UC San Diego
UC San Diego Previously Published Works

Title

An Update on the Role of the Microbiome in Non-alcoholic Fatty Liver Disease Pathogenesis,
Diagnosis, and Treatment

Permalink

https://escholarship.org/uc/item/6xk3h7k7]

Journal
Current Treatment Options in Gastroenterology, 18(2)

ISSN
1092-8472

Authors

Mouzaki, Marialena
Loomba, Rohit

Publication Date
2020-06-01

DOI
10.1007/s11938-020-00290-2

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6xk3h7k7
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2021 June 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Treat Options Gastroenterol. 2020 June ; 18(2): 270-280. doi:10.1007/s11938-020-00290-2.

An update on the role of the microbiome in non-alcoholic fatty
liver disease pathogenesis, diagnosis, and treatment.

Marialena Mouzaki, MD MSc?, Rohit Loomba, MD, MHSc?2
1Steatohepatitis Center, Cincinnati Children’s Hospital Medical Center, University of Cincinnati,

°NAFLD Research Center, Division of Gastroenterology, Department of Medicine, University of
California at San Diego

Abstract

The microbiome was originally postulated to contribute to the pathogenesis of NAFLD when the
first studies of dysbiosis in NAFLD were reported. Since then, a number of studies have
investigated this finding further, in order to discern whether the dysbiosis is the result of the
metabolic dysregulation seen with NAFLD or a contributor to the pathogenesis of this condition.
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Introduction:

Non-alcoholic fatty liver disease (NAFLD) is the leading cause of liver disease in the world,
currently thought to affect approximately one in four adults and one in ten children[1, 2].
The pathophysiology of NAFLD is multifactorial; with genetic, metabolic and
environmental factors affecting patients to a variable degree[3-5]. Another contributor to the
development and progression of NAFLD is the intestinal microbiome. The role of the
microbiome in the pathophysiology of adult and pediatric NAFLD has been previously
summarized[6, 7]. The objective of this review is to highlight the most recent discoveries
regarding the role of the microbiome in the pathogenesis of, diagnostic approaches for and

Please address correspondence to: Rohit Loomba, MD, MHSc, ACTRI Building, 1W202, 9452 Medical Center Drive, La Jolla, CA
92037, Ph: 858-246-2201, Fax: 858-246-2255, roloomba@ucsd.edu, Web: http://fattyliver.ucsd.edu, Marialena Mouzaki, MD MSc,
Cincinnati Children’s Hospital, 3333 Burnet Ave, Cincinnati, OH 45229, Ph: 513-636-4415, Fax: 513-803-1111,
marialena.mouzaki@cchmc.org.

Author Contributions: Marialena Mouzaki: Drafting of the manuscript, critical revision of the manuscript, approved final
submission.

Rohit Loomba: Study concept and design, critical revision of the manuscript, approved final submission

Potential conflict of interests: Rohit Loomba:

RL serves as a consultant or advisory board member for Arrowhead Pharmaceuticals, AstraZeneca, Bird Rock Bio, Boehringer
Ingelheim, Bristol-Myer Squibb, Celgene, Cirius, CohBar, Conatus, Eli Lilly, Galmed, Gemphire, Gilead, Glympse bio, GNI, GRI
Bio, Intercept, lonis, Janssen Inc., Merck, Metacrine, Inc., NGM Biopharmaceuticals, Novartis, Novo Nordisk, Pfizer, Prometheus,
Sanofi, Siemens, and Viking Therapeutics. In addition, his institution has received grant support from Allergan, Boehringer-Ingelheim,
Bristol-Myers Squibb, Cirius, Eli Lilly and Company, Galectin Therapeutics, Galmed Pharmaceuticals, GE, Genfit, Gilead, Intercept,
Grail, Janssen, Madrigal Pharmaceuticals, Merck, NGM Biopharmaceuticals, NuSirt, Pfizer, pH Pharma, Prometheus, and Siemens.
He is also co-founder of Liponexus, Inc.


http://fattyliver.ucsd.edu

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mouzaki and Loomba Page 2

treatment of NAFLD. Herein we discuss studies on these topics that were published from
January 1, 2017 to December 31, 2019.

