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Abstract

. Keith R. Miller? - Robert G. Martindale3

Purpose of Review Food insecurity is defined as the disruption of food intake or eating patterns because of lack of money and
other resources. Although a relationship between food insecurity and malnutrition would seem intuitive, this relationship remains
unclear. This review was aimed at summarizing the emerging evidence of the relationship between food insecurity, malnutrition,

and intestinal microbial changes.

Recent Findings Evidence suggests that malnutrition is certainly associated with alteration in the intestinal microbiome.
Alternative theories have been proposed as to the nature of the alteration, whether that be a result of microbial immaturity,

dysbiosis, or contributions from both processes.

Summary Although the evidence continues to evolve, targeted nutritional therapies in conjunction with specific microbial therapy
of probiotics or prebiotics may hold great promise for the treatment of malnutrition in the clinical and community settings.
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Introduction: Food Insecurity—Definition
and Significance

Food insecurity is defined as the disruption of food intake or
eating patterns because of lack of money and other resources
[1]. Accordingly, food-insecure households are defined by the
United States Department of Agriculture (USDA) as house-
holds in which “access to adequate food is limited by a lack of
money or other resources” [2]. In 2013, 17.5 million US
households or 14.3% of all households met this definition
[3]. An estimated 11.8% of US households were food-
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insecure at least some time during the year in 2017. In 2018,
11.1% of US households were food-insecure [4].

In 2017, the USDA revised the definitions of food insecu-
rity. The USDA defined the term “low food security” that was
previously referred to as “food insecurity without hunger,” as
a household that reports reduced quality, variety, or desirabil-
ity of diet with little or no indication of reduced food intake.
The USDA defined “very low food security” that was previ-
ously referred to as “food insecurity with hunger” as a house-
hold that reports of multiple indications of disrupted eating
patterns and reduced food intake [5]. The prevalence of very
low food security was 4.3% in 2018 [4].

Food insecurity often correlates with residence in a food
desert. The USDA defines food deserts as low-income com-
munities that lack stores that sell healthy and affordable food.
A significant portion of these communities live more than a
mile from the nearest supermarket or grocery store in urban
areas or 10 miles away in rural areas. In most of these cases,
transportation to obtain “healthy” foods is limited. With lim-
ited options, many people living in food deserts get meals
from fast-food restaurants [6].

Access to healthy and affordable food has worsened during
the COVID-19 pandemic. In Georgia, the number of people now
living in food-insecure areas has increased by 69% since the start
of the pandemic. In Mississippi, Louisiana, and Kentucky, the
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number of residents living in food-insecure areas has increased
by 36, 43, and 118%, respectively, due to the rise in unemploy-
ment [7].

Food-insecure children fall sick more often and are
more likely to be hospitalized. In 2009, the average
pediatric hospitalization in the USA cost approximately
$12,000 [8]. Child hunger is estimated to cost the US
economy in excess of $28 billion per year. This cost is
due to the fact that poorly nourished children perform
less well in school and require far more long-term
healthcare spending [9].

Child hunger leads to a myriad of issues for both the
parent and the child (as they enter the workforce), lead-
ing to greater absenteeism, presenteeism (productivity
loss), and turnover in the work force. This leads to
additional employer costs as sick children often result
in parent employee absences. Adult members of the
workforce who experienced hunger as children are not
as well prepared to perform effectively in the contem-
porary workforce. These workers create a workforce that
is less competitive, with lower levels of educational and
technical skills, and limited human capital [8].

The Link between Food Insecurity
and Malnutrition

Not surprisingly, there does seem to be a link between food
insecurity and malnutrition. Food insecurity is associated with
low dietary quality in adults. According to one review, food-
insecure adults consume fewer fiuit, vegetables, and dairy prod-
ucts when compared to food-secure adults. Food-insecure adults
also consume less vitamins A and B6, calcium, zinc, and mag-
nesium. Children of food-insecure households have a slightly
better quality of diet (than their parent), indicating that parents
effectively shield their children from compromised dietary qual-
ity [10e].

