, prebiotics, probiotics, synbiotics and even FMT) and
toward more targeted approaches. An example of a more targeted strategy includes the use
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of bacteriophages, viruses that are ubiquitous in the human gut and infect and replicate
within bacteria often with species-level specificity. While this approach has not been
evaluated in NAFLD, pre-clinical data supports this strategy in alcohol-related liver disease.

The therapeutic use of bacteriophages was initially described in the 1910s but has seen a
recent renewal in interest, including in gastrointestinal diseases (Sabino et al., 2020). It was
only recently discovered that phage therapy can be utilized to modulate the gut microbiota,
not only affecting susceptible bacterial species within a timeframe of hours to days, but
further regulating non-targeted bacteria through interbacterial interactions as well altering
the gut metabolome (Hsu et al., 2019; Volkova et al., 2014). Bacteriophage therapy has
been examined in a murine model of alcoholic hepatitis, demonstrating potential therapeutic
promise. Humanized mice treated with bacteriophages that target cytolytic Enterococcus
faecalis, previously found to be associated with increased risk for poor outcomes in persons
with alcohol hepatitis, led to attenuation of ethanol-induced liver disease without changes
in hepatic metabolism in ethanol or in overall composition of the gut microbiota (Duan et
al., 2019). However, phage therapy to target the gut microbiota in liver disease has not been
studied outside of murine models and requires further evaluation not only for efficacy but
also for clinical safety in humans.

Modulating gut microbial metabolism

1.

It is increasingly recognized that the gut microbiome contributes to disease via microbial
metabolism and production of bioactive metabolites. Microbial metabolites are synthesized
from the metabolism of dietary input and xenobiotics (among other substrates), as well as
from the modulation of host-derived molecules, such as bile acids. These small molecules
enter the portal circulation, facilitating a gut-liver crosstalk. This mechanism is of particular
interest given that the gut microbiota produces tens of thousands of bioactive small
molecules, some found at concentrations comparable to administration of clinical drugs
(Donia and Fischbach, 2015). Altogether, the function and biochemical output of the gut
microbiota is more important than the underlying composition. Gut microbial metabolites
have now been linked with a diverse range of disease states, including cardiovascular
disease, autism spectrum disorder, Parkinson’s disease, diabetes mellitus and colon cancer
(Canfora et al., 2019; Kasahara and Rey, 2019; Martinez et al., 2017; Wang et al., 2017).

Postbiotics, small molecule inhibition, and engineered microbes

Targeting downstream signaling pathways and mitigating effects of either excess or deficient
microbial-derived metabolites represents a promising source of potential drug targets
(Brown and Hazen, 2017; Skelly et al., 2019). This may be achieved via diverse methods
such as administration of bioactive compounds (more recently referred to as postbiotics),
small molecule inhibition of bacterial enzymes, or genetically engineering bacteria to
perform specific functions. One of the most well-delineated links between a microbial-
derived metabolite and clinical phenotype in humans is the role of Trimethylamine-N-oxide
(TMAO) in atherosclerotic cardiovascular disease. A number of human studies have not
only found associations between serum levels of TMAQ and coronary atherosclerosis but
also noted that this metabolite carries prognostic value in prediction of major adverse
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cardiovascular events (Yang et al., 2019). Subsequent pre-clinical studies have demonstrated
that inhibition of a distinct microbial enzyme responsible for generation of TMA (the first
step in TMAO production) reduces atherosclerotic lesion development in murine models,
yielding a proof-of-concept for targeting of microbial metabolism (Pathak et al., 2020; Wang
etal., 2015).