Updates regarding dysbiosis in adult and pediatric NAFLD:

The differences in the intestinal microbiota composition and function of patients with
NAFLD and controls have been a matter of ongoing scientific interest over the past decade.
The results of the most recent investigations on the topic are summarized in Table 1. Most
studies continue to be characterized by small sample size and infrequent inclusion of obese,
non-NAFLD controls, which is necessary to adjust for the known effects of obesity on the
microbiome [8-10]. Furthermore, the definition of NAFLD and NASH is variable in these
studies, with some using ultrasonography to determine the presence of NAFLD, which is
known to have unacceptably low sensitivity and specificity for this purpose[11], and others
defining NASH using the histologic NAFLD activity score, which is also not accurate[12].
Considering these limitations, these studies provide mostly explorative associations between
dysbiosis, microbial function and disease severity. However, certain results can be
hypothesis-generating, predominantly in terms of the pathophysiology of NAFLD, and may
also reveal useful disease biomarkers.

Updates regarding the role of the intestinal microbiome in the pathogenesis
of NAFLD (Figure 1):

a. Early life exposures

The importance of early metabolic exposures of the individual on the risk of developing
hepatic steatosis and inflammation later on in life, and the involvement of the microbiome in
this process, have become more apparent recently. Using a murine model, Wankhade et al.
showed that maternal obesity during pregnancy causes epigenetic changes that impact on the
metabolism of the offspring [19]. Furthermore, they showed that maternal obesity is
associated with dysbiosis in the offspring. Soderborg et al. used fecal transplantation studies
to discern whether the distinct microbiota composition of infants born to obese mothers can
contribute to the risk of NAFLD[20]. When the stool of 2-week old infants was transplanted
to germ-free mice there was evidence of impaired bile acid signaling (similar to that
previously reported in NAFLD), impaired innate immunity, and portal inflammation in the
liver. When these mice were subsequently exposed to a Western-style diet, they gained more
weight and fat mass than their counterparts who had received stool from infants born to lean
mothers. The diet also led to a phenotype identical to pediatric NAFLD, with hepatic
steatosis, portal and lobular inflammation, as well as increased expression of pro-
inflammatory cytokines and decreased expression of anti-inflammatory cytokines. This
study highlighted that dysbiosis may precede the development of NAFLD and acts
synergistically with the diet in the development of the final hepatic phenotype. Importantly,
the authors also suggested that this type of microbiome-induced injury could explain the
portal pattern of inflammation seen in type 1 (pediatric) NAFLD[21].
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b.

C.

d.

Ethanol

It has now become apparent that microbiome-driven synthesis of ethanol is an important
contributor to the pathogenesis of NAFLD/NASH, in a subset of patients. Aragones et al.
recently showed that among 53 Caucasian women with severe obesity and NAFLD,
circulating ethanol levels were significantly higher in patients with NASH compared to those
with non-alcoholic fatty liver (NAFL)[22]. Studying the intestinal microbiome of an Asian
cohort, Yuan et al. revealed that 61% of patients with NASH carried high-ethanol producing
Klebsiella pneumonia strains, as opposed to 6% of healthy controls[23]. Using fecal
transplantation studies, they showed that these microbes were intimately linked to the
pathogenesis of NASH through their ethanol-synthesizing capacity. This effect was both
preventable and treatable with the use of bacteriophages and antibiotics, respectively. These
findings, should they be validated, suggest that the identification of the high-ethanol
producing Klebsiella strain could serve as both a predictor of disease severity and
progression, as well as an indication for antimicrobial treatment.

