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Nonalcoholic fatty liver disease (NAFLD) is a chronic condition affecting one quarter of the global population.
Although primarily linked to obesity and metabolic syndrome, undernutrition and the altered (dysbiotic) gut
microbiome inﬂuence NAFLD progression. Both undernutrition and NAFLD prevalence are predicted to considerably
increase, but how the undernourished gut microbiome
contributes to hepatic pathophysiology remains far less
studied. Here, we present undernutrition conditions with
fatty liver features, including kwashiorkor and micronutrient deﬁciency. We then review the gut microbiota-liver
axis, highlighting key pathways linked to NAFLD progression within both overnutrition and undernutrition. To
conclude, we identify challenges and collaborative possibilities of emerging multiomic research addressing the pathology and treatment of undernourished NAFLD.
Keywords: Gut Microbiome; NAFLD; Gut-Liver Axis; Malnutrition; Undernutrition.

N

onalcoholic fatty liver disease (NAFLD), deﬁned as
5% hepatic steatosis (fat buildup), affects approximately one-quarter of the global adult population. Although
associated with aging, NAFLD prevalence in nonobese pediatric cohorts ranges from 3%-12% but may increase to more
than 70% among obese children. NAFLD remains a leading
cause of chronic liver disease in children, particularly those of
Asian, Hispanic, and White descent, although less common
among pediatric African American cohorts.1 Alarmingly,
global NAFLD prevalence is expected to considerably increase in both adult and pediatric populations, along with an
increased prevalence of obesity and type 2 diabetes.1–4
NAFLD outcomes range from simple steatosis to nonalcoholic steatohepatitis (NASH), an inﬂammatory condition
additionally characterized by liver ﬁbrosis and hepatocellular ballooning. Although NAFLD/NASH are considered
reversible and often asymptomatic, fatty liver pathology
may advance to irreversible liver damage, necessitating liver
transplantation.5,6 Beyond steatosis and ﬁbrotic scarring,
NAFLD increases the risk of hepatocellular carcinoma,
cirrhosis, and mortality.2

NAFLD pathophysiology is linked to metabolic
syndrome—a cluster of aberrant features including
elevated fasting plasma glucose, hypertriglyceridemia,
hypertension, decreased high-density lipoprotein cholesterol levels, and obesity. Considered the hepatic expression of metabolic syndrome, NAFLD is signiﬁcantly shaped
by malnutrition.2,7 Most often linked to dietary inadequacies, malnutrition is an umbrella term encompassing both overnutrition and undernutrition. Indeed, NAFLD
etiology and treatment have been extensively examined in
the context of overnutrition and obesity,8,9 recently
reviewed by Aron-Wisnewsky et al10 and Cotter and
Rinella.11 Beyond diet, an altered gut microbiota-liver axis
has emerged as a critical factor informing metabolic disease and NAFLD treatment.10,12 Despite advances in gutliver NAFLD research, the role of undernutrition-induced
NAFLD and the malnourished gut microbiome remains
largely ignored.
Here, we describe undernutrition pathologies with
NAFLD-like features and highlight established microbiome
pathways of gut-liver interactions linked to malnourished
NAFLD. Finally, we examine multiomic research addressing
undernutrition-induced fatty liver within a gut-liver
framework.
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Undernutrition Pathologies Promote
Fatty Liver Features
Undernutrition remains a critical public health crisis,
particularly among pediatric populations within low-tomiddle income countries (LMICs).13,14 Although dietary
deﬁciency is the primary driver of undernutrition,15 interconnected factors contributing to malnutrition include
poverty, poor sanitation, sociopolitical conﬂicts, climate
change, and, most recently, the COVID-19 pandemic.16–18
Although the full extent of COVID-19 on metabolic health
trajectories remains unknown,18,19 the pandemic is projected to signiﬁcantly exacerbate child mortality, potentially
resulting in >150,000 additional deaths from childhood
undernutrition.20
Chronic undernutrition promotes stunting (reduced
height-for-age) and wasting (reduced weight-for-height).
Before the COVID-19 pandemic, nearly 150 million children (22%) younger than the age of 5 years exhibited
stunting, whereas more than 45 million (6.7%) displayed
wasting.19 Beyond growth deﬁcits, long-term consequences
include increased susceptibility to infectious disease,21,22
impaired cognitive development,13,21 decreased muscle
and cardiac function,23 nutrient malabsorption linked to
gastrointestinal dysbiosis,14,22,24 and metabolic alterations.25,26 Childhood undernutrition signiﬁcantly increases
the risk of metabolic syndrome, visceral adipose accumulation, and fatty liver disease.9,27 Despite large-scale intervention efforts and progress, the global community has
fallen behind on established goals to reduce undernutrition,20 notably the United Nations Sustainable Goal to reach
zero hunger by 2030.28 The recent surge of malnutrition

will undoubtedly contribute to the predicted increase of
fatty liver conditions,9,20 highlighting the critical need to
study the pathophysiology of undernutrition-induced
NAFLD.
Undernutrition manifests across distinct pathologies.
Here, we highlight prevalent conditions that promote hepatic NAFLD features in clinical settings and experimental
models.

Kwashiorkor
Severe acute malnutrition (SAM) describes signiﬁcant,
pediatric wasting (>-3 standard deviation from the median
weight-for-height)21 associated with sustained metabolic
impairments.29–31 SAM is further classiﬁed into distinct undernutrition pathologies—kwashiorkor and marasmus.21,27
Kwashiorkor, a form of severe protein-energy malnutrition, emerges during the early-life weaning period32
(Table 1). Kwashiorkor presents with enlarged, fatty liver
accompanied by abdominal and peripheral edema.32,33 In
contrast, marasmus, a nonedematous form of SAM, occurs
when a child experiences sustained deﬁcits across all forms
of nutritional intake (eg, protein and fat deﬁciencies) and is
generally characterized as severe wasting.32,34
Beyond distinctive edema, kwashiorkor features include
reduced muscle mass, skin lesions, and fatigue.32–34 This
condition is linked to altered lipoprotein synthesis (eg, verylow-density lipoprotein) and subsequent hepatic steatosis
due to impaired hepatic processing and clearance of
lipids.9,34 Patients with kwashiorkor exhibit additional
metabolic alterations, including glucose intolerance and insulin resistance.34,35 Intervention strategies combatting

Table 1.Clinical Features of Undernutrition-Induced NAFLD
Undernutrition conditions

Clinical population

Clinical symptoms

Key NAFLD/hepatic
features

Kwashiorkor

6–36 mo
Highest prevalence in
South-East Asia and
sub-Saharan Africa

Abdominal edema
Reduced muscle mass
Fatigue/appetite loss
Dermatosis
Cognitive impairment

Impaired hepatic
peroxisome function
Hepatic steatosis
Glucose intolerance/
insulin resistance
Systemic inﬂammation
Altered bile acid proﬁle

Micronutrient deﬁciency
(iron, zinc, vitamin E,
copper, selenium)

2 billion people globally
More common in
children, pregnant
women, women of
childbearing age, and
food insecure people
Highest prevalence in
LMICs

General: fatigue, muscle
weakness, poor
cognitive function,
increased infection,
loss of peptide, growth
deﬁcits, anemia (iron
deﬁciency), and
diarrhea (zinc
deﬁciency)

Hepatic steatosis, insulin
resistance, altered
glucose metabolism,
dysregulated lipid
metabolism, increased
oxidative stress,
systemic inﬂammation,
altered bile acid proﬁle

Subclinical undernutrition
(EED)

Observed in regions of
poor sanitation
More common in children
Highest prevalence in
LMICs

Small intestine villi
Blunting epithelial barrier
Disruption intestinal
inﬂammation
High pathogen load

Hepatic steatosis
Altered fatty lipid
metabolism
Altered bile acid proﬁle
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SAM typically involve ready-to-use therapeutic foods
(RUTFs), rich in lipids, polyunsaturated fatty acids (PUFAs),
and proteins.26,36,37 Although early childhood renutrition
strategies largely mitigate long-term metabolic impairment
and fatty liver, SAM signiﬁcantly increases the risk of cardiometabolic disease.29–31
Protein restriction also promotes hepatic steatosis within
kwashiorkor rodent models.24,36,38–40 A protein-deﬁcient diet
(5% daily calories from protein) triggered fatty liver features
in newly weaned Wistar rats, compared with counterparts
fed a healthy diet (20% daily calories from protein). After 4
weeks of low-protein diet, young rats displayed hepatic
steatosis and hypoalbuminemia, pathologies linked to
impaired peroxisome proliferator-activated receptor function
and fatty acid beta-oxidation within the liver.40 Our laboratory explored early-life undernutrition in C57BL/6J mice fed
a protein/fat-deﬁcient, carbohydrate rich-diet (a murine
malnutrition model [MAL]).24,38,41 This diet reﬂects reported
macronutrient availability from an undernourished population within northeastern Brazil.24,42 MAL mice display
increased adipose accumulation within the abdomen but
reduced lean and bone mass. This model develops hepatic
steatosis and exhibits elevated liver triglyceride content
compared with healthy controls.24,38 Pathophysiologies in
hepatic steatosis models likely involve broad macronutrient
shifts because protein-deﬁcient rodent diets often contain
high loads of simple carbohydrates, a feature associated with
hepatic lipogenesis and obesity-associated NAFLD.7,34,43
Certain undernutrition models have even used designer
diets matching macronutrient content and particular dietary
sources from speciﬁc malnourished communities. For
example, researchers in the Gordon laboratory developed a
murine kwashiorkor diet composed of corn ﬂour and
mustard greens, staple foods reported in a protein-deﬁcient
Malawian pediatric cohort (3 years of age).36 Metabolomic
proﬁling of fecal and intestinal (cecal) samples revealed
altered amino acid and bile acid metabolism, reﬂecting
NAFLD-like metabolic proﬁles.12,35 Collectively, experimental ﬁndings demonstrate that protein deﬁciency can
trigger hepatic steatosis and systemic metabolic features of
NAFLD. As such, rodent models provide an attractive tool to
examine undernourished hepatic pathogenesis, as well as
putative gut-liver interactions driving fatty liver disease.

Micronutrient Deﬁciency
Micronutrients are essential vitamins and minerals
required to maintain health. Micronutrients perform various
functions, often synergistically, including immune regulation, DNA synthesis/repair processes, and lipid metabolism.44,45 Vitamins are categorized into 2 main groups:
fat-soluble (A, D, E, and K) and water-soluble (C and Bcomplex) vitamins.46 Although micronutrients are primarily
obtained from dietary sources, commensal gut microbes
synthesize fat-soluble vitamin K (K2) and multiple members
of water-soluble vitamin B (including biotin, cobalamin, folic
acid, niacin, and riboﬂavin).47 Regardless of origin, micronutrient deﬁciency (MND) triggers broad pathologies,
including hepatic dysfunction.48,49

Gastroenterology Vol. 162, No. 7

Described as the “hidden hunger,” MND affects more
than 2 billion people globally, primarily within LMICs.50
Pediatric cohorts are particularly vulnerable, with half of
all children between 6 and 60 months suffering from one or
multiple MNDs.50–52 During early childhood, reduced access
to nutrient-rich breastmilk and increased demands for
growth can exacerbate MND.53 Throughout life, MND may
arise from poor diet and malabsorption conditions (eg,
gastrointestinal damage from enteric pathogens).54 Moreover, deﬁciency of one micronutrient may affect the use and
absorption of another.55 Consequences of chronic MND
include growth faltering, increased susceptibility to infection and diarrheal disease, delayed neurocognitive development, anemia, blindness, and gut-liver disruption.50
Dietary staples within LMICs include carbohydrate-rich
grains such as wheat, rice, millet, and maize (corn), containing phytates (phosphorous storage compounds) that
block gastrointestinal absorption of key minerals, notably
iron and zinc.54 The liver performs an indispensable role in
metabolism, transport, and storage of micronutrients, all of
which are impaired in liver disease.48 MND, in turn, has
been implicated as a driver of fatty liver
pathophysiology.48,49
A recent epidemiologic review reported striking MND in
patients diagnosed with liver cirrhosis, including deﬁciencies in vitamin A (28%-35%), vitamin D (68%-86%),
and zinc (>80%).56 MND was also linked to pediatric cases
of chronic liver disease. A pediatric study of 166 children
who underwent liver transplantation found that 66.6%,
40.6%, and 36.3% of patients were deﬁcient in vitamin A,
vitamin E, and vitamin D plasma levels, respectively.57
Whether these shifts reﬂect a cause and/or consequence
of NAFLD remains disputed. Here, we review key micronutrients linked to the progression and treatment of fatty
liver disease.