Kurtz et al. recently developed an engineered Escherichia coli strain that converted systemic
ammonia to L-arginine in a murine model, which was subsequently well tolerated in 52
healthy volunteers and resulted in a dose-dependent increase in urinary nitrate (Kurtz et
al., 2019). Similar reductions in systemic ammonia were achieved with inoculation of a
consortium of 8 engineered bacteria with minimal urease gene content in a murine model
(Shen et al., 2015). These findings exemplify the potential for more precise microbiota-
based therapeutics for symptomatic hyperammonemia in persons with chronic liver disease
(and other hyperammonemia disorders), particularly when compared to non-precision
approaches using lactulose and/or rifaximin, as described previously. Genetically modified
bacteria have been examined in other applications (Mimee et al., 2016), although there

are many practical challenges to overcome including prevention of horizontal gene transfer
amongst microbes (Wegmann et al., 2017).

Potential mechanisms of NAFLD disease pathogenesis related to microbial metabolism
have been recently reviewed (Sharpton et al., 2018). Emerging evidence suggests that
microbial metabolites derived from methylamine and branched chain amino acid metabolism
and carbohydrate fermentation may be of significance in the pathogenesis of NAFLD.

Of note, bile acid metabolism by the gut microbiome is also suspected to play a role in
NAFLD pathogenesis, which we discuss separately. Hoyles et al. performed an integrated
analysis of the gut metagenome, hepatic transcriptome, and serum metabolome in a

cohort of obese women without diabetes, which yielded discovery of a microbial-derived
metabolite (phenylacetic acid) that was enriched in those with NAFLD (Hoyles et al., 2018).
Phenylacetic acid was subsequently found to induce hepatic steatosis both /n vitro (in a
primary culture of human hepatocytes) and /7 vivo (in a murine model). Ma et al. found

that indole, a microbiota-derived metabolite found in lower concentrations in persons with
obesity, alleviates diet-induced hepatic steatosis in a PFKFB3-dependent manner in mice
(Ma et al., 2020). These are two key examples of microbial-derived small molecules —

one that is deleterious and one that is beneficial — that may have implications in NAFLD
therapeutics, but these have not been studied in humans.

Further exploratory studies in well-characterized NAFLD cohorts are needed to identify
microbial metabolites of interest. However, our understanding of the microbial metabolome
is in its infancy. While analytical chemistry techniques yield information on vast number

of small molecules, our characterization of the microbial metabolome is incomplete due to
the fact that only a small fraction of data generated by untargeted metabolomics can be
annotated. There are ongoing efforts to expand current databases to facilitate metabolite
identification. An additional challenge in characterizing the metabolome is that microbial
metabolism is dynamic and substrate driven, with metabolite composition often changing in
the post-prandial state, indicative that metabolomics should not only be applied to fasting
samples (Li-Gao et al., 2018; Schugar et al., 2018). Finally, microbial metabolites may
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have pleiotropic effects in the human host. For example, short-chain fatty acids (SCFAS)
may exert differential effects on T-cell mediated immune responses, dependent on both
SCFA concentration and immunological mileu (Kespohl et al., 2017). Despite these current
limitations, metabolite-based therapeutics offer significant therapeutic promise.

Bile acid-microbiota crosstalk

Primary bile acids are secreted by the liver and metabolized by the gut microbiota into
secondary bile acids. Bile acids serve as ligands for farnesoid X receptor (FXR) and
G-protein coupled receptors (TGRS5) with effects on lipid, glucose and energy metabolism.
In addition to their host effects, bile acids also exhibit feedback to the gut microbiota
through membrane-damaging effects and indirectly through induction of antimicrobial
protein expression. Serum concentrations of primary and secondary bile acids are increased
in individuals with NAFLD (Jiao et al., 2018). Bile acids prevent intestinal bacterial
overgrowth, both directly (via membrane damaging effects) and indirectly (via production of
antimicrobial proteins). As such, bile acids modulate the composition of the gut microbiota.
On the other hand, the gut microbiota deconjugates and converts primary bile acids to
secondary bile acids, thus regulating the bile acid pool (Ridlon et al., 2016).

