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ABSTRACT

The gut microbiome is indispensable for the host physiological functioning. Yet, the impact of non-
nutritious dietary compounds on the human gut microbiota and the role of the gut microbes in
their metabolism and potential adverse biological effects have been overlooked. Identifying
potential hazards and benefits would contribute to protecting and harnessing the gut micro-
biome’s role in supporting human health. We discuss the evidence on the potential detrimental
impact of certain food additives and microplastics on the gut microbiome and human health, with
a focus on underlying mechanisms and causality. We provide recommendations for the incorpora-
tion of gut microbiome science in food risk assessment and identify the knowledge and tools
needed to fill these gaps. The incorporation of gut microbiome endpoints to safety assessments,
together with well-established toxicity and mutagenicity studies, might better inform the risk
assessment of certain contaminants in food, and/or food additives.
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Diet influences the composition and function of
the human gut microbiota. Resident microbes and
their activities impact many biological processes,
such as metabolism, immunity, and the function-
ing of extra-intestinal organs (e.g., brain, cardio-
vascular system, liver, and kidney)." The human
gut is densely colonized by microorganisms, espe-
cially by bacteria, belonging to more than 1,000
different species that together, with their collective

genetic material and by-products, form the so-
called gut microbiome. The gut microbiota is
established at birth through contacts with the
mother and the environment, starting a complex
symbiotic interaction with the different host body’s
systems. It can contribute to the host’s health status
through multiple pathways, including protection
against pathogens, drugs, industrial chemicals,
environmental pollutants, and food components.
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The use of partially digestible and non-absorbable
food additives and the presence of chemical con-
taminants in food has highly increased in recent
years and, therefore, their impact on human health
requires constant updates. Classical risk assessment
approaches applied to foods paradoxically consider
non- or even partially absorbable dietary com-
pounds as inert upon excretion. This scenario over-
looks the role that the gut microbiota and its
metabolites play in bio-transformation and modu-
lation of the biological activity of dietary com-
pounds, as well as in their absorption into the
bloodstream. Given the absence of a specific legal
framework that considers microbiomes as an addi-
tional criterion for risk assessment, there is a lack of
globally accepted methodologies and guidance to
comprehensively address the impact of the gut
microbiome changes on humans, animals, and the
environment. This is in sharp contrast to the fact
that many microbially processed compounds and/
or derived metabolites are transported across the
gut epithelium to the bloodstream.” Indeed, the gut
microbiome acts at the interphase between the
dietary exposure and the host, and may play
a significant role in determining the potential
risks or benefits of non- or partially absorbable
dietary compounds.’

Recent international initiatives have aimed to
understand better the role of human microbiomes
and their interactions with other microbial ecosys-
tems in global health. The main goals of these initia-
tives were to define how the human microbiome
affects health,*® and to identify dietary components
that may harm (or be modulated by) the gut micro-
biome and the underlying molecular mechanisms.
This article focuses on the interplay between dietary
xenobiotics (i.e., certain food additives and micro-
plastics) and the gut microbiome with potential
impact on human health. It also describes a series
of research elements that could be part of safety
studies to inform risk assessment and suggests
research priorities to address knowledge gaps.

Bibliographic methods used for gathering data

MEDLINE/PubMed (https://pubmed.ncbi.nlm.
nih.gov/.) combined with records retrieved from
Web of Science Core Collection (https://www.
webofscience.com/wos/.), Scopus (https://www.sco

pus.com/) and ClinicalTrias.gov (https://clinical
trials.gov/) were the literature databases selected
to comprehensively cover the scientific evidence
about the potential detrimental impact of dietary
food additives and microplastics on the human gut
microbiome. The general approach was based on
the use of controlled terms complemented with
queries using terms in titles, abstract, and author
keywords, mainly limited to non-review papers
published until April 2024. All retrieved articles
were imported into the ad hoc web interface
PMIDigest (https://github.com/JNovoaR/
PMIDigest) which is a recently developed general-
purpose tool for distilling large biomedicine-
related bibliographic datasets.”