MNDs and NAFLD
Vitamin E
Although vitamin E deﬁciency is rare within high-income
countries, lipid malabsorption, genetic abnormalities,
advanced liver disease, and total parenteral nutrition can
promote vitamin E deﬁciency.58–61 In LMICs, vitamin E deﬁciencies are frequently reported in vulnerable elderly or
pediatric populations.62
Vitamin E has 8 different isomers (a-, b-, g-, and dtocopherol and a-, b-, g-, and d-tocotrienol). These isomers,
particularly dietary a-tocopherol, exhibit potent antioxidant
properties.58,63 Like most fat-soluble vitamins, a-tocopherol
is stored in the liver.64 Growing evidence links vitamin E
deﬁciency with NAFLD pathology, and several clinical trials
suggest that vitamin E supplementation has therapeutic
beneﬁts for fatty liver disease.65–68
The landmark PIVENS (Pioglitazone, Vitamin E, or Placebo for Nonalcoholic Steatohepatitis) randomized control
trial examined the role of 800 IU of daily vitamin E
compared with 30 mg of daily pioglitazone (an antidiabetic
medication stimulating peroxisome proliferator-activated
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receptor) or placebo among nondiabetics. After 96 weeks,
both treatment arms displayed reduced lobular inﬂammation, hepatic ballooning, and serum alanine aminotransferase (ALT). Compared to placebo controls, steatohepatitis
histologic features were improved in 34% of subjects in the
pioglitazone arm and 43% of the vitamin E cohort, with
vitamin E treatment.66 The TONIC (Treatment of NAFLD in
Children) trial later assessed a daily dose of vitamin E 800
IU compared with 1000 mg of metformin (antidiabetic
medication that targets hepatic gluconeogenesis) for 96
weeks. Metformin and vitamin E reduced pediatric hepatic
ballooning, but not hepatic ﬁbrosis, steatosis, or lobular
inﬂammation.68 As a potent antioxidant, the therapeutic
effect of vitamin E in NAFLD is likely attributed to a
reduction in oxidative stress and inﬂammation, a hepatic
feature of NAFLD.69 Following these ﬁndings, the American
Association for the Study of Liver Disease and the European
Association for the Study of the Liver recommend shortterm pharmacologic treatment with 800 IU of vitamin E
for NAFLD.67,68

diabetes, and liver disease.77,81 Copper deﬁciency was
recently associated with hepatic pathology in a stepwise
manner. A NASH cohort of 31 biopsy-conﬁrmed adults
exhibited greater serum copper deﬁciency compared with a
cohort (n ¼ 93) with milder NALFD pathology (simple hepatic steatosis).82 Copper deﬁciency was also linked to pediatric NAFLD because serum copper levels were inversely
associated with NAFLD activity score and presence of hepatic ballooning in 100 children with biopsy-conﬁrmed
NAFLD.83
Moreover, the relationship between copper deﬁciency,
fructose intake, and metabolic syndrome has been widely
established, with independent rodent and human studies
reporting that high-fructose diets exacerbate copper deﬁciency. Elevated fructose intake impairs gastrointestinal
copper absorption promoting hepatic fat accumulation, hypercholesterolemia, and hypertriglyceridemia.81,84 Indeed,
rodent studies assessing carbohydrate intake reported that
even modest fructose supplementation (3% wt/vol) was
sufﬁcient to induce copper deﬁciency.81

Iron

Selenium

Iron plays a vital role in oxygen transport, energy
metabolism, and DNA replication/repair.70,71 A regulatory
mechanism of iron excretion does not exist; consequently,
iron homeostasis is tightly controlled by the liver to prevent
substantial daily loss.70,72 Iron deﬁciency and hemochromatosis (ie, iron overload) have been mainly studied in the
context of iron deﬁciency anemia. Beyond anemia, aberrant
iron levels contribute to hepatic injury, lipid peroxidation,
and NAFLD severity.48,73
Ma et al74 reported increased iron overload in obese/
overweight patients with more severe NAFLD compared
with subjects with normal body mass index (BMI) or mild to
moderate NAFLD. Iron levels were also signiﬁcantly higher
in patients with dyslipidemia, hypertension, and hyperuricemia. The researchers reported signiﬁcant positive correlations between iron and BMI, ALT, serum triglycerides,
fasting insulin, postprandial glucose, serum-free fatty acids,
and hepatic steatosis.74 Both impaired iron and vitamin E
(a-tocopherol) levels were linked to hepatic steatosis pathology within a genetic hemochromatosis murine model.75
Intriguingly, a genetic model of anemia promoted earlyonset NAFLD, accompanied by elevated serum ALT and
triglycerides,76 suggesting a role for iron deﬁciencies and
hepatic steatosis.

Selenium exhibits broad functionality, regulating thyroid
hormone activation, antioxidant defense, and cardiovascular
function.85 Aberrant selenium levels have been linked to hepatic pathology because elevated circulating selenium was
associated with increased NAFLD prevalence,86 including a
cross-sectional study of Chinese adults (N ¼ 8550) that reported signiﬁcant correlations between plasma selenium and
ALT, circulating triglycerides, and ultrasound-diagnosed
NAFLD.87 The National Health and Nutrition Examination
Survey (NHANES)-III study (N ¼ 33,944 patients with
NAFLD) later reported an inverse correlation between serum
selenium levels and liver ﬁbrosis (particularly in elderly, female, and Caucasian participants).88 Intriguingly, selenium
and zinc cosupplementation promote improved metabolic
outcomes in rodent NAFLD models,89,90 suggesting that selenium and zinc deﬁciencies also contribute to hepatic pathology (see Supplemental Material: Zinc).
Despite repeated associations with MND and NAFLD, these
studies are largely correlative in nature. As reported, MND and
gut dysbiosis are strongly intertwined. Altered intestinal
metabolism and/or gastrointestinal disruption drive malabsorption of fat-soluble vitamins.48,77,91 Malabsorption conditions are key undernutrition pathologies linked to NAFLD.
Indeed, nondietary components—including poverty, poor
sanitation, and pandemic-induced health disruptions—
promote intestinal malabsorption and NAFLD-like features,
further highlighting putative gut-liver interactions.13,18

Copper
Like vitamin E, copper exhibits antioxidant functions,
participates in mitochondrial redox reactions, contributes to
bone and nervous maturation, and regulates lipid metabolism.77–79 Copper also regulates iron metabolism, highlighting micronutrient interdependency.78 In addition to
poor diet, nutrient malabsorption from gastrointestinal
disruption (eg, after gastric bypass surgery) promotes
copper deﬁcits.77,80
Copper deﬁciency has been extensively studied in the
context of metabolic pathologies, including obesity, type 2

Malabsorption Conditions Underscores Fatty
Liver
Poverty remains a key, underlying determinant of undernutrition and, alongside poor diet, an interdependent
contributor to undernutrition-induced fatty liver disease.13,92,93 Poverty impacts access and availability of
nutritionally adequate diets. Furthermore, impoverished
communities often lack access to hygiene, sanitation, and

REVIEWS AND
PERSPECTIVES

June 2022

1862 Bauer et al

REVIEWS AND
PERSPECTIVES

safe drinking water.14,94 Environmental enteric dysfunction
(EED), a prevalent malabsorption condition, occurs in regions with poor sanitation.95 Poor diet and frequent exposure
to
fecal-oral
contaminants
promote
EED
progression.95,96 EED pathology is characterized by gastrointestinal inﬂammation and barrier disruption due to
blunting of the small intestinal villi. Beyond nutritional
impairment, EED has been linked to systemic metabolic
shifts and NAFLD-like features.25,38
EED cohorts exhibit altered circulating metabolomic
proﬁles, notably decreased carnitine and glycerophospholipid metabolites, metabolites involved in hepatic
fatty acid oxidation and lipid transport.25,97,98 The hallmarks
of EED, poor nutrient absorption, low-grade inﬂammation,
and metabolic alterations, likely promote undernutritioninduced hepatic steatosis.24,95,96 Indeed, our laboratory
observed that repeated fecal-oral contamination (from a
bacterial cocktail comprised of Bacteroidales/Escherichia
coli members) exacerbated small intestinal malabsorption
and increased hepatic triglyceride levels in malnourished
mice.24,38
A recurrent theme of undernutrition-associated NAFLD
is the signiﬁcant role of gut dysbiosis. Kwashiorkor, MND,
and malabsorption conditions remain inextricably linked to
intestinal impairment. Fatty liver pathologies, in turn, exert
a profound effect on gut function, inﬂuencing nutrient absorption, metabolism, and alteration of the gut microbiome.10,12 Growing evidence, largely from obesityassociated NAFLD, indicates that gut microbes contribute
to fatty liver pathology.14,38 These pioneering studies used
multiomic approaches, integrating gut microbiome (eg,
metagenomic sequencing) and host (eg, liver metabolomics)
data to interrogate NAFLD from a gut-liver perspective.
Here, we (1) review the gut-liver axis, noting microbialdependent pathways frequently reported in NAFLD
studies, and (2) highlight emerging multiomic research
exploring undernourished gut microbiota-liver interactions.

The Gut Microbiota-Liver Axis
The largest organ within the human body, the liver, orchestrates nutrient metabolism storage and transport.99,100
An essential hub for systemic homeostasis, the liver
actively participates in bidirectional gut-liver signaling. The
gut-liver axis describes collective interactions across the
liver, gastrointestinal tract, and resident gut microbial
communities.12,101 Trillions of microorganisms form the gut
microbiota, with bacterial microbes alone outnumbering our
cells (1.3:1) and comprising 150x more genes than the human genome.102 This dynamic and varied community exerts
a signiﬁcant role in host metabolic function.38,103
Relatively recent studies have assessed both compositional (eg, bacterial proﬁling via 16S ribosomal RNA [rRNA]
sequencing) and functional (eg, shotgun metagenomics)
shifts in the NAFLD-associated microbiome.38,104,105 Early
microbiome research characterized the overnutritioninduced NAFLD microbiome to (1) explore a causative
role of gut microbes in fatty liver disease and (2) identify
putative bacterial signatures of NAFLD.
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Landmark cohousing and fecal microbiota transplant
(FMT) studies from the Gordon laboratory demonstrated
that gut microbes shape systemic metabolic processes in
rodents.106–108 Bäckhed et al107 ﬁrst reported a pivotal role
of the gut microbiota in carbohydrate absorption and subsequent hepatic gluconeogenesis, a process impaired in
NAFLD.109 Subsequent studies later demonstrated a causal
role for gut bacteria on host adiposity proﬁles in germ-free
models using FMT from twin pairs discordant for obesity. In
addition to distinct gut microbiota signatures, mice that
received an obesity-associated FMT gained increased weight
compared with the “lean” FMT controls and displayed
altered metabolic proﬁles, including reduced bacterialderived short-chain fatty acids (SCFAs).106 Independent
work revealed that fecal bacteria speciﬁcally inﬂuence
NAFLD-like outcomes because FMT from mice maintained
on a high-fat diet promoted steatosis and impaired insulin
responses in recipient mice.108
Subsequent studies explored putative microbial features
from clinical populations, including bacterial abundance.
Small intestinal bacterial overgrowth (SIBO) is deﬁned as
increased bacterial colony-forming units within the small
intestine (105/mL luminal aspirate). SIBO is frequently
accompanied by intestinal malabsorption and ensuing
malnutrition and hepatic injury.110 A recent meta-analysis
reported a signiﬁcant association between NAFLD and
SIBO: pooled odds ratio: 3.82; 95% conﬁdence interval:
1.93–7.59; and 65% I2.111 Beyond abundance, speciﬁc bacterial signatures have been reported within obese NAFLD
cohorts.
Stool samples from NASH patients at the University
Health Network in Toronto, Canada, exhibited decreased
abundance of bacterial members from the Bacteroidetes
phyla compared with a simple steatosis or healthy
cohort.112 Bacteroidetes prevalence, however, was not
signiﬁcantly decreased in a NAFLD cohort recruited at
Peking’s University People’s Hospital.113 Within Bacteroidetes, the genus Bacteroides was also decreased in a liver
cirrhosis cohort of Han Chinese background, whereas Clostridium, Prevotella, Streptococcus, and Veillonella were
enriched, including oropharyngeal bacterial taxa, suggesting
impaired compartmentalization of the gut microbiome by
invasion of oral microbes.114 Bacteroidetes was also
reduced in a pediatric Italian cohort,115 although Bacteroidetes member Prevotella copri was positively associated
with liver ﬁbrosis from pediatric participants in the NASH
Clinical Research Network based in California.116 16S rRNA
sequencing of fecal samples from the Familial Cirrhosis
cohort and Twins and Family cohort recruited at the University of San Diego, California revealed an increase in
members belonging to the Enterobacteriaceae family within
patients with NAFLD-cirrhosis compared with non-NAFLD
controls; these controls exhibited enriched Peptostreptococcaceae and Rikenellaceae families. Researchers
then developed a random forest classiﬁer model that identiﬁed NAFLD-cirrhosis based on bacterial features (validation cohort: area under the receiver operating
characteristic ¼ 0.87).117 Finally, ongoing work has started
to uncover potential alterations of nonbacterial components,

