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Nonalcoholic fatty liver disease (NAFLD) is a chronic con-
dition affecting one quarter of the global population.
Although primarily linked to obesity and metabolic syn-
drome, undernutrition and the altered (dysbiotic) gut
microbiome influence NAFLD progression. Both undernu-
trition 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 micro-
nutrient deficiency. We then review the gut microbiota-liver
axis, highlighting key pathways linked to NAFLD progres-
sion within both overnutrition and undernutrition. To
conclude, we identify challenges and collaborative possi-
bilities of emerging multiomic research addressing the pa-
thology and treatment of undernourished NAFLD.

Keywords: Gut Microbiome; NAFLD; Gut-Liver Axis; Malnutri-
tion; Undernutrition.

N onalcoholic fatty liver disease (NAFLD), defined as
>5% hepatic steatosis (fat buildup), affects approx-
imately one-quarter of the global adult population. Although
associated with aging, NAFLD prevalence in nonobese pedi-
atric cohorts ranges from 3%-12% but may increase to more
than 70% among obese children. NAFLD remains a leading
cause of chronicliver disease in children, particularly those of
Asian, Hispanic, and White descent, although less common
among pediatric African American cohorts." Alarmingly,
global NAFLD prevalence is expected to considerably in-
crease in both adult and pediatric populations, along with an
increased prevalence of obesity and type 2 diabetes."™

NAFLD outcomes range from simple steatosis to nonal-
coholic steatohepatitis (NASH), an inflammatory condition
additionally characterized by liver fibrosis and hepatocel-
lular ballooning. Although NAFLD/NASH are considered
reversible and often asymptomatic, fatty liver pathology
may advance to irreversible liver damage, necessitating liver
transplantation.® 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 choles-
terol levels, and obesity. Considered the hepatic expres-
sion of metabolic syndrome, NAFLD is significantly shaped
by malnutrition.”” Most often linked to dietary in-
adequacies, malnutrition is an umbrella term encompass-
ing both overnutrition and undernutrition. Indeed, NAFLD
etiology and treatment have been extensively examined in
the context of overnutrition and obesity,”’ recently
reviewed by Aron-Wisnewsky et al'’ and Cotter and
Rinella.'* Beyond diet, an altered gut microbiota-liver axis
has emerged as a critical factor informing metabolic dis-
ease and NAFLD treatment.’”'? Despite advances in gut-
liver 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.

*Authors share co-first authorship.

Abbreviations used in this paper: BMI, body mass index; DSS, dextran
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Undernutrition Pathologies Promote

Fatty Liver Features

Undernutrition remains a critical public health crisis,
particularly among pediatric populations within low-to-
middle income countries (LMICs)."*'* Although dietary
deficiency is the primary driver of undernutrition,'” inter-
connected factors contributing to malnutrition include
poverty, poor sanitation, sociopolitical conflicts, climate
change, and, most recently, the COVID-19 pandemic.”"18
Although the full extent of COVID-19 on metabolic health
trajectories remains unknown,'®'? the pandemic is pro-
jected to significantly exacerbate child mortality, potentially
resulting in >150,000 additional deaths from childhood
undernutrition.””

Chronic undernutrition promotes stunting (reduced
height-for-age) and wasting (reduced weight-for-height).
Before the COVID-19 pandemic, nearly 150 million chil-
dren (22%) younger than the age of 5 years exhibited
stunting, whereas more than 45 million (6.7%) displayed
wasting.'” Beyond growth deficits, long-term consequences
include increased susceptibility to infectious disease,®’*?
impaired cognitive development,'>*' decreased muscle
and cardiac function,”® nutrient malabsorption linked to
gastrointestinal dysbiosis,"***** and metabolic alter-
ations.””*® Childhood undernutrition significantly increases
the risk of metabolic syndrome, visceral adipose accumu-
lation, and fatty liver disease.””’ Despite large-scale inter-
vention efforts and progress, the global community has
fallen behind on established goals to reduce undernutri-
tion,2° notably the United Nations Sustainable Goal to reach
zero hunger by 2030.°° The recent surge of malnutrition

Table 1.Clinical Features of Undernutrition-Induced NAFLD
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will undoubtedly contribute to the predicted increase of
fatty liver conditions,”*° highlighting the critical need to
study the pathophysiology of undernutrition-induced
NAFLD.

Undernutrition manifests across distinct pathologies.
Here, we highlight prevalent conditions that promote he-
patic 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)*’ associated with sustained metabolic
impairments.”* ' SAM is further classified into distinct un-
dernutrition pathologies—kwashiorkor and marasmus.*"*’

Kwashiorkor, a form of severe protein-energy malnu-
trition, emerges during the early-life weaning period®*
(Table 1). Kwashiorkor presents with enlarged, fatty liver
accompanied by abdominal and peripheral edema.’*** In
contrast, marasmus, a honedematous 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.’***

Beyond distinctive edema, kwashiorkor features include
reduced muscle mass, skin lesions, and fatigue.32’34 This
condition is linked to altered lipoprotein synthesis (eg, very-
low-density lipoprotein) and subsequent hepatic steatosis
due to impaired hepatic processing and clearance of
lipids.”** Patients with kwashiorkor exhibit additional
metabolic alterations, including glucose intolerance and in-
sulin resistance.***> Intervention strategies combatting

Undernutrition conditions Clinical population

Key NAFLD/hepatic

Clinical symptoms features

6-36 mo
Highest prevalence in

Kwashiorkor

Abdominal edema
Reduced muscle mass

Impaired hepatic
peroxisome function

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

Subclinical undernutrition
(EED)