Intestinal permeability, including the gut vascular barrier

Recent links between host genotype and dysbiosis in the pathogenesis of NAFLD/NASH
were provided by Chen et al.[24]. In a murine model of NASH, they studied the role of
Sirtuin 3 (SIRT3), a known regulator of mitochondrial function, on intestinal microbiota
composition and gut barrier function. This is important, because single nucleotide
polymorphisms of the human SIRT3 gene that lead to low enzyme activity have been
previously linked to steatosis and NASH development[25]. Chen et al. showed that SIRT3
deficiency leads to dysbiosis, increased intestinal permeability and endotoxemia, as well as
inability to attenuate the intestinal inflammation that is induced by high fat diet feeding.
Butyrate supplementation ameliorates this phenotype, as shown by improvements in both
intestinal permeability and markers of intestinal steatosis and inflammation. The beneficial
impact of butyrate on dysbiosis, gut barrier function and metabolic dysregulation has been
shown in other animal models of NASH as well[26].

Beyond the epithelial barrier, an intriguing study by Mouries et al. recently showed the role
of the microbiome in disrupting the gut vascular barrier[27]. In a series of elegant in vitro, in
vivo and human studies they showed that diet-associated dysbiosis initially leads to the
disruption of the intestinal epithelial barrier (tight junctions etc.) and subsequently the
disruption of the gut vascular barrier. This study revealed for the first time that the latter is a
necessary event for NASH to develop, even in the context of high fat diet feeding and
obesity. Importantly, obeticholic acid (a farsenoid X receptor [FXR]) agonist was proven to
be efficacious in preventing the disruption of the gut vascular barrier in this context,
suggesting that this agent could serve not only as a treatment modality for NASH but also as
a preventative approach against progression to end stage liver disease.

Bile acids

Using fecal transplantation studies and germ-free mice, Petrov et al. reported on the
characteristics of the microbiome and metabolome of mice protected from high fat diet
feeding[28]. They showed that beyond specific changes to the microbiome (increased
Dusulfovibrio and Oscillospira and decreased Bacteroides and Oribacterium), a “protected
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phenotype” was associated with lower primary and higher secondary bile acids in both the
stool and the plasma, as well as induction of genes involved in hepatic bile acid transport
and down regulation of genes involved in de novo lipogenesis and bile acid synthesis.

In contrast, human studies have shown that while serum bile acids are increased in patients
with NAFLD, with a predominance of bile acids that antagonize FXR, there is evidence of
impaired FXR signaling[29, 30]. Jiao et al. showed that the dysbiosis of patients with
NAFLD favors the conversion of primary to secondary bile acids, which may have
implications for future treatments[29]. Tan et al. provided another link between the
microbiome and the impaired bile acid homeostasis seen in patients with NAFLD.
Trimethylamine N-oxide (TMAO) is produced in the liver following the metabolism of the
bacterially derived substrate trimethylamine (TMA). Tan et al. demonstrated that serum
TMAO levels correlate with serum bile acids in patients with NAFLD. They subsequently
performed a series of animal studies showing that TMAQO administration to mice, along with
a high fat diet, leads to hepatic steatosis associated with a shift in bile acids to an FXR
antagonistic profile and a significant increase in the expression of genes involved in de novo
lipogenesis[30]. The effect of TMAO supplementation on lipogenesis genes was attenuated
with the use of FXR agonists, underscoring the importance of FXR in this process and
further supporting the role of FXR agonism for the treatment of NAFLD. Other animal
models of NAFLD (e.g. mice fed high fat/high cholesterol/high fructose diet) have failed to
show a role for TMAO in the pathogenesis of steatohepatitis[31]. Its exact role in human
NAFLD remains to be determined.

e. Portal hypertension

The intestinal microbiome appears to also be involved in the regulation of portal
hypertension that develops in the advanced stages of NAFLD/NASH. In a rat model of
NASH, fecal transplantation experiments from control animals to those with established
(diet-induced) NASH led to significant reduction in portal pressures[32]. Should this be
validated in humans and should the key microorganisms driving this process be identified,
the future personalized treatment approach for portal hypertension may become targeted
antimicrobials.

f. Other

In a proof of concept study, Caussy et al. linked the microbiome to NAFLD severity by
demonstrating in both a discovery and a validation cohort, that the microbial metabolite
3-(4-hydroxy-phenyl) lactate had a robust shared gene-effect with steatosis and fibrosis[33].
Such studies are important because they highlight pathways that might serve as treatment
targets in the future.