The gut microbiome is a critical modulator of
the catabolism of dietary components

Gut bacteria yield a plethora of metabolites (short-
chain fatty acids (SCFAs), phenolic compounds,
etc.) from dietary compounds, as well as micronu-
trients (e.g., vitamins). Some of those microbially
produced metabolites are known to exert beneficial
effects on immune maturation and function,
epithelial barrier integrity and protection against
infection.'® Gut microbes are also being increas-
ingly recognized for their ability to communicate
with the brain and modulate its function, through
the production of neurotransmitters (e.g., hista-
mine, gamma-aminobutyric acid, serotonin, and
dopamine),"’ and other bioactive metabolites
(e.g., indoxyl sulfate, indole-3-acetic acid, indole-
3-propionic acid, and 4-ethylphenol-sulfate), some
of which are derived from (aromatic) amino acid
catabolism.'*"? These metabolites can act locally in
the gut, affecting the enteric nervous system or
reaching distant organs affecting brain function."*
Altogether, microbial metabolism is key on intest-
inal homeostasis and human health.

Conversely, the human gut microbiome may
also undermine the host’s health by producing
hazardous diet-derived metabolites. As an exam-
ple, choline, betaine, or L-carnitine are bio-
converted into trimethylamine (TMA) in the gut,
which is further oxidized in the liver by flavin-
containing monooxygenases resulting in trimethy-
lamine N-oxide (TMAO)"” (Figure 1). The charac-
terization of several microbial gene clusters, critical
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Figure 1. Overview of selected gut microbiome — dependent metabolic pathways of ingested xenobiotics with potential detrimental
effects on different aspects of human physiology. The gut microbiome can modify the toxicokinetic and toxicodynamic of xenobiotics
through different mechanisms by: i) direct metabolism through the reduction/increase of the compound activity (e.g., azo-dye
colorants or PCBs) or re-activating inactive metabolites (e.g., HCAs) mediated by specific enzymes (e.g., azo-reductases, nitro- and
nitrate-reductases, B-glucuronidases, B-glycosidases, sulfohydrolases, flavin-containing monooxygenases, B-lyases, organopho-
sphorus hydrolases); ii) indirect influence of host metabolic and transport pathways in the liver and gut (e.g., alkaloids as trigonelline
inhibiting gut microbial choline utilization and tma-forming ability); iii) inhibition (e.g., dietary emulsifiers) or promotion of bacterial
growth affecting the composition and function of the gut microbiome; iv) up-regulation of genes associated with virulence factors.
CMC: carboxymethylcellulose; yBB: y-butyrobetaine; HCAs: heterocyclic amines; PCBs: polychlorinated biphenyls; TMA: trimethyla-
mine; TMAO: trimethylamine N-oxide.

to this multi-step transformation pathway, linked ~ consumption of processed foods,*"** and micro-
microbial L-carnitine/choline catabolism of red  plastics are ubiquitous.”> The gut microbiome can
meat with cardiovascular disease risk.'®'”  be disturbed by certain dietary xenobiotics, such as
Likewise, a range of xenobiotics used in agriculture,  additives (Figure 2(a)) and chemicals present in

food, and pharmaceutical industries are known to  f50d (Figure 2(b)). According to current western
interact with the gut microbiome, and could nega-

tively influence human health through different
mechanisms,'®**° as shown in Figure 1. Thus,
alterations on intestinal microbial metabolism
have been linked to different intestinal and meta-
bolic disorders.

dietary habits and lifestyle patterns, humans are
highly exposed to xenobiotics from infancy and
through the lifespan,* which constitutes a global
and emerging concern. The European Food Safety
Authority (EFSA) as part of its risk assessment
activities evaluates the safety of the food additives

authorized in Europe. This risk assessment

The gut microbiome is impaired by certain includes the dietary exposure to food additives;

dietary xenobiotics these exposure estimates are then compared to an

The use of food additives has increased recently in ~ adequate daily intake (ADI) derived from the
modern and Westernized diets linked to a higher =~ hazard assessment. The ADI is an estimate of the
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Figure 2. Reported (a) food additives and (b) chemical and/or microbial contaminants in food that could exert potentially detrimental
effects on/by the human gut microbiome. Most of collected studies have been conducted in vitro or using murine models and their
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amount of a substance in food or drinking water
that can be consumed daily over a lifetime without
presenting an appreciable risk to health. Here, we
discuss the main interactions of the gut micro-
biome with synthetic colorants, non-nutritive
sweeteners, emulsifiers, and microplastics, and
their influence on host biological functions and
health.