with a recent virome study associating NAFLD with a
reduction of bacteriophage presence.118 How microbes of
viral, fungal, and/or archaeal origin contribute to NAFLD
remains largely unexplored.
Although there are broad correlations across studies,
notably reduced frequency of Bacteroidetes and reduced
alpha diversity,115–117 distinct bacterial signatures likely
depend on cohort (eg, ethnicity), disease progression (eg,
severity), and even study design (eg, sequencing platform).
Although informative, sequencing alone cannot deﬁnitively
demonstrate microbial causality in the clinical setting. For
example, the obese and lean human microbiome display a
high level of shared microbial organisms within familial
twins, although unique signatures were identiﬁed at the
gene level, rather than bacterial linerage.119 Moreover,
genus-level signatures fail to distinguish potential strainlevel differences and/or metabolic capacity (eg, bacterial
fermentation) that shape host metabolism and
adiposity.106,120 For a detailed review of NAFLD microbiome
signatures and the opportunities and limitations of this
approach, see Aron-Wisnewsky et al.10
Although we have noted several bacterial signatures
linked to NAFLD, this review focuses on gut microbiota-liver
interactions shaped by malnutrition. Indeed, emerging
studies have shifted away from identity-based microbial
signatures to assess the functional alterations linked to
bacterial
dysbiosis
through
multiomics-based
study.105,114,116 This gut-liver approach has identiﬁed key
microbial-dependent pathways linked to NAFLD progression, largely in the context of obesity and overnutrition.
Here, we review the NAFLD gut microbiota-liver axis
(Figure 1). Next, we present multiomic studies of undernutrition pathologies, highlighting parallel gut-liver disruptions that contribute to both overnutrition- and
undernutrition-induced NAFLD.

Microbes Shape Gut-Liver Pathways in NAFLD
Alteration of a critical microbe-host interface—the
gastrointestinal epithelial barrier—has been reported
across numerous NAFLD studies.12,121,122 The largest
mammalian-microbial interface,123 the gastrointestinal
tract, promotes symbiotic interactions between the host
immune system and intestinal microorganisms.124
Within the large intestine, the gastrointestinal barrier is
composed of (1) a mucosal layer, (2) intestinal epithelial
cells, and (3) the lamina propia—the connective tissue
encircling the gastrointestinal tract. Intestinal mucus serves
as the ﬁrst physical barrier to the host lumen environment.
An organized glycoprotein matrix, intestinal mucus houses
mucosa-associated bacteria while preventing mucosalassociated microorganisms from breaching the epithelial
barrier.125
Appropriate barrier function supports healthy digestive,
immune, and metabolic function.12,125 Increased epithelial
permeability, however, contributes to diet-driven NAFLD/
NASH features.14,121,122 Clinical studies and fatty liver rodent models have reported a positive correlation between
intestinal permeability and NAFLD severity.121,126 As
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commensal microbes inﬂuence expression of epithelial tight
junction proteins, shape intestinal inﬂammatory responses,
and maintain gut mucosal lining,12,24,41 microbial dysbiosis
undoubtedly contributes to gastrointestinal barrier disruption in hepatic disease.111,127 A key consequence of barrier
disruption is bacterial translocation, the escape of microorganisms and/or microbial components through the
gastrointestinal epithelium. Bacterial translocation promotes hepatic inﬂammatory and oxidative responses, exacerbating NAFLD pathology.116,128,129
To experimentally address the impact of barrier integrity
and bacterial translocation, researchers used dextran sulfate
sodium (DSS) to induce epithelial damage in male C57BL/6
mice.130 A combination of DSS treatment and a high-fat diet
not only reduced expression of epithelial tight junction
proteins but also triggered NAFLD-like features. In comparison with non-DSS treated controls, DSS elicited a striking increase of hepatic steatosis and up-regulation of
proinﬂammatory cytokines, as well as hepatic leukocyte
inﬁltration in mice fed a high-fat diet. Moreover, livers from
DSS þ high-fat diet models displayed a marked increase in
expression of toll-like receptor (TLR) 4 and TLR9, which
recognize bacteria/bacterial components, including lipopolysaccharide (LPS), a membrane component of gramnegative bacteria.130,131 Indeed, LPS entry was likely
enhanced by intestinal barrier dysfunction produced by
DSS þ high-fat diet.
TLRs are expressed on most hepatic cells, including hepatocytes, Kupffer cells, and biliary epithelial cells. On LPS
activation, TLRs promote production of proinﬂammatory
cytokines.131,132 Indeed, the NAFLD liver exhibits increased
expression of proinﬂammatory cytokines, activation of
Kupffer cells (hepatic macrophages), as well as broader
immune cell inﬁltration; for immunoinﬂammatory responses linked to bacterial translocation, see Supplemental
Material: Inﬂammation.12,132,133
As expected, liver disease increases the risk of bacterial
infection.134 Bacterial infections may occur in as many as
47% of patients hospitalized with liver cirrhosis.134,135
Unmitigated bacterial translocation can trigger a rare but
potentially fatal inﬂammatory response, sepsis. A recent
prospective study reported NAFLD as a key risk factor for
sepsis mortality when comparing NAFLD (n ¼ 129) and
non-NAFLD (n ¼ 395) patients (adjusted odds ratio: 2.918;
95% conﬁdence interval: 1.693–5.03; P < 0.001). Signiﬁcance remained when adjusted for age and sex, but not BMI
25.136 Murine models reported that hepatic steatosis exacerbates sepsis outcomes via impaired macrophage function and aberrant corticosterone release.136,137 Because
bacteria and bacterial endotoxins are typically absent in the
healthy liver,122 mitigating bacterial translocation provides
a putative gut-liver therapeutic target.
In addition to bacterial translocation, oxidative stress
contributes to NAFLD development and progression.1,138,139
Beyond oxidative stress linked to reduced micronutrient
antioxidants,65 hepatic steatosis impairs mitochondria, the
primary source of intrinsic reactive oxygen species (ROS)
production.140 Disruption of pro-oxidant and antioxidant
mechanisms, resulting from mitochondrial dysfunction and
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Figure 1. Key pathways of the gut-liver axis. The gut-liver axis describes bidirectional signaling between the gut/gut microbiota
and the liver. Study of the obesity-associated NAFLD microbiome has revealed key gut-liver pathways contributing to NAFLD.
NAFLD cohorts exhibit altered bile acid proﬁles. Synthesized within the liver, primary bile acids modulate nutrient processing.
Within the intestinal tract, microbe-dependent reactions transform primary bile acids into secondary bile acids. Largely
reabsorbed in the small intestine, bile acids are transported to the liver via the hepatic portal vein, a process known as
enterohepatic circulation. Secondary bile acids can bind to receptors within the intestine and liver (eg, FXR, TGR5) shaping
epithelial barrier function and hepatic metabolism. Gut microbes produce metabolites (eg, phenylacetic acid) linked to hepatic
steatosis, whereas murine and clinical NAFLD cohorts display altered gastrointestinal barrier function. Reduced barrier
integrity facilitates aberrant escape of enteric microorganisms and/or microbial components—bacterial translocation. LPS, a
gram-negative endotoxin, triggers hepatic inﬂammatory responses through TLR activation.

other ROS production sources (eg, peroxisomes, xanthine
oxidase, and cytochrome P450 2E1), contribute to disease
progression in NAFLD.141–143 Excessive ROS leads to
macromolecule oxidation of proteins, carbohydrates, lipids,
and DNA within hepatocytes, stellate, endothelial, and
Kupffer cells.144 In addition to macromolecular oxidation,

excessive ROS promotes hepatic ﬁbrosis, aberrant innate
immune responses, and impaired protein kinase signaling,
extensively reviewed by Mansouri et al.145
Dietary shifts signiﬁcantly shape commensal microbial
communities,24,146,147 and the gut microbiota might be an
important, yet poorly explored, factor in oxidative stress
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Undernutrition

Overnutrition

YProtein, fat, and/or [carbohydrate diets

[Fat, carbohydrate diets

Altered micronutrients (MND, iron deﬁciency)

Altered micronutrients ([ferritin, MND)

Increased oxidative stress

Increased oxidative stress

Impaired hepatic metabolism (YPUFA, [triglyceride)

Impaired hepatic metabolism (YPUFA, [triglyceride)

Metabolic syndrome (increased risk)

Metabolic syndrome (increased risk)

Hepatic steatosis

Hepatic steatosis

Gut microbiota dysbiosis ([LPS, EED: increased pathogenic microbes)

Gut microbiota dysbiosis ([LPS, reduced Bacteroidetes)

Altered bile acid proﬁle (kwashiorkor: [secondary bile acids)

Altered bile acid proﬁle (Ysecondary: primary bile acid ratio)

Treatment guidelines:

Treatment guidelines:

[ Protein and/or caloric consumption, [body weight,
Y gut dysbiosis (Kwashiorkor: MDCF intervention)

Y Carbohydrate and/or caloric consumption, Y body weight,
Y gut dysbiosis (probiotic þ dietary intervention)

Clinical and experimental model studies exploring gut-liver pathologies from a multiomic perspective suggest that both dietary
excesses and deﬁcits trigger similar pathologic features during NAFLD pathology. Here we provide several examples of altered
gut-liver interactions in NAFLD.
PUFA, polyunsaturated fatty acid.

homeostasis. Indeed, speciﬁc Lactobacillus commensals
were reported to trigger nonmitochondrial ROS production
via NOX-family enzymes (ROS-generating NADPH oxidases)
and promotion of iron/copper-dependent redox pathways
within the intestinal epithelium.148 Because malnourished
diets, gut microbial dysbiosis, and bacterial translocation
promote aberrant oxidation,38,149,150 it is likely that
microbial-mediated oxidative stress and/or oxidative
stress–induced gut microbial dysbiosis contributes to systemic NAFLD consequences. Microbes not only shape hepatic immune and oxidative responses but also directly
contribute to systemic metabolic pathways.38,151