In 2018, the United Nations Food and Agriculture
Organization (FAO) released a comprehensive review of
literature examining the link between food insecurity and
malnutrition. Nineteen studies looking at food insecurity
and childhood stunting (a well-defined indicator of child-
hood malnutrition) demonstrated a positive association, 3
showed mixed association, and 7 showed no association.
Three studies looking at food insecurity and childhood
wasting showed positive association, 1 showed mixed as-
sociation, and 11 showed no association. In studies linking
food insecurity and low birthweight babies, all 3 studies
showed a positive association [11]. Overall, they conclud-
ed that the evidence was mixed and that “high quality
longitudinal data is required to better understand the true
nature of the relationship.”

Food Deprivation and the Microbiome

In 2015, Genton et al. reviewed the available literature to
summarize the impact of depleted nutritional states on the
gut microbiota (as well as structure and function of the gut
epithelium, the gut-associated lymphoid tissue and the enteric
nervous system). Genton concluded that gut microbiota com-
position and function was indeed altered in nutritionally de-
pleted states [12]. This conclusion was supported by the study
by Monira et al. that demonstrated a higher fecal proportion of
Proteobacteria and a lower fecal proportion of Bacteroidetes
in malnourished children when compared with healthy chil-
dren [13]. Genton also cited Armougom et al. who demon-
strated higher fecal proportion of Methanobrevibacter smithii
in anorectic patients. The authors note that M. smithii is known
to convert carbon dioxide and hydrogen to methane and hence
could optimize energy harvesting in the midst of starvation
[14]. Therefore, there is a change that occurs in the
microbiome in a food deprived or starvation state.

Malnutrition and Microbial Immaturity

Malnutrition is associated with “immaturity of the microbiome.”
This concept of microbial maturity stems from a 2012 study that
characterized the bacterial species present in the fecal samples of
531 individuals. DNA was extracted from each fecal sample and
bacterial 16S ribosomal RNA (16S-rRNA) genes were amplified
to identify the various phylogenetic types that were present in
each sample. By studying 16S-rRNA datasets, the authors found
a variation in the taxonomic/phylogenetic composition of fecal
communities across the ages. The authors noted that the phylo-
genetic composition in infants gradually transitioned toward a
composition that resembled that of adults within the first 3 years
of life. Through further analysis, the authors determined that
representation of specific bacterial taxa was noted to vary signif-
icantly across the ages. Bifidobacterium was one among other
bacterial taxa found to be disproportionately dominant in infant
fecal samples. The authors list a total of 126 bacterial species, the
representation of which varied significantly with age. Increased
bacterial diversity with age was noted. By means of genetic se-
quencing and metagenomic analysis, the authors found age-
associated changes in representation of genes involved in nutrient
biosynthesis and metabolism. This change in phylogenetic com-
position and genetic representation with age are considered to be
signs of microbial maturity [15].

In 2013, Smith et al. published data from Malawi where
they followed 317 Malawian twin pairs for 36 months. The
authors focused on twin pairs where the growth was discordant,
where one member of the pair had normal growth and nutrition
and the other member of the twin pair had kwashiorkor. Both
twins were fed a ready to use therapeutic food (RUTF) which
comprised of peanut paste, sugar, vegetable oil, and milk
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fortified with vitamins and minerals. RUTF is recommended
by the World Health Organization (WHO) for the treatment of
children with uncomplicated severe acute malnutrition [16].
The authors found that there was transient maturation of met-
abolic function in the kwashiorkor microbiomes, but this mat-
uration regressed when the therapeutic food was discontinued.
The authors then transplanted the previously frozen fecal com-
munities of these discordant twins into gnotobiotic mice. The
mice transplanted with the microbiome from the kwashiorkor
twin experienced more weight loss when fed a Malawian diet.
The pairs of mice were then fed the RUTF for the 2 weeks.
With this diet, both groups of mice increased weight. By means
of gas chromatography—mass spectrometry, the authors dem-
onstrated increase in short-chain fatty acids and other products
of metabolism in cecal and fecal samples when the mice were
fed the RUTF [17¢].