Synthetic colorants

Artificial food colorants or dyes are substances
made from petroleum (or crude oil) that enhance
the color of processed foods. They are widely used
in the food and pharmaceutical industries to
increase the appeal and acceptability of their pro-
ducts. The use of synthetic colorants in dietary
products has significantly increased over the past
50 years.”> These compounds can be metabolized
in the gut releasing aromatic amines which are
potentially carcinogenic and mutagenic26’27 as
shown in Table 1.

The synthetic food colorant Allura Red (AR) is
widely used in many countries and has been shown
to enhance the susceptibility of mice to colitis via
different mechanisms. First, azo-reductases pro-
duced by gut commensal bacteria (e.g.,
Bacteroides ovatus and Enterococcus faecalis) can
release sulfonated aromatic amines leading to
intestinal inflammation in IL-23 transgenic
mice.”® A similar metabolic pathway has been

GUT MICROBES (&) 5

described for Sudan I (Figure 1) and Yellow 6
colorants (Table 1). On the other hand, exposure
to AR also enhances susceptibility to colitis via
colonic secretion of serotonin, microbial altera-
tions, and disruption of the epithelial barrier func-
tion. Indeed, AR exposure only induces mild colitis
in naive germ-free mice suggesting a pivotal role of
the microbiota in mediating colorant-dependent
inflammation.>* Of mention, some bacteria have
the capacity to degrade dyes which may ultimately
reduce toxicity in some individuals.’> However, the
effects of these colorants on humans need to be
further investigated. Furthermore, the most recent
exposure data for AR refers to a refined exposure
assessment conducted by EFSA in 2015.’° Among
the different exposure scenarios assessed, in the
refined brand-loyal assessment exposure scenario
the mean exposure to AR ranged from 0.03 mg/kg
body weight (bw) per day for the elderly to 1.4 mg/
kg bw per day for toddlers. The high-level exposure
ranged from 0.1 mg/kg bw per day for the elderly to
2.9 mg/kg bw per day for children.’® None of the
dietary exposure scenarios assessed exceeded the
ADI of 7mg/kg bw per day established by the
Joint FAO/WHO Expert Committee on Food
Additives (JECFA) in 1980 and the EU Scientific
Committee for Food (SCF) in 1984 and 1989.

Non-nutritive sweeteners (NNS)

NNS are sugar substitutes that contain few to no
calories but have a higher intensity of sweetness per

Table 1. Gathered information linking selected synthetic colorants with changes/involvement of specific bacterial taxa, microbial
metabolites and/or other end-products, and potential mechanism(s) influenced/mediated by the gut microbiome leading to adverse

effects in the host.

Gut microbiota bacterial taxa associated Microbial metabolites and pathway(s) on

Compound to xenobiotic exposure

or mediated by the gut microbiome

Potential adverse effect(s) in the host  References

Allura Red AC In vivo (mice)/In vitro: Enterococcus

(E129) faecalis; Bacteroides ovatus;
Bacteroides fragilis; Bacteroides
vulgatus; Odoribacter splanchnicus;
Clostridium ramosum; Clostridium
hylemonae; Faecalicoccus pleomorphus

Yellow 6 In vivo (mice)/In vitro: Enterococcus
(E110) faecalis; Enterococcus avium;
Bacteroides ovatus; Escherichia coli

Tartrazine In vitro: Enterococcus faecalis; Escherichia

(E102) coli; Lactobacillus; Enterobacter
Azorubine In vitro: Escherichia coli; Enterococcus

(E122)
Amaranth In vitro: Enterococcus faecalis;

(E123) Enterococcus avium; Bacillus cereum
Ponceau 4R Escherichia coli; Enterococcus

(E124)

Enzyme bacterial-mediated
transformations of azo-dyes colorants
involving azo-reductases expressed by
commensal bacteria into mainly
sulfonated aromatic amines (e.g.,
1-amino-2-naphthol-6-sulfonate/
cresidine-4-sulfonate in case of Allura
Red; 1-amino-2-naphthol-disulfonates
in case of amaranth or ponceau 4 R).
These enzymes require NADH as
electron donor and are mostly flavin
mononucleotide (FMN) dependent

Allura Red promoted IBD-colitis in 28-33

transgenic mice with dysregulated
expression of interleukin (IL)-23 (Allura
Red) or via colonic secretion of
serotonin, microbial alterations and
disruption of the epithelial barrier
function