Bacterial Metabolism and Bile Acids in NAFLD
Largely recognized for their role in lipid digestion, bile
acids traverse the gut-liver axis via enterohepatic circulation. The liver synthesizes primary bile acids from cholesterol. Before excretion within the small intestine, bile acids
are conjugated to amino acids (eg, glycine, taurine).12,152
These primary bile acids not only facilitate absorption of
dietary fats and fat-soluble vitamins, but also exert antimicrobial properties curbing the expansion of small intestinal
microbes.12,153 Intestinal gut microbes can transform primary bile acids into secondary bile acids (eg, via deconjugation reactions).154,155 These secondary bile acids exert
broad metabolic effects via farnesoid X receptor (FXR) and
Takeda G protein-coupled receptor (TGR5) signaling. FXR
activation modulates hepatic bile synthesis, epithelial barrier function, and systemic gluconeogenesis, whereas TGR5
signaling shapes energy metabolism by triggering production of glucagon-like peptide-1, a hormone that regulates
insulin secretion and reduces food intake.152,156,157 Both
receptors have become potential targets for NALFD and
metabolic disease. Indeed, work in genetic murine models

supports bile-dependent modulation of fatty liver features.
FXR-null mice develop severe hepatic steatosis along with
insulin resistance and elevated hepatic cholesterol and triglyceride content, whereas bile acid–dependent FXR stimulation in wild-type mice reduces serum glucose levels.158
Homozygous TGR5-deﬁcient rodents also exhibit metabolic
disruption on a high-fat diet, gaining signiﬁcant adipose
accumulation compared with wild-type controls.159
Unsurprisingly, aberrant bile acid proﬁles have been reported across liver pathologies from metabolic syndrome to
hepatocellular carcinoma.160,161 Researchers recently proﬁled
circulating bile acids from an obese-associated NAFLD/NASH
cohort and BMI-matched controls recruited at Virginia
Commonwealth University.35 The levels of total primary bile
acids increased in a stepwise manner from healthy controls to
NAFLD and NASH subjects. The NASH bile acid proﬁle was
further characterized by elevated primary bile acid conjugation (eg, increased glycocholate, taurocholate) with a reduction in the ratios of total secondary to primary bile acids.35
Although the gut microbiota was not characterized, alteration of primary and secondary bile acid metabolism was
indicative of both dietary and microbial inﬂuence.147,154
Beyond bile acid modulation, microbial metabolism generates hepatomodulatory compounds from beneﬁcial SCFAs
to potentially pathogenic agents (eg, phenylacetic
acid).12,105,162 SCFAs, end products from microbial fermentation of dietary ﬁber, exert broad biological activities, promoting fatty acid oxidation, resolving inﬂammatory responses,
modifying host caloric intake, and maintaining the gastrointestinal epithelial barrier.162–164 Although the precise role of
SCFAs in NAFLD remains uncertain, both clinical and rodent
models of NAFLD report decreased SCFA abundance.12
In 2018 Hoyles et al105 reported a link between obesityassociated NAFLD and phenylacetic acid, a bacterial product
of amino acid metabolism. Researchers assessed the fecal
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metagenome (shotgun sequencing), hepatic transcriptome
(RNA microarray), and plasma/urine metabolomics (1HNMR spectroscopy) from the FLORINASH study (2 independent cohorts of obese women). Metabolome-wide association analysis identiﬁed phenylacetic acid as a key
microbial metabolite signiﬁcantly associated with hepatic
steatosis. Importantly, functional metagenomic analysis
associated steatosis and insulin resistance with increased
aromatic amino acid metabolism, a bacterial pathway
contributing to phenylacetic acid production. Researchers
then used murine models to validate a causal role of the
NAFLD microbiome and microbial-produced phenylacetic
acid. FMT of the NAFLD microbiome into germ-free mice
rapidly triggered increased hepatic triglyceride levels,
whereas oral phenylacetic acid treatment increased hepatic
lipid accumulation and expression of lipid metabolism
genes. Multivariate modeling to classify steatosis improved
when multiomic features were integrated (area under the
curve ¼ 87.07%), whereas noninvasive clinical data yielded
an area under the curve of 58.38%.
Ongoing gut-liver studies have revealed a profound
impact of commensal microbes on hepatic function.
Although sequencing of the fecal microbiome identiﬁed
putative microbial signatures within NAFLD cohorts,
emerging studies have interrogated gut-liver interactions
from a multiomic approach, identifying microbialdependent pathways contributing to NAFLD (eg, bile acid
metabolism, phenylacetic acid). We now examine emerging
research of the undernourished gut-liver axis. Intriguingly,
multiomic techniques have revealed broad similarities in
gut-liver pathways contributing to undernourished NAFLD
in clinical and experimental settings (Table 2).

Assessing the Undernourished Gut
Microbiota-Liver Axis
The Malnourished Gut Microbiome and
Kwashiorkor
Groundbreaking work from the Gordon laboratory
demonstrated that both diet and gut microbes contribute to
kwashiorkor pathology.36,146 To examine pediatric kwashiorkor, the Gordon laboratory fed gnotobiotic mice an undernourished diet based on Malawian food staples. Mice
then received an FMT from pediatric twin pairs discordant
for kwashiorkor, and microbial and host metabolic signatures were assessed. Combination of the Malawian diet and
the kwashiorkor FMT recapitulated growth faltering and
metabolic disruption reported in pediatric kwashiorkor
cases.36 Notably, gnotobiotic mice that received an FMT
from the healthy twin exhibited higher levels of urinary
taurine, an amino acid required for bile acid conjugation.
Lower taurine levels correlated with increased fecal Bilophila wadsworthia, gram-negative bacteria that facilitate bile
acid metabolism and use taurine-conjugated bile acids as an
energy source.36,120
Independent, undernutrition models have reported
similar bile acid trends.24,40 Newly weaned male Wistar rats
placed on a protein-deﬁcient diet (5% protein) also
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developed hepatic steatosis, accompanied by a reduction of
taurine-conjugated bile acids in plasma.40 Our MAL model
(diet: 7% protein, 5% fat) displayed robust loss of intestinal
taurine-conjugated bile acids compared with healthy controls (diet: 20% protein, 15% fat). These shifts were
accompanied by an expansion of bacterial members
belonging to the Bacteroidetes and Proteobacteria phyla
within the small intestine,24 microbes linked to bile acid
processing.165
Altered bile acid proﬁles have also been reported in
pediatric cohorts. Total bile acids were elevated within
plasma samples of a Malawian SAM cohort (61.4% kwashiorkor), compared with healthy children.166 SAM patients
displayed a modest increase of glycine-conjugated bile acids
within their serum, although there were no signiﬁcant differences in taurine-conjugated bile acids between healthy
and SAM participants. Researchers also assessed undernourished fecal bile acid proﬁles and reported decreased
secondary bile acids after hospitalization and treatment,
indicative of altered gut bacterial transformation. Moreover,
levels of fecal calprotectin, a marker of gut inﬂammation,
were reduced in SAM cohorts after hospitalization. Although
the precise role of bile acid shifts was not determined, researchers speculated that microbiota-dependent shifts and
bile-dependent inﬂammatory pathways likely contribute to
SAM-induced NAFLD features.166
In summary, undernutrition rodent models display a
reduction in tauro-conjugated bile acids,24,40 whereas the
Malawian SAM cohort exhibited higher glycine-conjugated
bile acids.166 Intriguingly, obesity-associated NAFLD has
been linked to elevated taurocholate (taurine-conjugated)
and glycocholate (glycine-conjugated) plasma levels.35
Although these distinctions may reﬂect murine- or modelspeciﬁc alterations, these ﬁndings suggest the possibility
of biological markers speciﬁc to undernourished fatty liver.
These studies highlight the impact of microbes on systemic
metabolic pathologies, indicating the putative beneﬁt of
therapies targeting gut-liver dysbiosis.
Diet signiﬁcantly alters the composition and functional
capacity of the gut microbiome.147 Indeed, researchers
observed shifts in the fecal microbiome after 2 weeks of
RUTF feeding in undernourished mice. More intriguingly,
researchers reported that gut microbes are not only shaped
by RUTF intervention but also inﬂuence RUTF outcomes
because the kwashiorkor microbiome was linked to
persistent weight deﬁcits compared with undernourished
mice that received a healthy donor FMT.36 Gehrig et al26
later reported speciﬁc dietary interventions improving
early-life undernutrition in an independent Bangladeshi
SAM cohort. Researchers performed metabolomic and proteomic plasma proﬁling, as well as fecal metagenomic analyses, identifying correlations between biomarkers of
improved health and bacteria composition throughout dietary intervention. Next, researchers used gnotobiotic
models to identify microbiota-directed complementary food
(MDCF), dietary interventions that improved fecal microbiota shifts (ie, toward a microbiota associated with
growth). MDCF treatment improved immune and metabolic
features in comparison with standard dietary intervention

(ie, khichuri-halwa, a rice/lentil-based meal) in both undernourished models and in a randomized, double-blind
pediatric intervention study.26,167 Notably, mass spectrometry of murine hepatic samples revealed increased markers
of insulin-like growth factor-1 signaling after MDCF,26 a
growth hormone reduced in clinical NAFLD.168 These ﬁndings provide a multiomic template to assess putative
microbiota-directed therapies targeting undernourished
fatty liver.
After birth, the gut microbiota rapidly develops and remains at a high level of plasticity before stabilizing between
the ages of 3 and 5 years.169 SAM emerges around this
early-life timeframe,170,171 warranting further study of the
early-life microbiome and pediatric NAFLD (see also
Supplemental Material: Marasmus). Undernutrition pathologies, however, can occur throughout life, including the
hidden hunger of MND.

MND and the Gut Microbiome
Poor diet and/or impaired bile acid processes—features
of NAFLD—drive micronutrient malabsorption of essential
vitamins and minerals.57,172,173 Fat-soluble vitamins, in
particular, require appropriate bile acid metabolism. Bile
salts facilitate the absorption of dietary fats through the
intestinal lining.91 Deﬁciency of fat-soluble vitamins, in turn,
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disrupts hepatic function, likely inﬂuencing bile acid processing and subsequent gut dysbiosis.48,91,174
How, and to what extent, do micronutrients modulate
the composition and functionality of the gut microbiome
also remains largely unstudied. The Gordon laboratory reported that MND deﬁciencies shift the fecal microbiota of
gnotobiotic mice colonized with a consortium of humanderived bacteria and placed on various micronutrient
depletion diets. Microbiota shifts (Bray-Curtis dissimilarity)
were not signiﬁcant after 2 weeks on repletion diets (sufﬁcient MND content), indicating that the MND microbiome
is receptive to dietary intervention.175 Because many
micronutrients exhibit antimicrobial properties, MND likely
facilitates aberrant bacterial blooms within the malnourished gut.172,176,177 Iron deﬁciency has been linked to
decreased alpha diversity and increased gram-negative
Enterobacteriaceae abundance in rodent models,172
whereas copper-deﬁcient/high-fructose diets reduced
Akkermansia,178 a bacterial genus involved in glucose
metabolism and inﬂammatory responses,179,180 Moreover,
copper deﬁciency was associated with increased circulating
LPS, an inﬂammatory feature observed in obesity-associated
NAFLD.10,116,178
Elevated bacterial endotoxins may also reﬂect disruption
of the intestinal barrier. MND promotes epithelial

Figure 2. Dietary intervention improves gut microbiota alterations and undernutrition-induced NAFLD features. Protein/fat
deﬁciency triggers growth faltering and NAFLD-like pathology in young mice. To model chronic fecal-oral contamination, a
condition associated with undernutrition and poverty, a subset of malnourished mice received repeated exposure to a bacterial
cocktail (MBG model). Compared with undernutrition-alone, MBG mice exhibit increased hepatic triglyceride levels (see Brown
et al24 and Bauer et al38); healthy controls are not displayed. Malnutrition altered the liver metabolome, speciﬁcally lipid proﬁles
and metabolism of phenylacetic acid, a bacterial metabolite linked to obesity-associated NAFLD.105 Dietary intervention
largely improved growth deﬁcits, fatty liver features, and compositional microbiota shifts. This MBG reversal (MBG-R) model
also displayed reductions in predictive phenylacetic acid pathways within the gut microbiome, compared with the nonintervention controls (not pictured). Intriguingly, hepatic steatosis was not observed in adult-onset malnutrition (control diet to MBG
model, C-MBG mice).