South-East Asia and
sub-Saharan Africa

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

Highest prevalence in
LMICs

Observed in regions of
poor sanitation

More common in children

Highest prevalence in
LMICs

Fatigue/appetite loss
Dermatosis
Cognitive impairment

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

Small intestine villi

Blunting epithelial barrier

Disruption intestinal
inflammation

High pathogen load

Hepatic steatosis
Glucose intolerance/
insulin resistance
Systemic inflammation
Altered bile acid profile

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

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.***®*” Although early childhood renutrition
strategies largely mitigate long-term metabolic impairment
and fatty liver, SAM significantly increases the risk of car-
diometabolic disease.”” "

Protein restriction also promotes hepatic steatosis within
kwashiorkor rodent models.?**®**~*? 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.*” Our labora-
tory explored early-life undernutrition in C57BL/6] mice fed
a protein/fat-deficient, carbohydrate rich-diet (a murine
malnutrition model [MAL]).?****" This diet reflects reported
macronutrient availability from an undernourished popula-
tion within northeastern Brazil.?*"* 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.?**® 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.”***3

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).>® Metabolomic
profiling of fecal and intestinal (cecal) samples revealed
altered amino acid and bile acid metabolism, reflecting
NAFLD-like metabolic profiles.">*> Collectively, experi-
mental 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 regula-
tion, DNA synthesis/repair processes, and lipid meta-
bolism.***> Vitamins are categorized into 2 main groups:
fat-soluble (A, D, E, and K) and water-soluble (C and B-
complex) vitamins.*® Although micronutrients are primarily
obtained from dietary sources, commensal gut microbes
synthesize fat-soluble vitamin K (K;) and multiple members
of water-soluble vitamin B (including biotin, cobalamin, folic
acid, niacin, and riboflavin).*” Regardless of origin, micro-
nutrient deficiency (MND) triggers broad pathologies,
including hepatic dysfunction.*®*’
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Described as the “hidden hunger,” MND affects more
than 2 billion people globally, primarily within LMICs.”"
Pediatric cohorts are particularly vulnerable, with half of
all children between 6 and 60 months suffering from one or
multiple MNDs.”’">? During early childhood, reduced access
to nutrient-rich breastmilk and increased demands for
growth can exacerbate MND.”® Throughout life, MND may
arise from poor diet and malabsorption conditions (eg,
gastrointestinal damage from enteric pathogens).”* More-
over, deficiency of one micronutrient may affect the use and
absorption of another.”® Consequences of chronic MND
include growth faltering, increased susceptibility to infec-
tion and diarrheal disease, delayed neurocognitive devel-
opment, anemia, blindness, and gut-liver disruption.”’

Dietary staples within LMICs include carbohydrate-rich
grains such as wheat, rice, millet, and maize (corn), con-
taining phytates (phosphorous storage compounds) that
block gastrointestinal absorption of key minerals, notably
iron and zinc.”* The liver performs an indispensable role in
metabolism, transport, and storage of micronutrients, all of
which are impaired in liver disease.*® MND, in turn, has
been implicated as a driver of fatty liver
pathophysiology.*®*’

A recent epidemiologic review reported striking MND in
patients diagnosed with liver cirrhosis, including de-
ficiencies in vitamin A (28%-35%), vitamin D (68%-86%),
and zinc (>80%).°® 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.®’
Whether these shifts reflect a cause and/or consequence
of NAFLD remains disputed. Here, we review key micro-
nutrients 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.”®®' In LMICs, vitamin E de-
ficiencies are frequently reported in vulnerable elderly or
pediatric populations.®”

Vitamin E has 8 different isomers (a-, §-, v-, and 6-
tocopherol and «-, 8-, v-, and o6-tocotrienol). These isomers,
particularly dietary a-tocopherol, exhibit potent antioxidant
properties.SB'63 Like most fat-soluble vitamins, a-tocopherol
is stored in the liver.”* 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.®” *®

The landmark PIVENS (Pioglitazone, Vitamin E, or Pla-
cebo 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 inflamma-
tion, hepatic ballooning, and serum alanine aminotrans-
ferase (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.®® 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.’® 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.®” Following these findings, the American
Association for the Study of Liver Disease and the European
Association for the Study of the Liver recommend short-
term pharmacologic treatment with 800 IU of vitamin E
for NAFLD.®”®

Iron

Iron plays a vital role in oxygen transport, energy
metabolism, and DNA replication/repair.””’* A regulatory
mechanism of iron excretion does not exist; consequently,
iron homeostasis is tightly controlled by the liver to prevent
substantial daily loss.””’ Iron deficiency and hemochro-
matosis (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.*®”?

Ma et al’* 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 hyperuri-
cemia. The researchers reported significant positive corre-
lations between iron and BMI, ALT, serum triglycerides,
fasting insulin, postprandial glucose, serum-free fatty acids,
and hepatic steatosis.”* Both impaired iron and vitamin E
(a-tocopherol) levels were linked to hepatic steatosis pa-
thology within a genetic hemochromatosis murine model.””
Intriguingly, a genetic model of anemia promoted early-
onset NAFLD, accompanied by elevated serum ALT and
triglycerides,”® suggesting a role for iron deficiencies and
hepatic steatosis.