An engineered analogue of fibroblast growth factor 19 (FGF19), a hormone that dampens
bile acid synthesis through effects on cholesterol 7alpha hydroxylase (CYP7AL), improves
histologic features in subjects with biopsy-proven NAFLD (Harrison et al., 2020). Although
the link between supraphysiologic bile acid concentrations and the development of NAFLD
is not well understood, it is likely precipitated by the gut microbiome. Yao et al.
demonstrated that deletion of a single bacterial gene (from a strain within the Bacteroides
genus) in a gnotobiotic model specifically modulated the /n vivobile acid pool with
ensuing effects on weight gain and lipid levels, suggesting mechanistic link between the

gut microbiota and bile acid metabolism in metabolic disease (Yao et al., 2018).

Leveraging gut microbiota-diet interactions to guide personalized nutrition

Dietary-microbiota crosstalk may affect development and progression of metabolic diseases,
including NAFLD, which has led to the emergence of the concept of “personalized
nutrition”. Daily microbial fluctuations are strongly influenced by the timing and type of
food intake (Thaiss et al., 2016; Tognini et al., 2017). Personalized nutrition approaches aim
to identify key microbiota features that predict response to diet, which subsequently informs
individual tailoring of dietary interventions for disease prevention and/or management
(Kolodziejczyk et al., 2019).

Optimizing nutrition has been a longstanding recommendation for all patients in the
management of NAFLD (Saeed et al., 2019). Epidemiological studies and randomized trials
show that a Western diet, associated with increased intake of simple sugars, is associated
with NAFLD severity (Abdelmalek et al., 2010; Ma et al., 2015). Ouyang et al. compared
dietary history between individuals with biopsy-proven NAFLD and controls (matched for
age, sex and body mass index) and found that individuals with NAFLD had a two- to three-
fold higher consumption of fructose, which was associated with an increased enzymatic
activity for lipogenesis (Ouyang et al., 2008). A cross-sectional analysis of liver steatosis on
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computed tomography in 2,634 participants in the Framingham Heart Study cohort showed
a dose-response association between consumption of refined sugars and NAFLD (Ma et al.,
2015). A subsequent randomized trial found that administering sucrose-sweetened beverages
to overweight adults for six months resulted in hepatic fat accumulation on magnetic
resonance spectroscopy, as well as concomitant increases in visceral and skeletal fat mass
(Maersk et al., 2012). Conversely, fructose restriction in children results in both a reduction
in hepatic steatosis and visceral adipose tissue when compared to controls fed an isocaloric
diet, irrespective of baseline hepatic steatosis (Schwarz et al., 2017).

A Mediterranean diet, in part characterized by reduced carbohydrate intake but also by

an emphasis on plant-based foods, has also been suggested to be effective in NAFLD
management. Cohort studies have noted inverse associations of NAFLD severity with
adherence to a Mediterranean diet (Baratta et al., 2017; Kontogianni et al., 2014). Moreover,
the Mediterranean diet has been shown to reduce the risk of cardiovascular disease and
diabetes, co-morbidities highly relevant in persons with NAFLD (Estruch et al., 2013). More
recently, Markova et al. found that diets high in animal and/or plant protein significantly
reduced hepatic steatosis and markers of hepatic inflammation, independent of changes

in body weight, in persons with type 2 diabetes and NAFLD (Markova et al., 2017).
Altogether, evidence to date suggests that dietary intake is an important contributor in the
development of NAFLD.

Nevertheless, recent evidence suggests that a “one size fits all” approach to dietary
interventions in the management of metabolic disease may be inadequate, with inter-
individuality in processing key nutrients driven by the gut microbiome. Johnson et al.
performed shotgun metagenomics on daily fecal samples in 34 healthy adults over a period
of 17 days and found that microbial responses were correlated with food choices but were
highly personalized (Johnson et al., 2019). Zeevi et al. examined glucose levels in an 800-
person cohort and also found high variability among subjects in response to identical meals.
A machine learning algorithm that included the gut microbiota, among other measurements
such as anthropometrics and physical activity, predicted personalized postprandial glycemic
response, and this algorithm was subsequently validated an external cohort (Zeevi et al.,
2015).