Updates regarding the use of the microbiome as a biomarker of disease
severity.

A number of studies have investigated whether microbiome data can be used to predict
NAFLD disease presence and severity and the preliminary results have been quite
encouraging. Hoyles et al. performed an in-depth metabolomics and transcriptomics study in

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2021 June 01.
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severely obese, non-diabetic women in Europe and showed that the plasma metabolome
could predict the presence of steatosis with 79% accuracy[34]. This was far superior to the
widely available clinical variables that had a predictive accuracy of 58%. In another cohort
of severely obese women, a combination of serum metabolites including ethanol, betaine,
glycocholic acid and deoxycholic acid predicted the presence of NASH with an area under
the curve of 0.776[22]. Using whole genome shotgun sequencing, Loomba et al. determined
that a combination of 40 variables (37 bacterial species, Shannon diversity, BMI and age)
were highly predictive of advanced fibrosis (stage 3 or 4 fibrosis; 94% accuracy) in a cohort
of 86 well characterized adults with biopsy-proven NAFLD [35]. In separate cohort of
patients with cirrhosis, a model including 30 variables (27 bacterial species, BMI, age and
sex) was highly predictive of cirrhosis with an AUC: 0.92[36]. Interestingly, this model
performed well in a validation cohort of first-degree relatives of patients with NAFLD
cirrhosis, where advanced fibrosis could be predicted with 87% accuracy. Similarly, in
children, Schwimmer et al., showed that a combination of serum ALT levels and abundance
of gene(s) encoding for either the lipopolysaccharide pathway or flagella biosynthesis had
an AUC of 0.92 in predicting NASH and an AUC of 0.87 in predicting moderate to severe
fibrosis, respectively[17]. There is currently no other non-invasive biomarker that can
accurately predict the presence of NASH or significant fibrosis in pediatric NAFLD[37].
Given how encouraging the results of these studies are, the key next step is to prove the
generalizability of the findings. Once that is done, the key microbial biomarkers would have
to become clinically available for these tools to become part of daily clinical practice.

Updates regarding treatment options that target the microbiome as an
approach to treat NAFLD/NASH:

The past decade has seen an exponential rise in the clinical trials for the treatment of
NAFLD[38, 39]. Among the various approaches used, several are aimed at correcting the
dysbiosis seen in this context, either directly or indirectly. The most recent data in the field
are summarized here.

Dietary changes lead to shifts in intestinal microbial composition, which can be seen rapidly
(as early as within 24 hours of the intervention)[40]. Until recently, it was thought that for
the treatment of NAFLD, the type of diet used was not as relevant, as long as weight loss
was achieved [41]. More recent data however, have revealed that dietary changes can lead to
dramatic reductions in hepatic steatosis, without significant weight loss and that the
accompanying intestinal microbiome shifts may contribute to the improvements seen.
Mardinoglu et al. showed that an isocaloric, carbohydrate-restricted, high protein and high
fat diet given to obese adults with NAFLD for 14 days, led to dramatic reductions in hepatic
steatosis (~44%), as well as reductions in circulating cytokines (IL-6, TNFa)[42]. The
reduction in steatosis was associated with a down-regulation of de novo lipogenesis
pathways and an up-regulation of fatty acid oxidation pathways. Accompanying shifts in
microbiota composition were seen, such as increases in the abundance of folate-synthesizing
bacteria, which were in turn associated with an increase in serum folate levels. Folate-
mediated pathways were upregulated in the livers of a separate cohort who was treated with
this diet for 7 days, including pathways of glutathione synthesis, an important antioxidant
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and regulator of fatty acid oxidation. Overall, this important study suggested that diet-
induced alterations of the microbiome have direct implications on hepatic metabolism and,
ultimately NAFLD treatment, which can be independent of weight loss.