Copper

Like vitamin E, copper exhibits antioxidant functions,
participates in mitochondrial redox reactions, contributes to
bone and nervous maturation, and regulates lipid metabo-
lism.””"”? Copper also regulates iron metabolism, high-
lighting micronutrient interdependency.”® In addition to
poor diet, nutrient malabsorption from gastrointestinal
disruption (eg, after gastric bypass surgery) promotes
copper deficits.””%°

Copper deficiency has been extensively studied in the
context of metabolic pathologies, including obesity, type 2
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diabetes, and liver disease.””®' 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 = 93) with milder NALFD pathology (simple he-
patic steatosis).”” Copper deficiency was also linked to pe-
diatric NAFLD because serum copper levels were inversely
associated with NAFLD activity score and presence of he-
patic ballooning in 100 children with biopsy-confirmed
NAFLD.”

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 defi-
ciency. Elevated fructose intake impairs gastrointestinal
copper absorption promoting hepatic fat accumulation, hy-
percholesterolemia, and hypertriglyceridemia.®*** Indeed,
rodent studies assessing carbohydrate intake reported that
even modest fructose supplementation (3% wt/vol) was
sufficient to induce copper deficiency.®’

Selenium

Selenium exhibits broad functionality, regulating thyroid
hormone activation, antioxidant defense, and cardiovascular
function.®” Aberrant selenium levels have been linked to he-
patic pathology because elevated circulating selenium was
associated with increased NAFLD prevalence,®® including a
cross-sectional study of Chinese adults (N = 8550) that re-
ported significant correlations between plasma selenium and
ALT, circulating triglycerides, and ultrasound-diagnosed
NAFLD.?” The National Health and Nutrition Examination
Survey (NHANES)-III study (N = 33,944 patients with
NAFLD) later reported an inverse correlation between serum
selenium levels and liver fibrosis (particularly in elderly, fe-
male, and Caucasian participants).?® Intriguingly, selenium
and zinc cosupplementation promote improved metabolic
outcomes in rodent NAFLD models,*”°° suggesting that se-
lenium and zinc deficiencies also contribute to hepatic pa-
thology (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 malab-
sorption of fat-soluble vitamins."®””°* Malabsorption condi-
tions 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.'**®

Malabsorption Conditions Underscores Fatty
Liver

Poverty remains a key, underlying determinant of un-
dernutrition and, alongside poor diet, an interdependent
contributor to undernutrition-induced fatty liver dis-
ease.'”?*?? Poverty impacts access and availability of
nutritionally adequate diets. Furthermore, impoverished

communities often lack access to hygiene, sanitation, and
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safe drinking water.'*?* Environmental enteric dysfunction
(EED), a prevalent malabsorption condition, occurs in re-
gions with poor sanitation.”® Poor diet and frequent expo-
sure to fecal-oral contaminants promote EED
progression.”>’® EED pathology is characterized by gastro-
intestinal 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.”>**

EED cohorts exhibit altered circulating metabolomic
profiles, notably decreased carnitine and glycer-
ophospholipid metabolites, metabolites involved in hepatic
fatty acid oxidation and lipid transport.”>°”?® The hallmarks
of EED, poor nutrient absorption, low-grade inflammation,
and metabolic alterations, likely promote undernutrition-
induced hepatic steatosis.”*’>?° 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.”***

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 ab-
sorption, metabolism, and alteration of the gut micro-
biome.'!? Growing evidence, largely from obesity-
associated NAFLD, indicates that gut microbes contribute
to fatty liver pathology.'**® 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 microbial-
dependent 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, or-
chestrates nutrient metabolism storage and transport.”>'“°
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."*'°" Trillions of microorganisms form the gut
microbiota, with bacterial microbes alone outnumbering our
cells (1.3:1) and comprising 150x more genes than the hu-
man genome.'’? This dynamic and varied community exerts
a significant role in host metabolic function.>®**%*

Relatively recent studies have assessed both composi-
tional (eg, bacterial profiling via 16S ribosomal RNA [rRNA]
sequencing) and functional (eg, shotgun metagenomics)
shifts in the NAFLD-associated microbiome.**'%*%> Early
microbiome research characterized the overnutrition-
induced NAFLD microbiome to (1) explore a causative
role of gut microbes in fatty liver disease and (2) identify
putative bacterial signatures of NAFLD.

Gastroenterology Vol. 162, No. 7

Landmark cohousing and fecal microbiota transplant
(FMT) studies from the Gordon laboratory demonstrated
that gut microbes shape systemic metabolic processes in
rodents.'°°719% Bickhed et al'?’ first reported a pivotal role
of the gut microbiota in carbohydrate absorption and sub-
sequent hepatic gluconeogenesis, a process impaired in
NAFLD.'”” 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 bacterial-
derived short-chain fatty acids (SCFAs).'’® 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.' %%