In vitro assays indicated that the
potential toxicity of azo-dye colorants
might depend on the rate and extent
at which the resident bacteria in the
human gut microbiota reduces the azo
linkage
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gram. NNS have been broadly incorporated into
foods such as beverages, frozen desserts, yogurts,
snacks, and candies, as they are thought to contri-
bute to combat obesity by providing a sweet taste
but reducing the overall caloric intake. The most
common NNS are saccharin, aspartame, sucralose,
and cyclamate. There is controversy over the safety
of consuming NNS. For example, a study showed
that consumption of commonly used NNS drives
the development of glucose intolerance through
induction of compositional and functional altera-
tions to the intestinal microbiota, with saccharin
being the most deleterious®” (Table 2). Pathways
overrepresented in saccharin-consuming mice
include those involved in enhanced energy harvest
and glycan degradation. Glycans are fermented to
SCFAs, among others. Although SCFAs are linked
to beneficial immune and metabolic effects, these
metabolites have been previously associated to obe-
sity. An increase on glycosaminoglycan sulfatases
and glycoside hydrolases degradation pathway
gene expression was also observed in fecal samples

of saccharin-consuming mice. Sulfohydrolases may
catalyze the transformation of cyclamate into
cyclohexylamine,*' a metabolite responsible for
the potential carcinogenic effect of cyclamate
(Figure 1).

In a randomized-controlled trial (RCT) on the
effects of NNS in 120 healthy individuals, saccharin
and sucralose consumption significantly impacted
glucose tolerance, unlike aspartame and stevia.
Microbiome changes were highly correlated with
the alterations observed in individuals’ glycemic
responses. Thus, the glycemic responses from con-
ventionalized gnotobiotic mice with microbiomes
from multiple top and bottom responders of each
of the NNS-supplemented groups were largely
reflecting those of their respective human donors.
These findings suggest that gut microbiome altera-
tions in humans following consumption of certain
NNS could lead to metabolic person-dependent
alterations.*

For saccharin, no recent exposure data are avail-
able from EFSA, although it seems there is an on-

Table 2. Gathered information linking selected non-nutritive sweeteners with changes/involvement of specific bacterial taxa,
microbial metabolites and/or other end-products, and potential mechanism(s) influenced/mediated by the gut microbiome leading

to adverse effects in the host.

Gut microbiota bacterial taxa associated to

Microbial metabolites and pathway(s) on

Compound xenobiotic exposure or mediated by the gut microbiome Potential adverse effect(s) in the host Refs
Saccharin In vivo (mice): an increase in relative Microbial pathways overrepresented in Glucose intolerance 38-40
(E954) abundance belonged to the Bacteroides  saccharin-consuming mice include obesity in mice and humans
genus and Clostridiales order a strong increase in glycan degradation
In vitro: an increase of the Bacteroidetes ~ pathways, in which glycans are
phylum and reduction in Firmicutes fermented to form various compounds
including short chain fatty acids (SCFAs)
like propionate and acetate. These
pathways mark enhanced energy
harvest and their enrichment was
previously associated with obesity in
mice and humans, with SCFA possibly
serving as precursors and/or signaling
molecules for de novo glucose and lipid
synthesis by the host
In vivo (rats): a decrease in Akkermansia  The reduction of Akkermansia muciniphila Metabolic disease and obesity in rats
muciniphila and an increase in could be the result of a change in the
Firmicutes mucin profile, fucosylated milk
oligosaccharides and/or gut pH due to
changes in metabolites, microbe
abundance or inflammation status
following pre- and post-natal maternal
exposure to non-nutritive sweeteners
Sucralose In vivo (mice): alterations in the families  An increase of pro-inflammatory Liver inflammation in mice which is
(E955) Turicibacteraceae, Lachnospiraceae, mediators, lipopolysaccharide (LPS), confirmed by elevated gene expression