REVIEWS AND
PERSPECTIVES

June 2022

1868 Bauer et al

Gastroenterology Vol. 162, No. 7

REVIEWS AND
PERSPECTIVES

Figure 3. The vicious cycle of undernutrition-induced NAFLD. A vicious cycle of gut-liver impairment promotes malnutritioninduced NAFLD. External factors, including poor diet and gastrointestinal insult, alter gut metabolism and barrier function,
contributing to gut microbiota dysbiosis. The dysbiotic gut, in turn, contributes to undernutrition and hepatic pathologies by
promoting malabsorption and altering the gut-liver axis through microbial-dependent pathways. Breaking this vicious cycle will
require a multihit approach that involves dietary intervention and gut microbiota-targeted therapies (eg, MDCF). Multiomic
studies integrating microbial and metabolomic datasets may provide valued insight into the speciﬁc mechanisms and signaling
pathways of the NAFLD gut microbiota-liver axis. Despite progress in combatting global poverty, undernutrition and undernourished pathologies are expected to increase as a consequence of the ongoing COVID-19 pandemic. We anticipate that
recognition of the gut microbiota-liver axis will provide a valued framework to identify therapeutic targets of undernutritioninduced NAFLD. Figure concept based on Guerrant et al.14 BA, bile acids; PAA, phenylacetic acid.

permeability via inﬂammatory processes and disruption of
tight junction proteins, facilitating subsequent bacterial
translocation.181,182 Furthermore, because many micronutrients have antioxidative properties—including vitamin
E, copper, and selenium—it is likely that MND impacts
multiple gut microbiome-liver signaling pathways, involving
inﬂammatory, oxidative, and metabolic processes.172,173
Whether
multiomic
exploration
of
MND
and
undernutrition-induced NAFLD will reveal analogous gut
microbiota-liver biomarkers remains unknown.
Beyond macronutrient deﬁcits and MND, external microbial
insults
also
exacerbate
undernutrition
pathology.14,38

Gut Microbes Promote Intestinal Malabsorption
and NAFLD-Like Features
Recurrent exposure to fecal-oral contamination promotes intestinal inﬂammation and disrupts barrier integrity—key hallmarks of EED, a subclinical undernutrition
pathology reported in regions with poor access to sanitation.14,24,95 EED has been associated with stunting, impaired
neurocognitive development, and altered metabolic proﬁles,14,25,183 prompting study of fecal-oral contamination
and the undernourished gut microbiota.
To assess chronic fecal-oral contamination, our laboratory developed a model combining malnutrition and

repeated bacterial gavage (MBG mice; Figure 2).24,38
Following weaning, C57BL/6 mice were placed on a
protein/fat-deﬁcient diet for 4 weeks (MAL model). An MBG
subset received repeated bacterial E. coli/Bacteroidales
cocktails, as noted earlier.24 These fecal commensals were
selected as E. coli and Bacteroidales exposures promoted
growth stunting within an independent kwashiorkor
model.24,146 MBG mice displayed small intestinal barrier
disruption characteristic of malabsorption conditions.
Epithelial permeability was further validated via intestinal
Salmonella typhimurium infection. Compared with healthy
controls, MBG livers exhibited elevated proinﬂammatory
cytokines and S typhimurium burden, indicative of increased
bacterial translocation and immune impairment.24
Although undernutrition alone was sufﬁcient to promote
hepatic steatosis and fecal microbiome shifts, the combination of poor diet and fecal-oral contamination exacerbated
hepatic triglyceride levels, indicating a link between
bacterial-induced gut barrier disruption and NAFLD progression.24,38 Fatty liver pathology in MAL and MBG mice
was accompanied by marked alteration of liver metabolomic
pathways, notably PUFA and glycerophospholipid metabolism, features reported across undernutrition and obeseassociated NAFLD.40,97,98,105,184,185
To explore the impact of nutritional intervention, we
conducted dietary reversals (malnourished to healthy diet
or healthy to malnourished diet). These experiments used a

multiomic approach, integrating microbiome (16S rRNA
sequencing) and metabolomic (untargeted Fourier transform mass spectrometry) analyses. Prolonged dietary
intervention largely reversed NALFD-like features and
altered gut microbiota proﬁles, notably relative abundance
of Coriobacteriaceae and Streptococcaceae members. In
contrast, adult-onset undernutrition promoted an
undernutrition-like liver metabolome, but not hepatic steatosis, indicating distinct NAFLD pathophysiology occurring
in early-life and adult-onset undernutrition in mice.38,101
To further investigate gut microbiota-liver metabolism
in the MBG model, we used weighted gene co-expression
network analysis,186,187 an approach to identify clusters
(modules) of highly correlated metabolites. We subsequently correlated these modules to hepatic steatosis and
triglyceride content. A metabolic module largely composed
of glycerophospholipid metabolites was signiﬁcantly correlated to fatty liver features, but a bile acid module (predominantly taurocholic metabolites) was not signiﬁcantly
correlated to either NAFLD-like features or dietary intervention, suggesting that reported shifts in tauro-conjugated
bile acids may reﬂect a consequence of undernutrition,
rather than be a driver of hepatic steatosis within the MBG
model.24,38
Intriguingly, decreased phenylacetic acid metabolism
was associated with reduction of hepatic steatosis in the
liver metabolome and predicted metagenome analyses.38 As
described earlier, Hoyles et al105 ﬁrst reported and
demonstrated a causal role for bacterial-derived phenylacetic acid in obese-associated NAFLD. We anticipate that
further multiomic NAFLD studies will identify shared
metabolic and microbial-dependent therapeutic targets in
overnutrition- and undernutrition-induced pathologies,
including EED.

Conclusion: NAFLD and a Gut-Liver
Perspective
A “multihit” disorder, dietary, metabolic, and microbial
alterations contribute to the complex and interconnected
pathophysiology of malnutrition-induced NAFLD.9,38 Unequivocally linked to metabolic syndrome, NAFLD has been
largely studied in the context of obesity, insulin resistance,
and aging.2,7,12 Despite a strong association with overnutrition, hepatic steatosis may occur in the presence of
dietary deﬁciencies.33,171 Although global undernutrition
rates have decreased in the 21st century,19 malnutrition,
particularly among children and vulnerable populations, is
expected to increase in the wake of the COVID-19
pandemic.18,20 Increased malnutrition prevalence will
likely contribute to the ongoing increase of pediatric NAFLD,
leading to lasting metabolic and hepatic disruption among
the affected populations.1
In 2013, Guerrant et al14 outlined the “vicious cycle” of
poverty, highlighting the combined inﬂuence of gastrointestinal dysbiosis, poor diet, and infectious disease in the
promotion and persistence of poverty-associated pathologies. Perhaps a similar model should be applied to
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malnutrition-induced NAFLD (Figure 3). NAFLD is a multifactorial disease shaped by the dysbiotic gastrointestinal
environment.10,12 In this model, hepatic steatosis subsequently affects susceptibility to microbial insults and
ensuing metabolic disruption.1,9,38
The recognition of gut microbiota-liver interactions will
require an expanded study of NAFLD etiology, progression,
and treatment. Metagenomic analyses and murine models
have revealed putative diagnostic markers of NAFLD,116,117
whereas multiomic approaches—integrating microbiome
and hepatic datasets—have identiﬁed bacterial-dependent
mechanisms linked to malnutrition-induced NAFLD.38,105
Whether obese-associated NAFLD and undernutritioninduced NAFLD present with unique (or consistent) biological markers remains largely unstudied.
Irrespective of the causes contributing to NAFLD,
nutritional modiﬁcation remains the key therapeutic strategy and ﬁrst-line course for intervention, although compliance and/or ability to comply is poor.9,101,188 Modest weight
loss of 7% signiﬁcantly improves histological features of
obesity-associated NAFLD, including steatosis, lobular
inﬂammation, and hepatocellular ballooning.189 Although
sustained weight loss signiﬁcantly improves NAFLD features, these clinical guidelines fail to address prevalent
undernutrition pathologies promoting NAFLD-like features
and gut-liver dysbiosis.9 Microbiota-focused intervention
(eg, MDCF) in combination with established therapeutic
food intervention (eg, RUTF supplementation) reﬂects an
innovative trend for the treatment of undernutritioninduced pathologies (see Supplemental Material:
Intervention).
In summary, multihit disorders require an expanded
“multihit” approach, including collaboration from microbiome and hepatic research teams, as well as translational
studies involving medical and public health professionals.
We anticipate that emerging multiomic studies will not
only contribute to a better understanding of the gutmicrobiota-liver axis but also identify novel dietary and
microbial targets to treat or reverse malnutrition-induced
NAFLD.

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2022.01.058.

References
1. Bush H, Golabi P, Younossi ZM. Pediatric non-alcoholic
fatty liver disease. Children (Basel) 2017;4:48.
2. Younossi ZM, Koenig AB, Abdelatif D, et al. Global
epidemiology of nonalcoholic fatty liver disease—metaanalytic assessment of prevalence, incidence, and outcomes. Hepatology 2016;64:73–84.
3. Shah J, Okubote T, Alkhouri N. Overview of updated
practice guidelines for pediatric nonalcoholic fatty

REVIEWS AND
PERSPECTIVES

June 2022

1870 Bauer et al

REVIEWS AND
PERSPECTIVES

liver disease. Gastroenterol Hepatol (N Y) 2018;
14:407–414.
4. Younossi ZM. Non-alcoholic fatty liver disease – a
global public health perspective. J Hepatol 2019;
70:531–544.
5. Takahashi Y, Fukusato T. Histopathology of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis.
World J Gastroenterol 2014;20:15539–15548.
6. Lynch C, Chan CS, Drake AJ. Early life programming
and the risk of non-alcoholic fatty liver disease. J Dev
Origins Health Dis 2017;8:263–272.
7. Yki-Järvinen H. Non-alcoholic fatty liver disease as a
cause and a consequence of metabolic syndrome.
Lancet Diabetes Endocrinol 2014;2:901–910.
8. Dyson JK, Anstee QM, McPherson S. Non-alcoholic
fatty liver disease: a practical approach to diagnosis and
staging. Frontline Gastroenterol 2014;5:211–218.
9. Kneeman JM, Misdraji J, Corey KE. Secondary causes
of nonalcoholic fatty liver disease. Therap Adv Gastroenterol 2012;5:199–207.
10. Aron-Wisnewsky J, Warmbrunn MV, Nieuwdorp M, et al.
Nonalcoholic fatty liver disease: modulating gut microbiota to improve severity? Gastroenterology 2020;
158:1881–1898.
11. Cotter TG, Rinella M. Nonalcoholic fatty liver disease
2020: the state of the disease. Gastroenterology 2020;
158:1851–1864.
12. Albillos A, Gottardi A de, Rescigno M. The gut-liver axis
in liver disease: pathophysiological basis for therapy.
J Hepatol 2020;72:558–577.
13. Black RE, Victora CG, Walker SP, et al. Maternal and
child undernutrition and overweight in low-income and
middle-income countries. Lancet 2013;382:427–451.
14. Guerrant RL, DeBoer MD, Moore SR, et al. The impoverished gut—a triple burden of diarrhoea, stunting and
chronic disease. Nat Rev Gastroenterol Hepatol 2013;
10:220.
15. Anon. 2020 Global Nutrition Report. Available at: https://
globalnutritionreport.org/reports/2020-global-nutritionreport/. Accessed November 8, 2021.
16. Dipasquale V, Cucinotta U, Romano C. Acute malnutrition in children: pathophysiology, clinical effects and
treatment. Nutrients 2020;12:2413.
17. Headey D, Heidkamp R, Osendarp S, et al. Impacts of
COVID-19 on childhood malnutrition and nutritionrelated mortality. Lancet 2020;396:519–521.
18. Littlejohn P, Finlay BB. When a pandemic and an
epidemic collide: COVID-19, gut microbiota, and the
double burden of malnutrition. BMC Med 2021;
19:31.
19. Anon. UNICEF/WHO/The World Bank Group joint child
malnutrition estimates: levels and trends in child
malnutrition: key ﬁndings of the 2021 edition. Available
at:
https://www.who.int/publications-detail-redirect/
9789240025257. Accessed October 6, 2021.
20. Osendarp S, Akuoku JK, Black RE, et al. The COVID-19
crisis will exacerbate maternal and child undernutrition
and child mortality in low- and middle-income countries.
Nat Food 2021;2:476–484.

Gastroenterology Vol. 162, No. 7
21. Bhutta ZA, Berkley JA, Bandsma RHJ, et al. Severe
childhood malnutrition. Nat Rev Dis Primers 2017;
3:1–18.
22. Bourke CD, Berkley JA, Prendergast AJ. Immune
dysfunction as a cause and consequence of malnutrition. Trends Immunol 2016;37:386–398.
23. Saunders J, Smith T. Malnutrition: causes and consequences. Clin Med (Lond) 2010;10:624–627.
24. Brown EM, Wlodarska M, Willing BP, et al. Diet and
speciﬁc microbial exposure trigger features of environmental enteropathy in a novel murine model. Nat Commun 2015;6:7806.
25. Semba RD, Shardell M, Trehan I, et al. Metabolic alterations in children with environmental enteric dysfunction.
Sci Rep 2016;6:28009.
26. Gehrig JL, Venkatesh S, Chang H-W, et al. Effects of
microbiota-directed foods in gnotobiotic animals and
undernourished children. Science 2019;365:eaau4732.
27. Grey K, Gonzales GB, Abera M, et al. Severe malnutrition
or famine exposure in childhood and cardiometabolic
non-communicable disease later in life: a systematic
review. BMJ Global Health 2021;6:e003161.
28. Anon. Goal 2: Zero Hunger. United Nations Sustainable
Development.
Available
at:
https://www.un.org/
sustainabledevelopment/hunger/. Accessed November
11, 2021.
29. Boyne MS, Francis-Emmanuel P, Tennant IA, et al.
Cardiometabolic risk in marasmus and kwashiorkor
survivors. In: Preedy VR, Patel VB, eds. Handbook of
famine, starvation, and nutrient deprivation: from biology
to policy. New York: Springer International Publishing;
2019:1199–1220.
30. Thompson DS, Bourdon C, Massara P, et al. Childhood
severe acute malnutrition is associated with metabolic
changes in adulthood. JCI Insight 2020;5:e141316.
31. Bourdon C, Lelijveld N, Thompson D, et al. Metabolomics in plasma of Malawian children 7 years after
surviving severe acute malnutrition: “ChroSAM” a cohort
study. EBioMedicine 2019;45:464–472.
32. Osorio SN. Reconsidering kwashiorkor. Top Clin Nutr
2011;26:10–13.
33. Kwashiorkor Williams CD. A nutritional disease of children associated with a maize diet. Lancet 1935;
229:1151–1152.
34. Fong DG, Nehra V, Lindor KD, et al. Metabolic and
nutritional considerations in nonalcoholic fatty liver.
Hepatology 2000;32:3–10.
35. Puri P, Daita K, Joyce A, et al. The presence and severity
of nonalcoholic steatohepatitis is associated with speciﬁc changes in circulating bile acids. Hepatology 2018;
67:534–548.
36. Smith MI, Yatsunenko T, Manary MJ, et al. Gut
microbiomes of Malawian twin pairs discordant for
kwashiorkor. Science 2013;339:548–554.
37. Jones KD, Ali R, Khasira MA, et al. Ready-to-use therapeutic food with elevated n-3 polyunsaturated fatty
acid content, with or without ﬁsh oil, to treat severe
acute malnutrition: a randomized controlled trial. BMC
Med 2015;13:93.