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 (>10°/mL luminal aspirate). SIBO is frequently
accompanied by intestinal malabsorption and ensuing
malnutrition and hepatic injury."'® 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% F.'!! Beyond abundance, specific bac-
terial 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.''? Bacteroidetes prevalence, however, was not
significantly decreased in a NAFLD cohort recruited at
Peking’s University People’s Hospital.'"® Within Bacter-
oidetes, the genus Bacteroides was also decreased in a liver
cirrhosis cohort of Han Chinese background, whereas Clos-
tridium, Prevotella, Streptococcus, and Veillonella were
enriched, including oropharyngeal bacterial taxa, suggesting
impaired compartmentalization of the gut microbiome by
invasion of oral microbes.'’* Bacteroidetes was also
reduced in a pediatric Italian cohort,"’” although Bacter-
oidetes member Prevotella copri was positively associated
with liver fibrosis from pediatric participants in the NASH
Clinical Research Network based in California.'*® 16S rRNA
sequencing of fecal samples from the Familial Cirrhosis
cohort and Twins and Family cohort recruited at the Uni-
versity 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 Peptos-
treptococcaceae and Rikenellaceae families. Researchers
then developed a random forest classifier model that iden-
tified NAFLD-cirrhosis based on bacterial features (valida-
tion cohort: area under the receiver operating
characteristic = 0.87).*"” Finally, ongoing work has started
to uncover potential alterations of nonbacterial components,
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with a recent virome study associating NAFLD with a
reduction of bacteriophage presence.''® 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,"'*"*'” 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.”° Moreover,
genus-level signatures fail to distinguish potential strain-
level differences and/or metabolic capacity (eg, bacterial
fermentation) that shape host metabolism and
adiposity.m("120 For a detailed review of NAFLD microbiome
signatures and the opportunities and limitations of this
approach, see Aron-Wisnewsky et al.*’

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.'%>*'*'1° This gut-liver approach has identified key
microbial-dependent pathways linked to NAFLD progres-
sion, 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 under-
nutrition pathologies, highlighting parallel gut-liver disrup-
tions 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.'”'?"'** The largest
mammalian-microbial interface,'?® 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 mucosal-
associated microorganisms from breaching the epithelial
barrier.'?®

Appropriate barrier function supports healthy digestive,
immune, and metabolic function.''?* Increased epithelial
permeability, however, contributes to diet-driven NAFLD/
NASH features.'*?"*?2 Clinical studies and fatty liver ro-
dent models have reported a positive correlation between
intestinal permeability and NAFLD severity.'*"'?® As
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commensal microbes influence expression of epithelial tight
junction proteins, shape intestinal inflammatory responses,
and maintain gut mucosal lining,"****! microbial dysbiosis
undoubtedly contributes to gastrointestinal barrier disrup-
tion in hepatic disease.'* %’ A key consequence of barrier
disruption is bacterial translocation, the escape of micro-
organisms and/or microbial components through the
gastrointestinal epithelium. Bacterial translocation pro-
motes hepatic inflammatory and oxidative responses, exac-
erbating NAFLD pathology."'®28129

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."*” 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 com-
parison with non-DSS treated controls, DSS elicited a strik-
ing 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 + high-fat diet models displayed a marked increase in
expression of toll-like receptor (TLR) 4 and TLR9Y, which
recognize bacteria/bacterial components, including lipo-
polysaccharide (LPS), a membrane component of gram-
negative bacteria."”**'*' Indeed, LPS entry was likely
enhanced by intestinal barrier dysfunction produced by
DSS + high-fat diet.

TLRs are expressed on most hepatic cells, including he-
patocytes, Kupffer cells, and biliary epithelial cells. On LPS
activation, TLRs promote production of proinflammatory
cytokines.m]'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 re-
sponses linked to bacterial translocation, see Supplemental
Material: Inflammation.**?*3?

As expected, liver disease increases the risk of bacterial
infection."®* Bacterial infections may occur in as many as
47% of patients hospitalized with liver cirrhosis."****"
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 = 129) and
non-NAFLD (n = 395) patients (adjusted odds ratio: 2.918;
95% confidence interval: 1.693-5.03; P < 0.001). Signifi-
cance remained when adjusted for age and sex, but not BMI
>25."%¢ Murine models reported that hepatic steatosis ex-
acerbates sepsis outcomes via impaired macrophage func-
tion and aberrant corticosterone release."**'?” Because
bacteria and bacterial endotoxins are typically absent in the
healthy liver,"** mitigating bacterial translocation provides
a putative gut-liver therapeutic target.

In addition to bacterial translocation, oxidative stress
contributes to NAFLD development and progression.""?%%?
Beyond oxidative stress linked to reduced micronutrient
antioxidants,® hepatic steatosis impairs mitochondria, the
primary source of intrinsic reactive oxygen species (ROS)
production.'*® 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."*'"'*® Excessive ROS leads to
macromolecule oxidation of proteins, carbohydrates, lipids,
and DNA within hepatocytes, stellate, endothelial, and
Kupffer cells.*** 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."**

Dietary shifts significantly shape commensal microbial
communities,””'**'*” and the gut microbiota might be an
important, yet poorly explored, factor in oxidative stress
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Table 2.Undernutrition and Overnutrition-Induced NAFLD Pathophysiology and Treatment Guidelines

Undernutrition

Overnutrition

| Protein, fat, and/or 1 carbohydrate diets

Altered micronutrients (MND, iron deficiency)
Increased oxidative stress

Impaired hepatic metabolism (| PUFA, ttriglyceride)
Metabolic syndrome (increased risk)

Hepatic steatosis

Gut microbiota dysbiosis (1LPS, EED: increased pathogenic microbes)

Altered bile acid profile (kwashiorkor: 1secondary bile acids)
Treatment guidelines:

1 Protein and/or caloric consumption, 1body weight,
| gut dysbiosis (Kwashiorkor: MDCF intervention)

1 Fat, carbohydrate diets

Altered micronutrients (1 ferritin, MND)

Increased oxidative stress

Impaired hepatic metabolism (| PUFA, ftriglyceride)
Metabolic syndrome (increased risk)

Hepatic steatosis

Gut microbiota dysbiosis (1LPS, reduced Bacteroidetes)
Altered bile acid profile (| secondary: primary bile acid ratio)
Treatment guidelines:

| Carbohydrate and/or caloric consumption, | body weight,
| gut dysbiosis (probiotic + 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.'*® Because malnourished
diets, gut microbial dysbiosis, and bacterial translocation
promote aberrant oxidation,*®'*>*** it is likely that
microbial-mediated oxidative stress and/or oxidative
stress-induced gut microbial dysbiosis contributes to sys-
temic NAFLD consequences. Microbes not only shape he-
patic immune and oxidative responses but also directly
contribute to systemic metabolic pathways.**'>!