Ruminococcaceae, Verrucomicrobiaceae,
Staphylococcaceae, Streptococcaceae,
Dehalobacteriaceae, Lachnospiraceae
and unclassified members in families
Clostridiaceae, Christensenellaceae,
Peptostreptococcaceae,
Erysipelotrichaceae and in the order
Bacillales

flagella, fimbriae, bacterial toxins, and
a decrease of anti-inflammatory
metabolites

of pro-inflammatory markers in the
liver, such as matrix metalloproteinase 2
(MMP-2) and inducible nitric-oxide
synthase (iNOS)




going risk assessment as indicated on their
website.” The most recent data on dietary exposure
to saccharin is reported by Tennant** In this study,
dietary exposure to non-nutritive sweeteners con-
sumed as tabletop sweeteners was assessed. Some
reliable exposure estimates were produced for sac-
charin using the consumption data for tabletop
sweeteners in powder from the EFSA
Comprehensive European Food Consumption
Database. The maximum mean and 95th percentile
exposure across the European population were
identified in the elderly and very elderly population
(>64 years), with estimates of 0.16 mg/kg bw
per day and 1.20 mg/kg bw per day, respectively.
These estimates are well below the current ADI of
5 mg/kg bw per day set by JECFA in 1993 and the
SCF in 1995.

Emulsifiers

Emulsifiers are detergent-like food additives used
to mix two immiscible substances, so they play
a crucial role in the food and beverage industry.
A RCT showed an association between carrageenan
consumption and relapse in patients with ulcera-
tive colitis in remission. An increase in the pro-
inflammatory marker IL-6 and fecal calprotectin
was also associated with carrageenan intake.*> Tt
was hypothesized that this detrimental effect
might be associated to carrageenan interaction
with the intestinal microbiota, as well as to the
direct activation of inflammatory pathways in the
colonic epithelial cells. A recent study showed that
carrageenan also impacts bacteria-derived SCFAs
that could be the cause of intestinal inflammation**
(Table 3). Carrageenan-mediated inflammation is
also associated with its unique chemical structure,
which is based on a D-galactose (Gal) backbone
alternating a-1,3 to -1,4 linkages sulfated at up to
40%.° Interestingly, a-1,3-galactosidic bonds have
been associated with human rejection of vascular-
ized organ transplants from pigs mediated by Gal-
specific human IgM and IgG.°**> Moreover, the
disaccharide galactose-a-1,3-galactose is responsi-
ble for the a-gal syndrome, an allergic syndrome
that typically presents as a delayed hypersensitivity
due to the ingestion of red meat.®>®’

Other emulsifiers such as carboxymethylcellu-
lose (CMC) and polysorbate (P) 80 have been
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shown to induce low-grade inflammation and
metabolic syndrome in wild-type mice, and colitis
in predisposed mice. Emulsifier-induced metabolic
syndrome was associated with microbiota altera-
tions, bacterial encroachment, and increased pro-
inflammatory response (Table 3). Bacterial inva-
sion was marked by a significant thinning of the
inner mucus layer due to the accelerated break-
down of mucus, whilst increased intestinal perme-
ability is correlated with pro-inflammatory
markers®’ (Figure 3).

Furthermore, a RCT revealed that individuals
who consumed CMC had increased postprandial
abdominal discomfort and disturbed gut micro-
biota composition in a way that reduced its diver-
sity. CMC-fed subjects experienced fecal
metabolome changes, such as decreases in SCFAs
and free amino acids. Two CMC-consuming sub-
jects also showed an increased microbiota translo-
cation into the inner mucus layer, a characteristic
of altered host-microbiota interactions in chronic
inflammation, as well as other alterations in micro-
biota composition®® (Table 3). In addition, human
microbiota determine individualized inflammatory
response to CMC.®® Recently, P20 and P80 have
shown dose-dependent cytotoxicity and impaired
epithelial barrier function and integrity on human
gut epithelial cells and intestinal organoids.®'
Biological processes including inflammation and
oxidative stress, among others, were upregulated
at the cellular level in response to both emulsifiers,
thus creating a local environment prone to allergic
sensitization or other inflammatory diseases.”’
Overall, growing evidence suggest that certain
emulsifiers could have deleterious effects in
humans.