In addition to dietary choices, dietary timing — influenced by circadian rhythmicity and
intermittent fasting — affects metabolic risk via effects on gut microbial composition and
function. It is known that circadian rhythms and the gut microbiota are intricately linked and
exhibit bidirectional crosstalk, with studies in murine models demonstrating that disruption
of circadian rhythm and feeding patterns can lead to dysbiotic states, and conversely
antibiotic-induced microbiota changes result in circadian gene dysregulation (Mukherji et
al., 2013; Zarrinpar et al., 2014). Alterations in circadian rhythms and feeding patterns
have ensuing metabolic effects. The transfer of gut microbiota from jet-lagged humans into
germ-free mice results in the development of insulin resistance and obesity (Thaiss et al.,
2014), whereas intermittent fasting restores glucose tolerance (Leone et al., 2015; Li et al.,
2017).
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These findings have led to interest in the role of altering feeding patterns with intermittent
fasting as a management strategy of obesity and co-related metabolic diseases. Intermittent
fasting refers to a low calorie period lasting less than 24 hours followed by a normal feeding
period, and includes variations such as time-restricted feeding (specific time windows for
food consumption within a day) and alternate-day fasting (alternation between normal
caloric consumption days and caloric restriction days) (Hatori et al., 2012; Longo and
Mattson, 2014). Intermittent fasting interventions had acceptable adherence and lead to
weight loss and improvement in a number of metabolic parameters in several recent
randomized trials of modest sample sizes.(Cai et al., 2019; Cienfuegos et al., 2020; Johari et
al., 2019)

Altogether, while it remains unknown how the interface between dietary intake — including
both “what to eat” and “when to eat” — and the gut microbiota can be manipulated in

the management of NAFLD, there is mounting evidence for the potential for personalized
dietary approaches.

Individualized drug selection in NAFLD

Individual responses to pharmacologic therapy vary in terms of both efficacy and risk

for adverse drug reactions. While inherited genome variations may lead to differences in
xenobiotic metabolism, it has long been recognized that the discrepancy in drug efficacy and
toxicity is not explained by genetics alone (Kalow et al., 1998). The role of gut microbial
metabolism in drug response was noted as early as the 1930s, at which time sulfasalazine
was developed, requiring cleavage by the gut microbiota for in vivo activity. It has been
more recently appreciated that interactions between the gut microbiota and xenobiotics are
in fact bidirectional. The gut microbiota may contribute to the metabolism of xenobiotics,
in a manner that is different than hepatic metabolism, but conversely the microbiota
composition can be altered by xenobiotics (Koppel et al., 2017). In fact, interindividual
variation in gut microbiota may be in part related to drug usage (Zhernakova et al., 2016).

Pharmacomicrobiomics, an emerging field that encompasses the study of the effect of
microbiome variations on drug disposition, action and toxicity, may expand the scope of
personalized medicine in terms of individualized drug selection. Microbiota interactions
have been described with a number of pharmacologic agents including metformin (Wu et
al., 2017), digoxin (Haiser et al., 2013), and anti-integrin therapy (Ananthakrishnan et al.,
2017). For example, in a type 1 adult diabetic cohort, it was shown that metformin increased
abundance of Akkermansia mucinophilia, a gut bacterial known to produce short-chain
fatty acids and known to contribute to intestinal barrier integrity, thus mediating changes in
glucose metabolism (de la Cuesta-Zuluaga et al., 2017). In a recent proof-of-concept study,
administration of Akkermansia mucinophiliato overweight or obese volunteers with insulin
resistance yielded improvement in several metabolic parameters including insulin sensitivity.
(Depommier et al., 2019) Another key example of microbiota-xenobiotic interaction is

the differential response to immunotherapy, in part attributable to an individual’s baseline
gut microbiota, in a number of malignancies including melanoma, non-small cell lung
cancer, renal cell carcinoma, urothelial carcinoma, and hepatocellular carcinoma (Zitvogel
et al., 2016). For example, in a cohort study of 112 adults with melanoma, the gut
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microbiota in responders to therapy demonstrated higher alpha diversity and enrichment

in Ruminococcaceae, which correlated with improved effected T cell function, highlighting
a “favorable” microbiota for those receiving immunotherapy (Routy et al., 2018). Moreover,
in a prospective multicenter cohort study of 196 persons undergoing immune checkpoint
inhibitor therapy, prior exposure to antibiotics was associated with worse overall survival
and higher likelihood of refractory disease (Pinato et al., 2019).