Bacterial Metabolism and Bile Acids in NAFLD

Largely recognized for their role in lipid digestion, bile
acids traverse the gut-liver axis via enterohepatic circula-
tion. The liver synthesizes primary bile acids from choles-
terol. Before excretion within the small intestine, bile acids
are conjugated to amino acids (eg glycine, taurine).'*'"?
These primary bile acids not only facilitate absorption of
dietary fats and fat-soluble vitamins, but also exert antimi-
crobial properties curbing the expansion of small intestinal
microbes.'*'*® Intestinal gut microbes can transform pri-
mary bile acids into secondary bile acids (eg, via deconju-
gation reactions)."”*'”® 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 bar-
rier function, and systemic gluconeogenesis, whereas TGR5
signaling shapes energy metabolism by triggering produc-
tion of glucagon-like peptide-1, a hormone that regulates
insulin secretion and reduces food intake.'”*'°“'*” 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 tri-
glyceride content, whereas bile acid-dependent FXR stim-
ulation in wild-type mice reduces serum glucose levels.'®
Homozygous TGR5-deficient rodents also exhibit metabolic
disruption on a high-fat diet, gaining significant adipose
accumulation compared with wild-type controls."*’

Unsurprisingly, aberrant bile acid profiles have been re-
ported across liver pathologies from metabolic syndrome to
hepatocellular carcinoma.'®”*®' Researchers recently profiled
circulating bile acids from an obese-associated NAFLD/NASH
cohort and BMI-matched controls recruited at Virginia
Commonwealth University.*> 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 conjuga-
tion (eg, increased glycocholate, taurocholate) with a reduc-
tion in the ratios of total secondary to primary bile acids.*”
Although the gut microbiota was not characterized, alter-
ation of primary and secondary bile acid metabolism was
indicative of both dietary and microbial influence.'*”*>*

Beyond bile acid modulation, microbial metabolism gen-
erates hepatomodulatory compounds from beneficial SCFAs
to potentially pathogenic agents (eg, phenylacetic
acid).'>19>162 SCFAs, end products from microbial fermenta-
tion of dietary fiber, exert broad biological activities, pro-
moting fatty acid oxidation, resolving inflammatory responses,
modifying host caloric intake, and maintaining the gastroin-
testinal epithelial barrier.'°**°* Although the precise role of
SCFAs in NAFLD remains uncertain, both clinical and rodent
models of NAFLD report decreased SCFA abundance.'?

In 2018 Hoyles et al' reported a link between obesity-
associated 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 (1H-
NMR spectroscopy) from the FLORINASH study (2 inde-
pendent cohorts of obese women). Metabolome-wide asso-
ciation 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 = 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 microbial-
dependent 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.’®'*® To examine pediatric kwashi-
orkor, the Gordon laboratory fed gnotobiotic mice an un-
dernourished diet based on Malawian food staples. Mice
then received an FMT from pediatric twin pairs discordant
for kwashiorkor, and microbial and host metabolic signa-
tures were assessed. Combination of the Malawian diet and
the kwashiorkor FMT recapitulated growth faltering and
metabolic disruption reported in pediatric kwashiorkor
cases.’® 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 Bilo-
phila wadsworthia, gram-negative bacteria that facilitate bile
acid metabolism and use taurine-conjugated bile acids as an
energy source.”®'?°

Independent, undernutrition models have reported
similar bile acid trends.”**° Newly weaned male Wistar rats
placed on a protein-deficient diet (5% protein) also

Gastroenterology Vol. 162, No. 7

developed hepatic steatosis, accompanied by a reduction of
taurine-conjugated bile acids in plasma.*® Our MAL model
(diet: 7% protein, 5% fat) displayed robust loss of intestinal
taurine-conjugated bile acids compared with healthy con-
trols (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,>* 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% kwash-
iorkor), compared with healthy children.'®® SAM patients
displayed a modest increase of glycine-conjugated bile acids
within their serum, although there were no significant dif-
ferences in taurine-conjugated bile acids between healthy
and SAM participants. Researchers also assessed under-
nourished 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, re-
searchers speculated that microbiota-dependent shifts and
bile-dependent inflammatory pathways likely contribute to
SAM-induced NAFLD features.'®®

In summary, undernutrition rodent models display a
reduction in tauro-conjugated bile acids,>**° whereas the
Malawian SAM cohort exhibited higher glycine-conjugated
bile acids.'®® Intriguingly, obesity-associated NAFLD has
been linked to elevated taurocholate (taurine-conjugated)
and glycocholate (glycine-conjugated) plasma levels.*”
Although these distinctions may reflect murine- or model-
specific 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.'*” 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.*® Gehrig et al*®
later reported specific dietary interventions improving
early-life undernutrition in an independent Bangladeshi
SAM cohort. Researchers performed metabolomic and pro-
teomic plasma profiling, as well as fecal metagenomic ana-
lyses, identifying correlations between biomarkers of
improved health and bacteria composition throughout di-
etary intervention. Next, researchers used gnotobiotic
models to identify microbiota-directed complementary food
(MDCF), dietary interventions that improved fecal micro-
biota shifts (ie, toward a microbiota associated with
growth). MDCF treatment improved immune and metabolic
features in comparison with standard dietary intervention