Finally, exposure data in the European popula-
tion are available from EFSA on the combined of
exposure of modified and unmodified celluloses (E
460-466, E 468, and E 469) that includes sodium
CMC (E 466).”° As mentioned, CMC is one of the
food additives reported to alter the gut microbiota
together with other emulsifiers. From the refined
estimated exposure scenario, in the brand-loyal
scenario, mean exposure to cellulose (E 460-466,
E 468, and E 469) from their use as food additives
ranged from 5 mg/kg bw per day in infants to 190
mg/kg bw per day in toddlers. The high exposure
ranged from 30 mg/kg bw per day in infants to 506



wisijogelsw pidi] pue ‘pide oujwe ‘a1eipAyoaied ul
panjoaul skemyied wisijogelaw pajedipald |e1aAds Jo pasealdu| SUIIDDJIPIDD S3PI0J2}oDg pue
DdIW  "D-(4NL) 10128} SISOIIBU JOWN] PUe ‘9-T] ‘g L-(]]) UNNS|SIUL ‘S4T  1/0d DIYdLIdYDST JO dUBPUNQE PIseaIdul pue
P9J 131P 18J-MO| Ul UOIIRWWE|JUI 9PEIB-MO| JIWISAS pue winuas Jo s|aA3| buiienoaid ay1 jo uonejnbaidn pue ejoiqoiiw snajn| snuidny pue pjiydiupnw bISUDWINYY
‘sisolqsAp e101qod1w Inb ‘SwoIpuAs J1j0geISW JO UOIIOWOId b jo uoiusodwod pue ANsiaAp-g syl ul sbueyd uedyiubis JO dduepunge paseasdaq :(dIW) OAIA U (L/3) d1eInejoUo|y [043K|D
o43IA
uf "uoiseaul usaboyied 03 sA3) pjoy ya1ym ‘suomndun( b ul
u013|35014> |ed1de ay) pue suld}old SurIqUIBWISURI} USIMIS]
UOIIDRIDIUI BY) SIRIPAW LOZ "sul10id suspN|II0 e|NUOZ
se yons ‘sutdjoid anbejd 31105014 pardaye ey s|[2d zode)
OAIA U]
“WNJ92 10 UOj0d Ay} Ul pasealdap Ajpuedyiubis asam ‘a1esfing
Apenoiued ‘(sy4DS) spide A11ej uleyd-1oys Jo S[aA3| 9y
oa3iA uf *Ainfur 19)ye uonewuoy dAjod jeunsaiul
ul 3jo4 [ernID e sAejd ydIym ujus1ed-e13g/Aup 3Y) buneande
‘1ej|ns ueieday saseasnul ANAlde asepiweyns uueday

‘uolseaul usaboyied sadosdwy] ‘wnd3d 1o JO 35e31D3P BY| "SISeIR)NS ShoLieA Jo ANAIDE By} Buisealdap
uo|0d ul suonesdl|y ‘Ainful sa)ye uonewloy dAjod ul swa|qoid Aq (sDyD) suedA|boulwesodA|6 palejins |01 ul dseanul uy pa3ieDOSSe exey [eld}deq eoIqodIw INb oN
‘eluowwe pue

‘a10pul ‘apy|ns uaboipAy se yons ‘saxjoqelaw dixol bupnpoid
‘u0j0d 3y Ul saqo.diw Inb Ag pajuswiy ase sutsroad palsabip
*SI9PJOSIP |P1D310|0D JO HSII 9Y) ISea.dul 01 SPU] SIy | Kj91enbapeur ay] ‘sisAjoajoud duiseb uqiyul sueusasbere) pa3ieDOSSe exe) [eld}deq eolIqoIw Inb oN
JayJewolq gg| [enuslod e se paynuspl usaq
sey SUaAJOSIUDJAX $apl01a1oDg 'saploalng