Beyond diet-induced modifications to the dysbiosis seen in patients with NAFLD, studies
have addressed the efficacy of pre-, pro- and synbiotics in this context. Loman et al.
performed a systematic review and meta-analysis of studies published up to December 2017
the effectiveness of prebiotics and probiotics for patients with NAFLD[43]. The results of
the meta-analysis suggested that these therapies lead to statistically, but not clinically
significant reductions in serum aminotransferases and lipid levels. Similar results were
reported by a subsequent meta-analysis, which included publications up to December
2018[44]. In this study, probiotics/synbiotics were found to improve aminotransferases, liver
stiffness and ultrasound-based measures of steatosis. It should be noted, that the major
limitation of these meta-analyses is the lack of data regarding histologic outcomes in the
assessment of treatment efficacy. Since then, a few more studies have become available,
which are summarized in Table 2. In short, the results are encouraging, but still, larger
studies are needed to determine the true impact of microbial therapies on key outcomes,
such as liver stiffness, inflammation, hepatocellular ballooning and fibrosis.

Antibiotics have also been investigated for the treatment of NAFLD/NASH. Rifaximin, was
studied in an open label pilot study by Cobbold et al. for patients with NASH and elevated
serum aminotransferase levels[45]. A 6-week treatment of 15 patients with 400 mg of
rifaximin twice daily was not associated with improvements in aminotransferases, which in
fact, increased further 6 weeks following the cessation of treatment. Glucose tolerance,
intrahepatic lipid content and intestinal microbiota abundance remained unchanged with
treatment. As mentioned in the ethanol section above, it may be that only a subset of patients
would benefit from treatment with antimicrobial agents and these should be carefully
selected to target specific microbes.

In terms of fecal microbial transplantation studies, as of January 2020, there are no
published studies for the treatment of NAFLD/NASH. However, in clinicaltrials.gov there
are four studies on the subject, one of which has completed enrollment. The results of these
highly anticipated studies might reveal an additional treatment approach for NASH.

Conclusion and future directions:

In summary, the past three years (2017-2019) have enriched the literature in terms of the
role of the microbiome in the pathophysiology of NAFLD, as well as its possible use as both
a disease biomarker and treatment target. It is now clear that dysbiosis is a key disease driver
for at least a subset of patients with NAFLD. As such, personalized medicine approaches,
targeting the offending microorganism (e.g. Klebsiella pneumoniaé) or its key metabolites
(e.g. ethanol synthesis) may be the ideal approach to treating these patients.

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2021 June 01.
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Abbreviations:

BMI body mass index

F fibrosis

FXR Farnesoid X receptor

HC healthy controls

IHF intrahepatic fat

MRI-PDFF Magnetic Resonance Imaging-Proton Density Fat Fraction

NAFL non-alcoholic fatty liver

NAFLD Non-Alcoholic Fatty Liver Disease

NAS NAFLD Activity Score

NASH Nonalcoholic Steatohepatitis

RCT Randomized Controlled Trial

SCFA Short Chain Fatty Acids

SWE Shear Wave Elastography

TC total cholesterol

TG triglycerides

TMAO Trimethylamine N-oxide

u/s ultrasound

VFA variable flip angle

VOC volatile organic compounds
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Purpose of review:

This review is aimed at highlighting the most important discoveries from the years 2017—
2019 that linked the microbiome to the pathogenesis, diagnosis and treatment of NAFLD.

Recent findings:

Recent data have revealed further the role of bacterially derived ethanol in the
pathogenesis of NAFLD, the crosstalk between microbiome and the gut barrier, as well as
the interplay between genetic risk and dysbiosis.

Summary:

The microbiome is involved in the pathogenesis of NAFLD in a subset of patients and
can be used as a therapeutic target.
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Figure 1:
A summary of the recent findings that describe the pathophysiology of NAFLD.
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Table 1.
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Differences in intestinal microbiota composition and function between patients with and without NAFLD.