38. Bauer KC, Huus KE, Brown EM, et al. Dietary intervention reverses fatty liver and altered gut microbiota
during early-life undernutrition. mSystems 2020;5:
e00499-20.
39. Dalvi PS, Yang S, Swain N, et al. Long-term metabolic
effects of malnutrition: liver steatosis and insulin resistance following early-life protein restriction. PLoS One
2018;13:e0199916.
40. Zutphen T van, Ciapaite J, Bloks VW, et al. Malnutritionassociated liver steatosis and ATP depletion is caused
by peroxisomal and mitochondrial dysfunction.
J Hepatol 2016;65:1198–1208.
41. Huus KE, Bauer KC, Brown EM, et al. Commensal
bacteria modulate immunoglobulin A binding in
response to host nutrition. Cell Host Microbe 2020;27:
909–921.e5.
42. Nr T, Es L, Sa R, et al. A regional basic diet from
northeast Brazil as a dietary model of experimental
malnutrition. Arch Latinoam Nutr 1990;40:533–547.
43. Mundi MS, Velapati S, Patel J, et al. Evolution of NAFLD
and its management. Nutr Clin Practice 2020;35:72–84.
44. Shenkin A. Micronutrients in health and disease. Postgrad Med J 2006;82:559–567.
45. Gombart AF, Pierre A, Maggini S. A review of micronutrients and the immune system-working in harmony to
reduce the risk of infection. Nutrients 2020;12:E236.
46. Anon. Second nutrition report (2012) j CDC. Available at:
https://www.cdc.gov/nutritionreport/report_2012.html.
Accessed November 8, 2021.
47. Das P, Babaei P, Nielsen J. Metagenomic analysis of
microbe-mediated vitamin metabolism in the human gut
microbiome. BMC Genomics 2019;20:208.
48. Pickett-Blakely O, Young K, Carr RM. Micronutrients in
nonalcoholic fatty liver disease pathogenesis. Cell Mol
Gastroenterol Hepatol 2018;6:451–462.
49. Ullah R, Rauf N, Nabi G, et al. Role of nutrition in the
pathogenesis and prevention of non-alcoholic fatty
liver disease: recent updates. Int J Biol Sci 2019;
15:265–276.
50. Bailey RL Jr KPW, Black RE. The epidemiology of global
micronutrient deﬁciencies. ANM 2015;66:22–33.
51. Research Institute (IFPRI) IFP. Global nutrition report
2016 from promise to impact ending malnutrition by
2030 summary; 2016.
52. Global GNP. nutrition report 2017: nourishing the SDGs.
Global Nutrition Report 2017 2017:115.
53. Dewey KG, Adu-Afarwuah S. Systematic review of the
efﬁcacy and effectiveness of complementary feeding
interventions in developing countries. Matern Child Nutr
2008;4:24–85.
54. Allen L, Benoist B de, Dary O, et al. Guidelines on food
fortiﬁcation with micronutrients. World Health Organization; 2006.
55. Semba RD, Bloem MW. The anemia of vitamin A deﬁciency: epidemiology and pathogenesis. Eur J Clin Nutr
2002;56:271–281.
56. Koop AH, Mousa OY, Pham LE, et al. An argument for
vitamin D, A, and Zinc monitoring in cirrhosis. Ann
Hepatol 2018;17:920–932.

NAFLD and the Gut-Liver Axis 1871
57. Veraldi S, Pietrobattista A, Liccardo D, et al. Fat soluble
vitamins deﬁciency in pediatric chronic liver disease: the
impact of liver transplantation. Dig Liver Dis 2020;
52:308–313.
58. Anon. Vitamin E. In: LiverTox: clinical and research information on drug-induced liver injury. Bethesda: National Institute of Diabetes and Digestive and Kidney
Diseases; 2012. Available at: http://www.ncbi.nlm.nih.
gov/books/NBK548283/. Accessed November 8, 2021.
59. Traber MG. Vitamin E inadequacy in humans: causes
and consequences. Adv Nutr 2014;5:503–514.
60. Egal A, Oldewage-Theron W. Association of micronutrients and child growth in children aged 7-15 years
from Qwa-Qwa, South Africa. South African J Clin Nutr
2018;31:62–66.
61. Jilani T, Iqbal MP. Vitamin E deﬁciency in South Asian
population and the therapeutic use of alpha-tocopherol
(Vitamin E) for correction of anemia. Pak J Med Sci
2018;34:1571–1575.
62. Dror DK, Allen LH. Vitamin E deﬁciency in developing
countries. Food Nutr Bull 2011;32:124–143.
63. Jiang Q. Natural forms of vitamin E: metabolism, antioxidant and anti-inﬂammatory activities and the role in
disease prevention and therapy. Free Radic Biol Med
2014;72:76–90.
64. Drevon CA. Absorption, transport and metabolism of
vitamin E. Free Radic Res Commun 1991;14:229–246.
65. Li J, Cordero P, Nguyen V, et al. The role of vitamins in
the pathogenesis of non-alcoholic fatty liver disease.
Integr Med Insights 2016;11:IMI.S31451.
66. Sanyal AJ, Chalasani N, Kowdley KV, et al. Pioglitazone,
vitamin E, or placebo for nonalcoholic steatohepatitis.
N Engl J Med 2010;362:1675–1685.
67. Chakravarthy MV, Waddell T, Banerjee R, et al. Nutrition
and nonalcoholic fatty liver disease: current perspectives. Gastroenterol Clin North Am 2020;49:63–94.
68. Alkhouri N, Feldstein AE. The TONIC trial: a step forward
in treating pediatric nonalcoholic fatty liver disease.
Hepatology 2012;55:1292–1295.
69. Hadi HE, Vettor R, Rossato M. Vitamin E as a treatment
for nonalcoholic fatty liver disease: reality or myth? Antioxidants (Basel) 2018;7:12.
70. Yiannikourides A, Latunde-Dada GO. A short review of
iron metabolism and pathophysiology of iron disorders.
Medicines (Basel) 2019;6:85.
71. Anon. Iron. Linus Pauling Institute 2014. Available at:
https://lpi.oregonstate.edu/mic/minerals/iron. Accessed
November 8, 2021.
72. Deugnier Y, Bardou-Jacquet É, Lainé F. Dysmetabolic
iron overload syndrome (DIOS). Presse Med 2017;
46:e306–e311.
73. Kowdley KV. Iron overload in patients with chronic liver
disease. Gastroenterol Hepatol (N Y) 2016;12:695–698.
74. Ma B, Sun H, Zhu B, et al. Hepatic steatosis is associated with elevated serum iron in patients with obesity
and improves after laparoscopic sleeve gastrectomy.
Obes Facts 2021;14:64–71.
75. Heritage M, Jaskowski L, Bridle K, et al. Combination
curcumin and vitamin E treatment attenuates diet-

REVIEWS AND
PERSPECTIVES

June 2022

1872 Bauer et al

REVIEWS AND
PERSPECTIVES

induced steatosis in Hfe-/- mice. World J Gastrointest
Pathophysiol 2017;8:67–76.
76. Lee SM, Nguyen D, Anand M, et al. Kcne2 deletion
causes early-onset nonalcoholic fatty liver disease via
iron deﬁciency anemia. Sci Rep 2016;6:23118.
77. Morrell A, Tallino S, Yu L, et al. The role of insufﬁcient
copper in lipid synthesis and fatty-liver disease. IUBMB
Life 2017;69:263–270.
78. Anon. Copper. Linus Pauling Institute 2014. Available at:
https://lpi.oregonstate.edu/mic/minerals/copper. Accessed
November 8, 2021.
79. Water NRC (US) C on C in D. Physiological role of
copper. National Academies Press (US). Available at:
https://www.ncbi.nlm.nih.gov/books/NBK225407/. Accessed
November 8, 2021.
80. Ito H. Copper deﬁciency and nonalcoholic fatty liver
disease: the chicken or the egg? Clin Nutr 2021;40:4914.
81. Song M, Vos MB, McClain CJ. Copper-fructose interactions: a novel mechanism in the pathogenesis of
NAFLD. Nutrients 2018;10:1815.
82. Aigner E, Strasser M, Haufe H, et al. A role for low hepatic copper concentrations in nonalcoholic Fatty liver
disease. Am J Gastroenterol 2010;105:1978–1985.
83. Nobili V, Siotto M, Bedogni G, et al. Levels of serum
ceruloplasmin associate with pediatric nonalcoholic fatty
liver disease. J Pediatr Gastroenterol Nutr 2013;
56:370–375.
84. Klevay LM. Adding fructose to diets of animals can
induce copper deﬁciency. Biomed Pharmacother 2019;
111:402.
85. Handy DE, Joseph J, Loscalzo J. Selenium, a micronutrient that modulates cardiovascular health via redox
enzymology. Nutrients 2021;13:3238.
86. Bloom A, Bloom S, Silva H, et al. Zinc supplementation
and its beneﬁts in the management of chronic liver disease: an in-depth literature review. Ann Hepatol 2021;25:
100549.
87. Yang Z, Yan C, Liu G, et al. Plasma selenium levels and
nonalcoholic fatty liver disease in Chinese adults: a
cross-sectional analysis. Sci Rep 2016;6:37288.
88. Reja M, Makar M, Visaria A, et al. Increased serum selenium levels are associated with reduced risk of
advanced liver ﬁbrosis and all-cause mortality in NAFLD
patients: National Health and Nutrition Examination
Survey (NHANES) III. Ann Hepatol 2020;19:635–640.
89. Shidfar F, Faghihi A, Amiri HL, et al. Regression of
nonalcoholic fatty liver disease with zinc and selenium
co-supplementation after disease progression in rats.
Iran J Med Sci 2018;43:26–31.
90. Mousavi SN, Faghihi A, Motaghinejad M, et al. Zinc and
selenium co-supplementation reduces some lipid peroxidation and angiogenesis markers in a rat model of
NAFLD-fed high fat diet. Biol Trace Elem Res 2018;
181:288–295.
91. Saeed A, Dullaart RPF, Schreuder TCMA, et al.
Disturbed vitamin A metabolism in non-alcoholic fatty
liver disease (NAFLD). Nutrients 2017;10:29.
92. Bhutta ZA, Ahmed T, Black RE, et al. What works? Interventions for maternal and child undernutrition and
survival. Lancet 2008;371:417–440.