's|192 [eljayuda d1uojod uewny ul gL 1Dg pue g7 Jo uoissaidxa wioyy saads buipesbap-ueussbelsed y
*J92UBD UOJ0D UIAS puB 32U3pIdul 9y} pajowoud saseueusabeled-1 4o -3 Aq sueussbessed  sapueyddesobijo ojul sueusabelsed yeaiq 03
Kiorewwepur Inb Jo ysu ayy asealdul pue Aujigeawsad 3o sisAjopAy ay3 ‘A|bunsalaiul “Aj9Andadsas ‘asepisoyejeb  3|ge ‘saseurudsbelled | SSWAzUS uleluod
1nb sredwi ued ueuaabijod siy1 Jo uonejnwNIe -(9'€)<«— | — b pue saseueuaaberied Aq pazA|oipAy aq sap1042)20g snuab ay1 wouy saads Auepy
3y 1eY1 15966ns saipnis jewiue pue oA ur Ag pa1d3)|od eleq  ued sabeyul| JIpISOIA|D < | — g pue €« | — b yum sueussberie) 03N Uf (LOv3) sueusabeie)
yijeay |eunsajulosiseb uo 199yd 10IqODIW [eUlISIIUI AQ papeAul sem winiRyds
|equswiiep e bunssbbns asuodsas Aiojewweyuiold e N6 ay1 ya1iym ybnouyy ‘sjj9d [eljayuds pjojodiw ssose
pacnpul 0zd PUe 08d ‘%L°0 UBY} JSMO| SUOIIRIJUIIUOD 91ed0|suei} 0} AJjige S} pue fjod DIYILAYIST JO AHjlow Y3 (zev3) 0z 1eqUOSA|od
18 USAJ 90 PUB 9| US9M1SQ SUOIIRIIUIDUOD 1B YIeSp |[9)  SISeaudul os|e J| “uoisiadsip spied pue 21n1dN1ISO.DIW [BSOIN| 1103 DIY2LIRYIST 04uA Ul (E€HT) (08d) 08 31eqI0SA|od
SISPIOSIP 1|OgeIdW pue uolewweyul (08d pue JIAD)
IUOJYD YUM PIIRIDOSSE SISEISIP JO dUSjeAald paseasnul (Sd1) apueyddesAjododi|
9y 03} bunnguiuod ul 304 e Aeyd pjnod 084 pue JND pue uyjjabey A1o1ewwepyuiosd adnpoud 1eyy eusldeq jo
1ey3 1n0 Julod S31pN]s [ewiue pue 3dUIPIAS dibojolwapid]  3seasdu ue Huipnpul ‘SndNW SY1 01Ul JUSWYDROIOUS BIOIGODIN  PIIRIDOSSE BXe] [el91deq eloiqosdiw Inb oN
snuab

puapjoyying pue wnipisold jo pue wnjkyd
DL31IDQO3I0I4 BY} JO 3dUBPUNGE BAIR[DI
3} pasealoul pajeal) W dewsy 08d
Djjauojjiop

pue ‘wniplisoy) ‘bLapjoyying ‘saploiaidbg

i

_Aln e19uab ay) Jo dduEpUNe 3y} paseadul

w Pa31eal] AdIW djew 084 :(dIW) oAIA Uf

Qe puwispjdosapuy

= (08d Ul soseaidul pamoys 31w sjews) JND (€€¥3)
Q pue JIAD) S3[eWS} Ul JOIABYS( [BID0S PIdNPaJ pue sajew ul paioq (08d) 08 d1eqI0sA|od
o) SI01ARYDQ YI|-A191XUe pala)e “JolAeyaq Ul sabueyd dyidads snuab ayy Jo duepunge Jaybly panqgiyxe (99%3) OWD) asojn||23
m z0-py ~X3S 01 P3| 9ARY AeW B10IGOIIW BY] JO SuOIIeIR) (e DYIDIAS-XDS (08d pue D)) sapndadoinau jo uoissaidxa ul sbuey) po1ea.} DdIW dRW A (Id)IW) 0AIA Uf 1AyrowAxoqied wnipos
= HEN] 150U 3Y} Ul (5)109443 9SISAPE |e3ua10d awoigoniw aInsodxa >1101qoudX punodwo)
Y b 2y Aq pareipaw Jo uo (s)Aemyied pue $311j0geIDW [RIGODI O} PIIRIDOSSE BXE] [B1Id1DR] B10IGO.IW IND

=

"1S0Y Y1 Ul S1Dayd asiaape 01 buipes| swoigodiw Inb ayy £q paleipawi/paduanjul (s)wsiueydaw
[ernualod pue ‘spnpoid-pus J9Ylo Jo/pue $311j0geIdW [eIqoIdIW ‘exe) [eldldeq dyidads Jo JUSWAjoAUl/sBURYD Yum SIagisinwa A1e1alp paldajas bupjul| uopewlojul palayien € ajqel




Normal microbiota

Lumen

/Bacterla
=< iy =

R Ao 7
S S ¥

Mucus

layer

J
Lamina .
propria

Dendritic .
cell

Macrophage

Eosinophil

A - i g ./“ ‘ ‘\
Plasma N . J Mast cell
cell .
| Nerve

[ Homeostasis ]

GUT MICROBES (&) 9

I Defective microbiota I

Genetic factors - — Environmental factors

== RS
N 1
\
.N’

i~ Bacterial translocation

A

ﬂ’

o ol [ / A, Alarmins
"Alarmin '/‘—’\%—‘/ D AL
v [ "4 A
receptor ! \l = ‘ A A
| X
==Y
./ ™