Number of patients and

Methodology to

Differences in microbial

Study assess Type of dysbiosis .
controls microbiome function
NAFLD patients had >
ADULTS, Germany ] fecal acetate and
Rau et al. NAFLD, n=32 (NASH, 16S rRNA gene ymﬁinaE&?i;clé::(::%ﬁte;zc?rt]g NAFL propionate, associated with
2018[13] n=18) sequencing and HC P lower resting Tregs and
HC, n=27 higher Th17/rTreg in blood
of NASH patients
NAFLD patients had >
ADULTS, Canada : :
. ) NASH not different than NAFL fecal propionate,
2D§1§|[I£]et al. ?‘,\ﬁfsl"_? nn__zig) ie? Sugﬁgilﬁ‘ gene NAFLD have < Ruminococcus, F. isobutyrate and serum 2-
HC n—éS_ q 9 prausnitzii and Coprococcus hydroxybutyrate and L-
T lactic acid
ADULTS. China NASH had > Blautia compared to
Shen et al. NAFLD, n=25 16S rDNA non-NAS_H
2017[15] NASH® n=6 amplicon Those with =F2 had > ) N/A
( AL ) sequencing Escherichia_Shigella vs. those with
HC, n=22 Fo/1
ADULTS, Japan
lino et al. 153 pairs of NAFLD (by 16S rRNA gene NAFLD had lower Ruminococcaceae N/A
2019[16] u/s) and BMI/sex- sequencing and Faecalibacterium
matched non-NAFLD
CHILDREN, USA
. NAFLD, n=87 NASH had lowest a diversity
aslc %'{gﬂ% et (NASH, n=48) ig Su;ﬁ(':\ilﬁ‘ gene P, copri associated with more severe N/A
’ Obese non-NAFLD, q 9 fibrosis
n=37
CHILDREN, Italy No significant differences between
- NAFLD, n=53 NASH, NAFL, obese. Of 292 VOCs, 26 were up-
gg{%?fg]et al. (NASH, n=26) igsugig\ilﬁ\ gene Compared to HC, NAFLD had < and 2 were down-regulated
obese, n=8 d Y Oscillospiraand NASH had > in NAFLD
HC, n=54 Ruminococcus, Blautia, Dorea

*
defined as NAS=5

F: fibrosis; HC: healthy controls; NAFL: non-alcoholic fatty liver; NAFLD: non-alcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis;

u/s: ultrasound; VOC: volatile organic compounds
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Table 2:

Recent studies on the role of probiotics and prebiotics for the treatment of NAFLD

Page 15

Population/ . .
Study study design Intervention Primary outcomes Result
PROBIOTICS
o . JFLI
. Fatty liver index o
Kobyliak et al. 48 adults. RCT “Symbiter Omega” (FLI) . No change in stiffness
Minerva Med. ! (probiotic + w-3 . ; ; . !
2018[46] X8 weeks FA) vs. placebo '(‘S“\’,sgt'ﬁ”ess GGT. TG, TC
. Icytokines
; - . Iballooning, lobular
. Histology (n=10/19 N 9
Duseia et al Multistrain and n=5/20 patients inflammation, NAS
BMJJO : probiotic and receiving probiotics from baseline
pen 39 adults, RCT, 1 .
G lifestyle change or and placebo . NAS. ballooni d
astro year - , ballooning an
2019[47] placebo and respectively had fibrosis improved
lifestyle change repeat biopsies) compared to placebo
. Weight loss with
. MRI-PDFF probiotics
Ahn et al. Sci 68 adults, RCT, Probiotic mixtures . .
Rep 2019[48] x12 weeks vs. placebo MRI+VFA . Reduction of IHF which
was similar to placebo
PREBIOTICS
Chambers et al. 18 adults. RCT Inulin-propionate . Magnetic Resonance . No change in IHF from
Diabetes Obes ¥42 da S' ’ ester (20 g/day) vs. Spectroscopy baseline
Metab 2019[49] Xde days inulin control

IHF: intrahepatic fat; MRI: Magnetic Resonance Elastography; NAS: NAFLD Activity Score; PDFF: Proton Density Fat Fraction; RCT:
Randomized Controlled Trial; SWE: Shear Wave Elastography; TC: total cholesterol, TG: triglycerides; VFA: variable flip angle
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