June 2022

(ie, khichuri-halwa, a rice/lentil-based meal) in both un-
dernourished models and in a randomized, double-blind
pediatric intervention study.”®'®” Notably, mass spectrom-
etry of murine hepatic samples revealed increased markers
of insulin-like growth factor-1 signaling after MDCF,*° a
growth hormone reduced in clinical NAFLD.'®® These find-
ings provide a multiomic template to assess putative
microbiota-directed therapies targeting undernourished
fatty liver.

After birth, the gut microbiota rapidly develops and re-
mains at a high level of plasticity before stabilizing between
the ages of 3 and 5 years.'°” SAM emerges around this
early-life timeframe,'”%'”" warranting further study of the
early-life microbiome and pediatric NAFLD (see also
Supplemental Material: Marasmus). Undernutrition pathol-
ogies, 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.””'”%>'7% Fat-soluble vitamins, in
particular, require appropriate bile acid metabolism. Bile
salts facilitate the absorption of dietary fats through the
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disrupts hepatic function, likely influencing bile acid pro-
cessing and subsequent gut dysbiosis.*®?**7*

How, and to what extent, do micronutrients modulate
the composition and functionality of the gut microbiome
also remains largely unstudied. The Gordon laboratory re-
ported that MND deficiencies shift the fecal microbiota of
gnotobiotic mice colonized with a consortium of human-
derived bacteria and placed on various micronutrient
depletion diets. Microbiota shifts (Bray-Curtis dissimilarity)
were not significant after 2 weeks on repletion diets (suf-
ficient MND content), indicating that the MND microbiome
is receptive to dietary intervention.'”® Because many
micronutrients exhibit antimicrobial properties, MND likely
facilitates aberrant bacterial blooms within the malnour-
ished gut.'’#'7%'”7 Iron deficiency has been linked to
decreased alpha diversity and increased gram-negative
Enterobacteriaceae abundance in rodent models,'”?
whereas copper-deficient/high-fructose diets reduced
Akkermansia,"’® a bacterial genus involved in glucose
metabolism and inflammatory responses,”g‘180 Moreover,
copper deficiency was associated with increased circulating
LPS, an inflammatory feature observed in obesity-associated
NAFLD.1O']16']78

Elevated bacterial endotoxins may also reflect disruption

intestinal lining.”* Deficiency of fat-soluble vitamins, in turn, of the intestinal barrier. MND promotes epithelial
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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 al** and Bauer et al*®); 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.'%® 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 noninter-
vention controls (not pictured). Intriguingly, hepatic steatosis was not observed in adult-onset malnutrition (control diet to MBG
model, C-MBG mice).
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Figure 3. The vicious cycle of undernutrition-induced NAFLD. A vicious cycle of gut-liver impairment promotes malnutrition-
induced 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 under-
nourished 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 undernutrition-
induced NAFLD. Figure concept based on Guerrant et al.’ BA, bile acids; PAA, phenylacetic acid.

permeability via inflammatory processes and disruption of
tight junction proteins, facilitating subsequent bacterial
translocation.'®"'®? Furthermore, because many micro-
nutrients 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.”z‘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 mi-
crobial insults also exacerbate undernutrition
pathology.'***

Gut Microbes Promote Intestinal Malabsorption
and NAFLD-Like Features

Recurrent exposure to fecal-oral contamination pro-
motes intestinal inflammation and disrupts barrier integ-
rity—key hallmarks of EED, a subclinical undernutrition
pathology reported in regions with poor access to sanita-
tion.'#**%> EED has been associated with stunting, impaired
neurocognitive development, and altered metabolic pro-
files,"**>'%% prompting study of fecal-oral contamination
and the undernourished gut microbiota.

To assess chronic fecal-oral contamination, our labora-
tory developed a model combining malnutrition and

repeated bacterial gavage (MBG mice; Figure 2).2%%°

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.’* These fecal commensals were
selected as E. coli and Bacteroidales exposures promoted
growth stunting within an independent kwashiorkor
model.**'*® 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.”*

Although undernutrition alone was sufficient to promote
hepatic steatosis and fecal microbiome shifts, the combina-
tion of poor diet and fecal-oral contamination exacerbated
hepatic triglyceride levels, indicating a link between
bacterial-induced gut barrier disruption and NAFLD pro-
gression.”**® Fatty liver pathology in MAL and MBG mice
was accompanied by marked alteration of liver metabolomic
pathways, notably PUFA and glycerophospholipid meta-
bolism, features reported across undernutrition and obese-
associated NAFLD,*®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
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multiomic approach, integrating microbiome (16S rRNA
sequencing) and metabolomic (untargeted Fourier trans-
form 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 stea-
tosis, indicating distinct NAFLD pathophysiology occurring
in early-life and adult-onset undernutrition in mice.**'°*

To further investigate gut microbiota-liver metabolism
in the MBG model, we used weighted gene co-expression
network analysis,"®*>'®” an approach to identify clusters
(modules) of highly correlated metabolites. We subse-
quently correlated these modules to hepatic steatosis and
triglyceride content. A metabolic module largely composed
of glycerophospholipid metabolites was significantly corre-
lated to fatty liver features, but a bile acid module (pre-
dominantly taurocholic metabolites) was not significantly
correlated to either NAFLD-like features or dietary inter-
vention, 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.”**?