A number of Phase 2 and 3 studies are ongoing for NAFLD, evaluating drugs targeting
diverse pathways including hepatic fat accumulation, insulin sensitization, oxidative stress
and apoptosis, and hepatic fibrosis (Sumida and Yoneda, 2018). Whether the gut microbiota
may serve as a marker for drug response, and can specifically lead to the ability

to individually select a therapy with a higher likelihood for treatment success (and
simultaneously mitigate risks for toxicity), is unknown.

Conclusion

A small but growing number of studies are expanding our understanding of the mechanisms
by which NAFLD phenotypes are impacted by the gut microbiome. Further well-designed
prospective human studies, combined with pre-clinical models, are needed to establish
causal microbiota-host interactions in NAFLD pathogenesis. Nonetheless, we anticipate
that the gut microbiome will emerge as an integral component of personalized medicine,
specifically in multi-factorial chronic metabolic disorders such as NAFLD, in the coming
years. Fecal microbial signatures could serve as non-invasive diagnostic tools or provide
prognostic value. Precise manipulation of the gut microbiota may serve as a therapeutic
option, either as monotherapy or in combination with other therapeutic targets. Finally, a
broader understanding of microbial metabolism may lead to personalized drug selection.
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Figure 1. Potential microbiome-based therapeutic interventions in nonalcoholic fatty liver
disease (NAFLD).

Intestinal barrier dysfunction, in part related to leaky tight junctions, allows microbial
products from gut bacteria, such as lipopolysaccharide, to enter the portal circulation

and stimulate toll-like receptors (TLRs), leading to activation of the innate immune
system. NAFLD is associated with perturbations in gut microbiota composition, often
referred to as intestinal dysbiosis. Modulation of the gut microbiota is feasible via a
diverse array of strategies including antimicrobials, prebiotics, probiotics, synbiotics, fecal
microbiota transplantation (FMT), and bacteriophage therapy. Gut microbiota contribute

to disease pathogenesis through metabolism of dietary substrates, xenobiotics, as well

as host molecules (such as primary bile acids), resulting in the production of bioactive
small molecules that enter the portal circulation and modulate microbiota-host interactions.
Interventions specifically targeted to microbial metabolism may include postbiotics

and small molecule inhibition and genetically engineered microbes to precisely alter

the production of bacterial metabolites. Metabolites of particular interest in NAFLD
pathogenesis include short-chain fatty acids (SCFAs), branched-chain amino acids
(BCAAS), indoles, and secondary bile acids (derived from microbial metabolism of primary
bile acids). Personalized dietary approaches may modulate dietary-microbiome crosstalk,
with ensuing effects on both microbiota composition and metabolic output.
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Table 1.

Potential gut microbiome-based clinical applications in nonalcoholic fatty liver disease

Non-invasive biomarker for diagnosis and staging

B Identification of persons at risk of developing NAFLD
B Determination of disease phenotype

O Steatohepatitis

O Liver fibrosis stage

Therapeutics

Gut barrier integrity
B Toll-like receptor signaling

Modulation of intestinal dysbiosis
Antimicrobials (antibiotics, antifungals)
Prebiotics

Probiotics

Synbiotics

Fecal microbiota transplantation (FMT)
Bacteriophage therapy

Targeting of gut microbial metabolism
W Posthiotics

B Small molecule inhibition

B Genetically engineered microbes

Personalized nutrition

Pharmacomicrobiomics

Appropriate drug selection (maximize efficacy and/or minimize toxicity)
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