Gastroenterology Vol. 162, No. 7
93. Zou B, Yeo YH, Nguyen VH, et al. Prevalence, characteristics and mortality outcomes of obese, nonobese and
lean NAFLD in the United States, 1999–2016. J Intern
Med 2020;288:139–151.
94. Humphrey JH. Child undernutrition, tropical enteropathy, toilets, and handwashing. Lancet 2009;
374:1032–1035.
95. Crane RJ, Jones KDJ, Berkley JA. Environmental enteric
dysfunction: an overview. Food Nutr Bull 2015;
36:S76–S87.
96. Watanabe K, Petri WA. Environmental enteropathy:
elusive but signiﬁcant subclinical abnormalities in
developing countries. EBioMedicine 2016;10:25–32.
97. Semba RD, Trehan I, Li X, et al. Low serum u-3 and u-6
polyunsaturated fatty acids and other metabolites are
associated with poor linear growth in young children
from rural Malawi. Am J Clin Nutr 2017;106:1490–1499.
98. Leonardi R, Frank MW, Jackson PD, et al. Elimination of
the CDP-ethanolamine pathway disrupts hepatic lipid
homeostasis. J Biol Chem 2009;284:27077–27089.
99. Mitra V, Metcalf J. Metabolic functions of the liver.
Anaesth Intensive Care Med 2012;13:54–55.
100. Liu Y, Chen H, Wang J, et al. Association of serum retinoic acid with hepatic steatosis and liver injury in
nonalcoholic fatty liver disease. Am J Clin Nutr 2015;
102:130–137.
101. Clemente MG, Mandato C, Poeta M, et al. Pediatric nonalcoholic fatty liver disease: recent solutions, unresolved
issues, and future research directions. World J Gastroenterol 2016;22:8078–8093.
102. Sender R, Fuchs S, Milo R. Revised estimates for the
number of human and bacteria cells in the body. PLOS
Biology 2016;14:e1002533.
103. Consortium THMP. Structure, function and diversity of
the healthy human microbiome. Nature 2012;
486:207–214.
104. Sharpton SR, Yong GJM, Terrault NA, et al. Gut microbial metabolism and nonalcoholic fatty liver disease.
Hepatol Commun 2018;3:29–43.
105. Hoyles L, Fernández-Real J-M, Federici M, et al.
Molecular phenomics and metagenomics of hepatic
steatosis in non-diabetic obese women. Nat Med 2018;
24:1070–1080.
106. Ridaura VK, Faith JJ, Rey FE, et al. Gut microbiota from
twins discordant for obesity modulate metabolism in
mice. Science 2013;341:1241214.
107. Bäckhed F, Ding H, Wang T, et al. The gut microbiota as
an environmental factor that regulates fat storage. PNAS
2004;101:15718–15723.
108. Roy TL, Llopis M, Lepage P, et al. Intestinal microbiota
determines development of non-alcoholic fatty liver
disease in mice. Gut 2013;62:1787–1794.
109. Petersen MC, Vatner DF, Shulman GI. Regulation of
hepatic glucose metabolism in health and disease. Nat
Rev Endocrinol 2017;13:572–587.
110. Bures J, Cyrany J, Kohoutova D, et al. Small intestinal
bacterial overgrowth syndrome. World J Gastroenterol
2010;16:2978–2990.
111. Wijarnpreecha K, Lou S, Watthanasuntorn K, et al. Small
intestinal bacterial overgrowth and nonalcoholic fatty

liver disease: a systematic review and meta-analysis. Eur
J Gastroenterol Hepatol 2019;32:601–608.
112. Mouzaki M, Comelli EM, Arendt BM, et al. Intestinal
microbiota in patients with nonalcoholic fatty liver disease. Hepatology 2013;58:120–127.
113. Jiang W, Wu N, Wang X, et al. Dysbiosis gut microbiota
associated with inﬂammation and impaired mucosal
immune function in intestine of humans with nonalcoholic fatty liver disease. Sci Rep 2015;5:8096.
114. Qin N, Yang F, Li A, et al. Alterations of the human gut
microbiome in liver cirrhosis. Nature 2014;513:59–64.
115. Del Chierico F, Nobili V, Vernocchi P, et al. Gut microbiota proﬁling of pediatric nonalcoholic fatty liver disease
and obese patients unveiled by an integrated metaomics-based approach. Hepatology 2017;65:451–464.
116. Schwimmer JB, Johnson JS, Angeles JE, et al.
Microbiome signatures associated with steatohepatitis
and moderate to severe ﬁbrosis in children with nonalcoholic fatty liver disease. Gastroenterology 2019;
157:1109–1122.
117. Caussy C, Tripathi A, Humphrey G, et al. A gut microbiome signature for cirrhosis due to nonalcoholic fatty
liver disease. Nat Commun 2019;10:1406.
118. Lang S, Demir M, Martin A, et al. Intestinal virome
signature associated with severity of nonalcoholic fatty
liver disease. Gastroenterology 2020;159:1839–1852.
119. Turnbaugh PJ, Hamady M, Yatsunenko T, et al. A core
gut microbiome in obese and lean twins. Nature 2009;
457:480–484.
120. Feng Z, Long W, Hao B, et al. A human stool-derived
Bilophila wadsworthia strain caused systemic inﬂammation in speciﬁc-pathogen-free mice. Gut Pathogens
2017;9:59.
121. Miele L, Valenza V, Torre GL, et al. Increased intestinal
permeability and tight junction alterations in nonalcoholic fatty liver disease. Hepatology 2009;49:1877–1887.
122. Nicoletti A, Ponziani FR, Biolato M, et al. Intestinal
permeability in the pathogenesis of liver damage: from
non-alcoholic fatty liver disease to liver transplantation.
World J Gastroenterol 2019;25:4814–4834.
123. Mosca A, Leclerc M, Hugot JP. Gut microbiota diversity
and human diseases: should we reintroduce key predators in our ecosystem? Front Microbiol 2016;7:455.
124. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating
intestinal barrier integrity and its pathological implications. Exp Molec Med 2018;50:1–9.
125. Schroeder BO. Fight them or feed them: how the intestinal mucus layer manages the gut microbiota. Gastroenterol Rep (Oxf) 2019;7:3–12.
126. Vancamelbeke M, Vermeire S. The intestinal barrier: a
fundamental role in health and disease. Expert Rev
Gastroenterol Hepatol 2017;11:821–834.
127. Poeta M, Pierri L, Vajro P. Gut–liver axis derangement in
non-alcoholic fatty liver disease. Children (Basel) 2017;4:
66.
128. Schierwagen R, Alvarez-Silva C, Madsen MSA, et al.
Circulating microbiome in blood of different circulatory
compartments. Gut 2019;68:578–580.
129. Cani PD, Bibiloni R, Knauf C, et al. Changes in gut
microbiota control metabolic endotoxemia-induced

NAFLD and the Gut-Liver Axis 1873
inﬂammation in high-fat diet–induced obesity and diabetes in mice. Diabetes 2008;57:1470–1481.
130. Cheng C, Tan J, Qian W, et al. Gut inﬂammation exacerbates hepatic injury in the high-fat diet induced
NAFLD mouse: attention to the gut-vascular barrier
dysfunction. Life Sci 2018;209:157–166.
131. Miura K, Ohnishi H. Role of gut microbiota and Toll-like
receptors in nonalcoholic fatty liver disease. World J
Gastroenterol 2014;20:7381–7391.
132. Arrese M, Cabrera D, Kalergis AM, et al. Innate immunity
and inﬂammation in NAFLD/NASH. Dig Dis Sci 2016;
61:1294–1303.
133. Chassaing B, Etienne-Mesmin L, Gewirtz AT. Microbiota-liver axis in hepatic disease. Hepatology
2020:328–339.
134. Bruns T, Zimmermann HW, Stallmach A. Risk factors
and outcome of bacterial infections in cirrhosis. World J
Gastroenterol 2014;20:2542–2554.
135. Adenote A, Dumic I, Madrid C, et al. NAFLD and infection, a nuanced relationship. Canad J Gastroenterol
Hepatol 2021;2021:e5556354.
136. Hou J, Zhang J, Cui P, et al. TREM2 sustains
macrophage-hepatocyte metabolic coordination in
nonalcoholic fatty liver disease and sepsis. J Clin Invest
2021;131:e135197.
137. Huang H-C, Tsai M-H, Lee F-Y, et al. NAFLD aggravates
septic shock due to inadequate adrenal response and
11b-HSDs dysregulation in rats. Pharmaceutics 2020;
12:403.
138. Videla LA, Rodrigo R, Araya J, et al. Oxidative stress and
depletion of hepatic long-chain polyunsaturated fatty
acids may contribute to nonalcoholic fatty liver disease.
Free Radic Biol Med 2004;37:1499–1507.
139. Takaki A, Kawai D, Yamamoto K. Multiple hits, including
oxidative stress, as pathogenesis and treatment target in
non-alcoholic steatohepatitis (NASH). Int J Mol Sci 2013;
14:20704–20728.
140. Kohli R, Pan X, Malladi P, et al. Mitochondrial reactive
oxygen species signal hepatocyte steatosis by regulating the phosphatidylinositol 3-kinase cell survival
pathway. J Biol Chem 2007;282:21327–21336.
141. Begriche K, Massart J, Robin M-A, et al. Mitochondrial
adaptations and dysfunctions in nonalcoholic fatty liver
disease. Hepatology 2013;58:1497–1507.
142. Ucar F, Sezer S, Erdogan S, et al. The relationship between oxidative stress and nonalcoholic fatty liver disease: its effects on the development of nonalcoholic
steatohepatitis. Redox Rep 2013;18:127–133.
143. Serviddio G, Bellanti F, Vendemiale G. Free radical
biology for medicine: learning from nonalcoholic fatty
liver disease. Free Radic Biol Med 2013;65:952–968.
144. Zhu R, Wang Y, Zhang L, et al. Oxidative stress and liver
disease. Hepatol Res 2012;42:741–749.
145. Mansouri A, Gattolliat C-H, Asselah T. Mitochondrial
dysfunction and signaling in chronic liver diseases.
Gastroenterology 2018;155:629–647.
146. Kau AL, Planer JD, Liu J, et al. Functional characterization of IgA-targeted bacterial taxa from undernourished
Malawian children that produce diet-dependent enteropathy. Sci Translational Med 2015;7. 276ra24-276ra24.

REVIEWS AND
PERSPECTIVES

June 2022

1874 Bauer et al

REVIEWS AND
PERSPECTIVES

147. David LA, Maurice CF, Carmody RN, et al. Diet rapidly
and reproducibly alters the human gut microbiome.
Nature 2014;505:559–563.
148. Neish AS, Jones RM. Redox signaling mediates symbiosis between the gut microbiota and the intestine. Gut
Microbes 2014;5:250–253.
149. Qiao Y, Sun J, Ding Y, et al. Alterations of the gut
microbiota in high-fat diet mice is strongly linked to
oxidative stress. Appl Microbiol Biotechnol 2013;
97:1689–1697.
150. Slyepchenko A, Maes M, Jacka FN, et al. Gut microbiota, bacterial translocation, and interactions with diet:
pathophysiological links between major depressive disorder and non-communicable medical comorbidities.
PPS 2017;86:31–46.
151. Turnbaugh PJ, Ley RE, Hamady M, et al. The human
microbiome project: exploring the microbial part of ourselves in a changing world. Nature 2007;449:804–810.
152. Mertens KL, Kalsbeek A, Soeters MR, Eggink HM. Bile
acid signaling pathways from the enterohepatic circulation to the central nervous system. Front Neurosci
2017;11.
153. Tremblay S, Romain G, Roux M, et al. Bile acid administration elicits an intestinal antimicrobial program and
reduces the bacterial burden in two mouse models of
enteric infection. Infect Immun 2017;85:e00942–16.
154. Swann JR, Want EJ, Geier FM, et al. Systemic gut microbial modulation of bile acid metabolism in host tissue
compartments. PNAS 2011;108:4523–4530.
155. Preidis GA, Keaton MA, Campeau PM, et al. The undernourished neonatal mouse metabolome reveals evidence of liver and biliary dysfunction, inﬂammation, and
oxidative stress. J Nutr 2014;144:273–281.
156. Müller TD, Finan B, Bloom SR, et al. Glucagon-like
peptide 1 (GLP-1). Mol Metab 2019;30:72–130.
157. Potthoff MJ, Boney-Montoya J, Choi M, et al. FGF15/19
regulates hepatic glucose metabolism by inhibiting the
CREB-PGC-1a pathway. Cell Metab 2011;13:729–738.
158. Ma K, Saha PK, Chan L, et al. Farnesoid X receptor is
essential for normal glucose homeostasis. J Clin Invest
2006;116:1102–1109.
159. Maruyama T, Tanaka K, Suzuki J, et al. Targeted
disruption of G protein-coupled bile acid receptor 1
(Gpbar1/M-Bar) in mice. J Endocrinol 2006;191:197–
205.
160. Ma H, Patti ME. Bile acids, obesity, and the metabolic
syndrome. Best Practice Res Clin Gastroenterol 2014;
28:573–583.
161. Ma C, Han M, Heinrich B, et al. Gut microbiome–
mediated bile acid metabolism regulates liver cancer via
NKT cells. Science 2018;360.
162. Besten G den, Eunen K van, Groen AK, et al. The role of
short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism. J Lipid Res
2013;54:2325–2340.
163. Patterson E, Cryan JF, Fitzgerald GF, et al. Gut microbiota, the pharmabiotics they produce and host health.
Proc Nutr Soc 2014;73:477–489.
164. Suzuki T, Yoshida S, Hara H. Physiological concentrations of short-chain fatty acids immediately suppress