A study published by Subramaniam et al. demonstrated per-
sistent gut microbiota immaturity in malnourished Bangladeshi
children. To do this, a machine-learning-based approach was
applied to 16S ribosomal RNA data sets generated from monthly
fecal samples obtained from children who exhibited healthy
growth. This data was incorporated into a model that computed
a relative microbiota maturity index and a microbiota for age Z
score. Relative microbiota immaturity of a child was defined as
the difference in the microbiota age of the child with that of
healthy children of similar chronologic age. The microbiota for
age Z-score was derived from this value. Analyzing children with
severe acute malnutrition (SAM) and moderate acute malnutri-
tion (MAM), the authors found that SAM was associated with
significant relative microbiota immaturity [18].

Children with severe acute malnutrition were further en-
rolled in a randomized trial of two food interventions (RUTF
vs Khichuri Halwa, a local food option). The microbial matu-
rity of children in each arm of the trial were compared before
the trial, at the end of the intervention, less than 3 months after
intervention and greater than 3 months after intervention. The
authors found that although growth improved, the microbiota
immaturity was only partially improved with both nutritional
interventions. The authors concluded that either prolonged
interventions with therapeutic foods or the addition or supple-
mentation of gut microbes may be needed to achieve enduring
“repair” of the microbial immaturity [18]. Taken together, the
above studies suggest that microbial immaturity can result in
alterations in the way food sources are metabolized. Provision
of nutrient alone can encourage maturation over prolonged
administration but, potentially, by altering the microbiome
itself this process could be expedited.

Malnutrition and Dysbiosis

An alternative theory relevant to the malnourished microbiome
has been suggested by Million et al. involving a qualitative shift
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(irreversible loss of gut microbes) rather than microbiota imma-
turity as the key contributor in characterizing children with SAM
[19]. This altered microbial composition is referred to as
dysbiosis [20]. Dysbiosis and the resulting microbial metabolites
(metabolome) may play a role in the development of obesity,
insulin resistance, non-alcoholic fatty liver disease, type 2 diabe-
tes mellitus, and atherosclerosis among other conditions [21].
Dysbiosis has been linked to epigenetic changes (mutations in
NOD2, IL23R, ATG16L, and IGRM), lifestyle, early microbial
colonization, and medical practices (such as the use of antibi-
otics) [22]. More recently, a link between dysbiosis and malnu-
trition has become more evident [20]. Hashimoto et al. demon-
strated that tryptophan deficiency from a protein-free diet can
lead to changes in the colonic microbiota. The authors also dem-
onstrated that this may result in a more severe colitis in mice
following exposure to dextran sodium sulfate, an intestinal irri-
tant that causes colitis [23]. Therefore, malnutrition may bring
about qualitative changes in the microbiome, and this may lead
or contribute toward a disease state.

Similarly, recently published data in the New England
Journal of Medicine reported that enteric dysfunction played a
significant role in childhood undernutrition. The authors eluci-
dated and reported a possible causal relationship between
growth stunting and enteric bacteria [24]. In this study, 110
children living in a low-income neighborhood in Bangladesh
who had not benefited from nutritional intervention underwent
upper endoscopy and small bowel biopsy confirming the diag-
nosis of Environmental Enteric Dysfunction (EED). A large
series of plasma and duodenal protein analyses were performed
and found to be associated with small bowel and fecal bacterial
strains. The bacterial strains associated with refractory under-
nutrition were then placed in gnotobiotic mice and resulted in
enteropathy. These results support the causal relationship be-
tween specific small intestinal bacteria and enteropathy, rather
than microbial immaturity.