Intriguingly, decreased phenylacetic acid metabolism
was associated with reduction of hepatic steatosis in the
liver metabolome and predicted metagenome analyses.*” As
described earlier, Hoyles et al'’® first reported and
demonstrated a causal role for bacterial-derived phenyl-
acetic 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.”*® Un-
equivocally 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 over-
nutrition, hepatic steatosis may occur in the presence of
dietary deficiencies.>*'”* Although global undernutrition
rates have decreased in the 21 century,l9 malnutrition,
particularly among children and vulnerable populations, is
expected to increase in the wake of the COVID-19
pandemic.'®?° Increased malnutrition prevalence will
likely contribute to the ongoing increase of pediatric NAFLD,
leading to lasting metabolic and hepatic disruption among
the affected populations.

In 2013, Guerrant et al** outlined the “vicious cycle” of
poverty, highlighting the combined influence of gastroin-
testinal dysbiosis, poor diet, and infectious disease in the
promotion and persistence of poverty-associated pathol-
ogies. Perhaps a similar model should be applied to
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malnutrition-induced NAFLD (Figure 3). NAFLD is a multi-
factorial disease shaped by the dysbiotic gastrointestinal
environment.'”'? In this model, hepatic steatosis subse-
quently affects susceptibility to microbial insults and
ensuing metabolic disruption.’?*®

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,**®**”
whereas multiomic approaches—integrating microbiome
and hepatic datasets—have identified bacterial-dependent
mechanisms linked to malnutrition-induced NAFLD.**'%°
Whether obese-associated NAFLD and undernutrition-
induced NAFLD present with unique (or consistent) bio-
logical markers remains largely unstudied.

Irrespective of the causes contributing to NAFLD,
nutritional modification remains the key therapeutic strat-
egy and first-line course for intervention, although compli-
ance and/or ability to comply is poor.”'?"'%® 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 fea-
tures, these clinical guidelines fail to address prevalent
undernutrition pathologies promoting NAFLD-like features
and gut-liver dysbiosis.” Microbiota-focused intervention
(eg, MDCF) in combination with established therapeutic
food intervention (eg, RUTF supplementation) reflects an
innovative trend for the treatment of undernutrition-
induced pathologies (see  Supplemental Material:
Intervention).

In summary, multihit disorders require an expanded
“multihit” approach, including collaboration from micro-
biome 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 gut-
microbiota-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.
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Zinc

Zinc contributes to numerous enzymatic and metabolic
activities, including insulin storage and secretion, and
mitigation of oxidative damage.'””'?" Dietary zinc is
absorbed through the intestine and transported to the liver
via the portal vein.'”? Appropriate levels of dietary zinc are
required for micronutrient homeostasis because excessive
zinc intake impairs intestinal copper absorption.”® Zinc is
necessary for insulin regulation and secretion in pancreatic
beta cells,"”® and deletion of zinc transporters impairs in-
sulin secretion and hepatic glucose metabolism."”**?> Un-
surprisingly, zinc deficiency has been linked to insulin
resistance and type 2 diabetes.’?° Zinc deficits have also
been reported in adult and pediatric liver disease cases,
from NAFLD to cirrhosis.”®>”*%

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 = 29, n = 27 placebo. Compared to the placebo
arm, zinc supplementation reduced fasting blood sugar and
improved oxidative stress markers, highlighting the sys-
temic metabolic impacts of micronutrients.'”” Sprague-
Dawley rats fed a high-fat diet for 20 weeks exhibited
NAFLD-like features, including hepatic steatosis and
elevated fasting blood sugar compared with control coun-
terparts. Cosupplementation with zinc and selenium during
the final 8 weeks of the study significantly reduced these
features.””

Importantly, zinc deficiencies are also prevalent in pe-
diatric undernourished cohorts,’®>°%**%® with zinc supple-
mentation linked to modest benefits in linear growth and
decreased diarrheal episodes in regions of poor sanita-
tion."*”> Whether zinc supplementation exerts beneficial

effects on undernourished-induced NAFLD remains
unknown.
Inflammation

Bacterial translocation and subsequent cytokine-

induced inflammation contribute to NAFLD progression
from simple steatosis to fibrotic scarring and cirrhosis.**
Although the full extent of bacterial-dependent inflamma-
tion 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.'”? Duodenal aspi-
rates 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.'® Meta-
genomic 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."'® An
independent liver cirrhosis study cultured bacteria from

Gastroenterology Vol. 162, No. 7

circulating blood, notably the hepatic portal vein, which
links the gastrointestinal tract and liver.'*® 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 a 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 re-
mains unclear.