Gastroenterology Vol. 162, No. 7
colonic epithelial permeability. Br J Nutr 2008;
100:297–305.
165. Ridlon JM, Kang DJ, Hylemon PB, et al. Bile acids and
the gut microbiome. Curr Opin Gastroenterol 2014;
30:332–338.
166. Zhang L, Voskuijl W, Mouzaki M, et al. Impaired bile acid
homeostasis in children with severe acute malnutrition.
PLoS One 2016;11:e0155143.
167. Raman AS, Gehrig JL, Venkatesh S, et al. A sparse covarying unit that describes healthy and impaired human gut
microbiota development. Science 2019;365:eaau4735.
168. Stanley TL, Fourman LT, Zheng I, et al. Relationship of
IGF-1 and IGF-binding proteins to disease severity and
glycemia in nonalcoholic fatty liver disease. J Clin
Endocrinol Metab 2021;106:e520–e533.
169. Derrien M, Alvarez A-S, Vos WM de. The gut microbiota
in the ﬁrst decade of life. Trends Microbiol 2019;
27:997–1010.
170. Pham T-P-T, Alou MT, Golden MH, et al. Difference
between kwashiorkor and marasmus: comparative
meta-analysis of pathogenic characteristics and implications for treatment. Microbial Pathogenesis 2021;150:
104702.
171. Forrester TE, Badaloo AV, Boyne MS, et al. Prenatal
factors contribute to the emergence of kwashiorkor or
marasmus in severe undernutrition: evidence for the
predictive adaptation model. PLoS One 2012;7:e35907.
172. Beane KE, Redding MC, Wang X, et al. Effects of dietary ﬁbers, micronutrients, and phytonutrients on gut
microbiome: a review. Appl Biological Chem 2021;64:36.
173. Yang Q, Liang Q, Balakrishnan B, et al. Role of dietary
nutrients in the modulation of gut microbiota: a narrative
review. Nutrients 2020;12:381.
174. Schmidt DR, Holmstrom SR, Fon Tacer K, et al. Regulation of bile acid synthesis by fat-soluble vitamins A and
D. J Biol Chem 2010;285:14486–14494.
175. Hibberd MC, Wu M, Rodionov DA, et al. The effects of
micronutrient deﬁciencies on bacterial species from the
human gut microbiota. Sci Transl Med 2017;9:eaal4069.
176. Zughaier SM, Cornelis P. Editorial: role of iron in bacterial
pathogenesis. Front Cellular Infection Microbiol 2018;
8:344.
177. Hans M, Erbe A, Mathews S, et al. Role of copper oxides
in contact killing of bacteria. Langmuir 2013;
29:16160–16166.
178. Song M, Li X, Zhang X, et al. Dietary copper-fructose
interactions alter gut microbial activity in male rats. Am
J Physiol Gastrointestinal Liver Physiol 2018;
314:G119–G130.
179. Macchione IG, Lopetuso LR, Ianiro G, et al. Akkermansia
muciniphila: key player in metabolic and gastrointestinal
disorders. Eur Rev Med Pharmacol Sci 2019;23:8075–8083.
180. Cirstea M, Radisavljevic N, Finlay BB. Good bug, bad
bug: breaking through microbial stereotypes. Cell Host
Microbe 2018;23:10–13.
181. Miyoshi Y, Tanabe S, Suzuki T. Cellular zinc is required
for intestinal epithelial barrier maintenance via the
regulation of claudin-3 and occludin expression. Am J
Physiol
Gastrointestinal
Liver
Physiol
2016;
311:G105–G116.

182. Farré R, Fiorani M, Abdu Rahiman S, Matteoli G. Intestinal permeability, inﬂammation and the role of nutrients.
Nutrients 2020;12:1185.
183. Humphrey JH, Mbuya MNN, Ntozini R, et al. Independent and combined effects of improved water, sanitation, and hygiene, and improved complementary
feeding, on child stunting and anaemia in rural
Zimbabwe: a cluster-randomised trial. Lancet Global
Health 2019;7:e132–e147.
184. Li Z, Agellon LB, Allen TM, et al. The ratio of phosphatidylcholine to phosphatidylethanolamine inﬂuences
membrane integrity and steatohepatitis. Cell Metab
2006;3:321–331.
185. Kalhan SC, Guo L, Edmison J, et al. Plasma metabolomic proﬁle in non-alcoholic fatty liver disease. Metabolism 2011;60:404–413.
186. Langfelder P, Horvath S. WGCNA: an R package for
weighted correlation network analysis. BMC Bioinformatics 2008;9:559.
187. Li J, Zhou D, Qiu W, et al. Application of weighted gene
co-expression network analysis for data from paired
design. Sci Rep 2018;8:622.

NAFLD and the Gut-Liver Axis 1875
188. Thoma C, Day CP, Trenell MI. Lifestyle interventions for
the treatment of non-alcoholic fatty liver disease in
adults: a systematic review. J Hepatol 2012;
56:255–266.
189. Promrat K, Kleiner DE, Niemeier HM, et al. Randomized
controlled trial testing the effects of weight loss on
nonalcoholic
steatohepatitis.
Hepatology
2010;
51:121–129.

Authors names in bold designate shared co-ﬁrst authorship.
Received June 4, 2021. Accepted January 7, 2022.
Correspondence
Address correspondence to: B. Brett Finlay, PhD, Department of Microbiology
and Immunology, University of British Columbia, 2185 East Mall, Vancouver,
British Columbia V6T 1Z4, Canada. e-mail: bﬁnlay@msl.ubc.ca.
Conﬂicts of interest
The authors disclose no conﬂicts.
Funding
Authors from the Finlay lab are grateful for funding through a Foundation Grant
from the Canadian Institutes of Health Research. The Ayala Lab has received
ﬁnancial support from Spanish Ministries and the Generalitat of Catalonia.

REVIEWS AND
PERSPECTIVES

June 2022

1875.e1 Bauer et al

Supplementary Material
Zinc
Zinc contributes to numerous enzymatic and metabolic
activities, including insulin storage and secretion, and
mitigation of oxidative damage.190,191 Dietary zinc is
absorbed through the intestine and transported to the liver
via the portal vein.192 Appropriate levels of dietary zinc are
required for micronutrient homeostasis because excessive
zinc intake impairs intestinal copper absorption.78 Zinc is
necessary for insulin regulation and secretion in pancreatic
beta cells,193 and deletion of zinc transporters impairs insulin secretion and hepatic glucose metabolism.194,195 Unsurprisingly, zinc deﬁciency has been linked to insulin
resistance and type 2 diabetes.190 Zinc deﬁcits have also
been reported in adult and pediatric liver disease cases,
from NAFLD to cirrhosis.56,57,196
Independent clinical and rodent studies highlighted a
role for zinc deﬁciency and supplementation in NAFLD. A
randomized double blind clinical trial assessed weight loss
diet and zinc supplementation (30 mg) in an obese NAFLD
cohort: n ¼ 29, n ¼ 27 placebo. Compared to the placebo
arm, zinc supplementation reduced fasting blood sugar and
improved oxidative stress markers, highlighting the systemic metabolic impacts of micronutrients.197 SpragueDawley rats fed a high-fat diet for 20 weeks exhibited
NAFLD-like features, including hepatic steatosis and
elevated fasting blood sugar compared with control counterparts. Cosupplementation with zinc and selenium during
the ﬁnal 8 weeks of the study signiﬁcantly reduced these
features.89
Importantly, zinc deﬁciencies are also prevalent in pediatric undernourished cohorts,13,92,198 with zinc supplementation linked to modest beneﬁts in linear growth and
decreased diarrheal episodes in regions of poor sanitation.13,92 Whether zinc supplementation exerts beneﬁcial
effects on undernourished-induced NAFLD remains
unknown.

Inﬂammation
Bacterial translocation and subsequent cytokineinduced inﬂammation contribute to NAFLD progression
from simple steatosis to ﬁbrotic scarring and cirrhosis.12
Although the full extent of bacterial-dependent inﬂammation within NAFLD remains uncertain, researchers reported
higher levels of circulating LPS and hepatic TLR4 expression
in patients with NAFLD presenting with SIBO compared
with NAFLD participants without SIBO.199 Duodenal aspirates revealed gram-negative E coli as the predominant
member of the SIBO bacterial community. A prospective,
cross-sectional study identiﬁed microbial inﬂammatory
biomarkers within a pediatric, obese cohort.116 Metagenomic analyses identiﬁed elevated Kyoto Encyclopedia of
Genes and Genomes orthologs—fecal microbial genes
involved in LPS biosynthesis and ﬂagellar assembly—which
were signiﬁcantly correlated with pediatric NASH.116 An
independent liver cirrhosis study cultured bacteria from
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circulating blood, notably the hepatic portal vein, which
links the gastrointestinal tract and liver.128 Subsequent 16S
rRNA sequencing showed viable bacteria (Staphylococcus)
from the blood of patients with liver cirrhosis. Bacterial
presence was associated with circulating proinﬂammatory
cytokines, indicating that microbial organisms themselves
may drive inﬂammatory responses during fatty liver
progression.128

Marasmus
Pham et al170 recently assessed microbiome features in
kwashiorkor and marasmus pediatric cohorts from Niger
and Senegal. Microbiome analyses from cultured fecal
samples revealed a bloom in Proteobacteria within colonies
from patients with kwashiorkor. Fecal bacterial proﬁling
(16s rRNA), however, failed to distinguish the kwashiorkor
and marasmus microbiome. Whether edematous features of
kwashiorkor are partially driven by speciﬁc microbes remains unclear.

Intervention
Multiomic approaches recognize that both gut and liver
dysbiosis must be addressed to break the vicious circle of
NAFLD pathology. We recently showed that dietary intervention (replenishing protein/fat deﬁcits) largely mitigates
hepatic steatosis and altered liver metabolome proﬁles in
the MBG model.38 Unfortunately, short-term dietary interventions are largely insufﬁcient to fully restore health in
undernourished pediatric populations.53 Critical challenges,
including long-term availability to appropriate dietary options and signiﬁcant reduction of chronic microbial dysbiosis (eg, exposure to infectious pathogens from poor
sanitation),13,14,183 likely reduce the probability that broad
dietary guidelines will sufﬁciently improve early-life fatty
liver features in undernourished populations.
Emerging work has also explored putative bacteriatargeted approaches. Supplementation with VSL#3, a cocktail of 8 probiotic species belonging to Streptococcus, Biﬁdobacterium, or Lactobacillus genera, improved NAFLD
features in a parallel-arm, double-blind, randomized
controlled trial for an obese, pediatric cohort.200 Gehrig
et al26 reported a multiomic approach to identify and assess
the efﬁcacy of microbiota-targeted treatment of undernutrition—MDCFs. An earlier study of the SAM microbiome
revealed that pediatric undernutrition was associated with
persistent microbiota immaturity (ie, gut microbiome
composition resembling those from younger, healthy children within the same community).201 These ﬁndings provided cohort-speciﬁc microbial signatures to classify
undernutrition and healthy states.167,201 Subsequent multiomic research used microbial and metabolic markers to
test the efﬁcacy of various dietary interventions. Recurrent
characterization of the plasma proteome and metabolome,
as well as the fecal microbiome, identiﬁed MDCFs correlated to improved growth, metabolic proﬁles, and microbiome maturity. Experimental studies in undernourished
murine models supported MDCF metabolic beneﬁts.26
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Given the broad functionality of the human microbiome, microbial-targeted therapies will likely shape varied gut-liver interactions with complementary or even
conﬂicting outcomes. We note that a microbe associated
with positive metabolic functions in one context can elicit
negative metabolic or immune outcomes within a different
setting.180 Although much work remains, multiomic study
provides a context-dependent approach to assess the inﬂuence of gut microbes within speciﬁc undernourished
communities.
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