Dysbiosis and the Gut-Brain Axis

In addition to enteropathies, dysbiosis potentially contributes
in part to other maladies. Poor access to “healthy” food in
early life may be a stepping-stone to several neurologic con-
ditions. Numerous factors shape the microbiome in develop-
ing children including genetics, stress, diet, acute and chronic
infections, medications, and environmental factors [25¢].
Autism, anxiety, anti-social behavior, and depression have
recently been associated with an altered microbiome. Stress
influences the gut-brain axis via several well-described mech-
anisms [26]. Much of this early work comes from studying
gnotobiotic mice, various foods and stress and how these
microbiome-induced changes can result in several cognitive
and emotional changes attributed at least in part secondary to
inflammatory responses [25, 27, 28].
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Microbiome-Targeted Therapies

With the objective to “repair” microbial immaturity, Gehrig
et al. colonized gnotobiotic mice with bacteria from children
with SAM who were transitioning to MAM. Foods were of-
fered to assess what might be able to promote microbial ma-
turity. The group formulated microbiome directed comple-
mentary foods (MDCF’s) that were made using culturally ac-
ceptable, affordable, and readily available ingredients. The
authors selected ingredients that were more likely to promote
microbial maturity [29+¢]. The authors then proceeded with a
randomized double-blinded clinical trial in Dhaka,
Bangladesh, in which 63 children were enrolled. The authors
compared a rice and lentil-based ready-to-use supplementary
food (RUSF) to three MDCF prototypes. MDCF-1 and
MDCF-2 contained chickpea flour, soy flour, peanut flour,
and banana in different concentrations. MDCF-3 contained
chickpea flour and soy flour. Each formulation was equivalent
in calories and protein content. The children were fed 2 serv-
ings a day of each trial food on top of their regular diet. The
authors were able to conclude that MDCF-2 led to increased
levels of biomarkers and mediators of growth, bone forma-
tion, neurodevelopment, and immune function toward a state
resembling healthy children [29¢¢]. This approach would sug-
gest that specific foods can promote the maturation of the
microbiome, thereby potentially improving overall health.

Probiotics

A recent systematic review and meta-analysis examined the
role of probiotics in preterm, low birth weight infants. This
review found that combinations of Lactobacillus spp. and
Bifidobacterium spp. reduced all-cause mortality when com-
pared with placebo. Among the studies with high or moderate
certainty evidence relative to placebo, combinations of
Lactobacillus spp. and Bifidobacterium spp., Bifidobacterium
animalis subsp. lactis, L. reuteri, and Lactobacillus rhamnosus
significantly reduced severe necrotizing enterocolitis. This
study also found that combinations of Lactobacillus spp. and
Bifidobacterium spp. and S. boulardii reduced the mean num-
ber of days to reach full feeds [30]. This suggests that specific
strains of probiotics can potentially address the qualitative shift
that occurs in the malnourished microbiome.

Conclusion

Food insecurity, or the disruption of food intake or eating
patterns because of lack of financial resources and other relat-
ed resources such as proximity to reliable fresh foods, lack of
transportation, or adequate refrigeration, is nationally preva-
lent and may be increasing in prevalence in the setting of the

current COVID-19 pandemic. There does appear to be a link
between food insecurity and malnutrition, although certain
indices of malnutrition do not correlate, as expected, with food
insecurity. Certainly, food insecurity and alterations in the
developing microbiome are inextricably associated.
Malnutrition may be linked to microbiota immaturity and/or
dysbiosis. Certain strains of bacteria from the poorly
nourished children may be contributory to the inflammatory
cascade which limits the benefit of the supplemental nutrition
and consequently limits the child’s growth and development.
Targeted nutritional therapies in conjunction with specific mi-
crobial therapy of probiotics or prebiotics may hold promise
for treatment of malnutrition in the clinical and community
settings. Although the evidence for these approaches remains
in their infancy, the potential for global impact is substantial
and encouraging.
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