1
170

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 inter-
vention (replenishing protein/fat deficits) largely mitigates
hepatic steatosis and altered liver metabolome profiles in
the MBG model.*® Unfortunately, short-term dietary in-
terventions are largely insufficient to fully restore health in
undernourished pediatric populations.®® Critical challenges,
including long-term availability to appropriate dietary op-
tions and significant reduction of chronic microbial dys-
biosis (eg, exposure to infectious pathogens from poor
sanitation),"*'*'%3 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 bacteria-
targeted approaches. Supplementation with VSL#3, a cock-
tail of 8 probiotic species belonging to Streptococcus, Bifi-
dobacterium, or Lactobacillus genera, improved NAFLD
features in a parallel-arm, double-blind, randomized
controlled trial for an obese, pediatric cohort.?%° Gehrig
et al*® reported a multiomic approach to identify and assess
the efficacy of microbiota-targeted treatment of under-
nutrition—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 chil-
dren within the same community).”’" These findings pro-
vided cohort-specific microbial signatures to classify
undernutrition and healthy states."®”*°" Subsequent mul-
tiomic 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 corre-
lated to improved growth, metabolic profiles, and micro-
biome maturity. Experimental studies in undernourished
murine models supported MDCF metabolic benefits.*®
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Given the broad functionality of the human micro-
biome, microbial-targeted therapies will likely shape var-
ied 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."®" Although much work remains, multiomic study
provides a context-dependent approach to assess the in-
fluence of gut microbes within specific undernourished
communities.

Supplemental References

Barbara M, Mindikoglu AL. The role of zinc in the
prevention and treatment of nonalcoholic fatty liver
disease. Metabolism Open 2021;11:100105.

Anon. Office of Dietary Supplements - Zinc.
Available at: https://ods.od.nih.gov/factsheets/Zinc-
HealthProfessional/. Accessed November 8, 2021.
Maares M, Haase H. A guide to human zinc absorp-
tion: general overview and recent advances of in vitro
intestinal models. Nutrients 2020;12:762.

Huang L. Zinc and its transporters, pancreatic §-cells,
and insulin  metabolism. Vitam Horm 2014;
95:365-390.

Aydemir TB, Troche C, Kim M-H, et al. Hepatic ZIP14-
mediated zinc transport contributes to endosomal in-
sulin receptor trafficking and glucose metabolism.
J Biol Chem 2016;291:23939-23951.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

NAFLD and the Gut-Liver Axis 1875.e2

Wijesekara N, Dai FF, Hardy AB, et al. Beta cell-
specific Znt8 deletion in mice causes marked de-
fects in insulin processing, crystallisation and secre-
tion. Diabetologia 2010;53:1656-1668.

Mohammad MK, Zhou Z, Cave M, Barve A,
McClain CJ. Zinc and liver disease. Nutr Clin Pract
2012;27:8-20.

Fathi M, Alavinejad P, Haidari Z, et al. The effects of
zinc supplementation on metabolic profile and oxida-
tive stress in overweight/obese patients with non-
alcoholic fatty liver disease: a randomized, double-
blind, placebo-controlled trial. J Trace Elements Med
Biol 2020;62:126635.

Carrero C, Leal J, Ortega P, et al. Effect of vitamin A,
zinc and multivitamin supplementation on the nutri-
tional status and retinol serum values in school-age
children. In: Tan Y, Shi Y, Tang Q, eds. Data mining
and big data. Lecture notes in computer science. New
York: Springer International Publishing; 2018:748-758.
Kapil S, Duseja A, Sharma B, et al. Small intestinal
bacterial overgrowth and toll like receptor signaling in
patients with nonalcoholic fatty liver disease. J Clin
Exp Hepatol 2015;5:S25.

Alisi A, Bedogni G, Baviera G, et al. Randomised
clinical trial: the beneficial effects of VSL#3 in obese
children with non-alcoholic steatohepatitis. Aliment
Pharmacol Ther 2014;39:1276-1285.

Subramanian S, Huq S, Yatsunenko T, et al. Persistent
gut microbiota immaturity in malnourished Banglade-
shi children. Nature 2014;510:417-421.


http://refhub.elsevier.com/S0016-5085(22)00203-7/sref190
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref190
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref190
https://ods.od.nih.gov/factsheets/Zinc-HealthProfessional/
https://ods.od.nih.gov/factsheets/Zinc-HealthProfessional/
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref192
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref192
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref192
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref193
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref193
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref193
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref193
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref194
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref194
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref194
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref194
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref194
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref195
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref195
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref195
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref195
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref195
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref196
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref196
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref196
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref196
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref197
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref197
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref197
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref197
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref197
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref197
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref198
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref199
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref199
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref199
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref199
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref200
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref200
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref200
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref200
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref200
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref201
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref201
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref201
http://refhub.elsevier.com/S0016-5085(22)00203-7/sref201

	Nonalcoholic Fatty Liver Disease and the Gut-Liver Axis: Exploring an Undernutrition Perspective
	Undernutrition Pathologies Promote Fatty Liver Features
	Kwashiorkor
	Micronutrient Deficiency

	MNDs and NAFLD
	Vitamin E
	Iron
	Copper
	Selenium
	Malabsorption Conditions Underscores Fatty Liver

	The Gut Microbiota-Liver Axis
	Microbes Shape Gut-Liver Pathways in NAFLD
	Bacterial Metabolism and Bile Acids in NAFLD

	Assessing the Undernourished Gut Microbiota-Liver Axis
	The Malnourished Gut Microbiome and Kwashiorkor
	MND and the Gut Microbiome
	Gut Microbes Promote Intestinal Malabsorption and NAFLD-Like Features

	Conclusion: NAFLD and a Gut-Liver Perspective
	Supplementary Material
	References
	Supplementary Material
	Zinc
	Inflammation
	Marasmus
	Intervention

	Supplemental References