T \ : : .
™7 |\ H \ ),
\ 7 ;
@ ;

Neutrophil

i cogy )

Chronic and acute inflammation

Figure 3. Key molecular events underlying host-gut microbiome interplays following exposure to potentially harmful dietary
xenobiotics. metabolism, inflammation, immune responses, and intestinal barrier integrity are all crucially influenced by the gut
microbiome. Evidence based on a limited number of research studies shows that exposure to certain dietary xenobiotics may alter gut
homeostasis (left side) in different ways. These include affecting gut microbial composition, reducing the mucus layer, causing rupture
of tight junctions, epithelial damage, and release of alarmins, increasing intestinal permeability, favoring translocation of commensal
bacteria into the lamina propria, activation of dendritic cells and sensory neurons, etc. (right side). These processes are typical of
altered host-microbiota interactions in chronic inflammatory diseases, such as IBD, and others (e.g., metabolic dysregulation,
autoimmune diseases, hypersensitivity reactions) as compared to normal gut microbiota maintaining homeostasis (left side). All of
them represent threats to gut homeostasis which dampen T-regulatory responses and lead to different types of innate (eosinophils,
neutrophils, mast cells, innate lymphoid cells (ILC)), and adaptive inflammation (Th1, Th2, and Th17) including IgA and IgG response
against commensal bacterial, and ultimately to disease manifestations.

mg/kg bw per day in toddlers. The combined mean
intakes of cellulose derived from their use as food
additives seem to represent a very small proportion
as compared to the dietary fiber coming from nat-
ural sources. To the best of our knowledge, no
numerical ADI for CMC has been established up
to now.

Chemical contaminants in food

Xenobiotics are formed in industrial processes
(e.g., polycyclic aromatic hydrocarbons, poly-
chlorinated biphenyls, or dioxins) or used in
plant farming and animal husbandry (e.g., pesti-
cides) to boost production, reduce food waste, and
ensure an adequate food supply (Figure 2(b)).
Some of these compounds, such as dioxins, acti-
vate the Aryl hydrocarbon receptor (AhR) and

Pregnane X receptor, both of which are key for
intestinal homeostasis and xenobiotic/infection
clearance. AhR activation leads to the release of
antimicrobial peptides in the intestine that poten-
tially modify microbial composition.”" This recep-
tor has been linked to chronic intestinal
inflammation.”>”*> Overall, chemical contami-
nants in food are known to persist in the environ-
ment (air, soil, and water)’* and their
bioaccumulation in the agri-food chain could
represent a health risk leading to alterations in
the human gut microbiome composition and
function. Although studies with pesticide expo-
sure report some degree of microbial distur-
bances, there are important limitations (e.g., low
statistical power associated to small sample size,
lack of standardized models and analytical meth-
odologies, limited consideration of confounding
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factors, lack of studies with focus on exposure
science, limited knowledge of causal relationships
and underlying mechanisms) that should be con-
sidered when interpreting the results of these stu-
dies and using their data for human health risk
assessments.”> On the other hand, the intestinal
microbiota can also metabolize xenobiotics,
affecting toxicity, biological activity, and bioavail-
ability. However, the microbial enzymes respon-
sible for many of these transformations are still
poorly understood.'®*

Microplastics as emerging contaminants in food

Microplastics and other plastic-associated con-
taminants are recognized as emerging and ubi-
quitous contaminants with unknown health
implications,”®”” despite the lack of current leg-
islation to regulate them as food contaminants.
Microplastics are widely distributed due to the
overuse of plastics nowadays, and they are inad-
vertently ingested with our diet, partly because
of their small size (<5mm diameter).
Microplastics exhibit a low degradation rate
that facilitates their accumulation in various tis-
sues and organs, such as liver, colon, lungs, or
placenta.”®®® The oral route represents an
important exposure pathway in humans.®"*
Seafood is one of the most prevalent sources of
human dietary exposure to microplastics, like
polystyrene, polyethylene, or polypropylene,
due to the contamination of the marine envir-
onment. Food processing is also an additional
potential source of contamination through the
release of plastic particles from food contact
materials, among other phenomena.®’ Based on
the metadata analysis of 59 publications®® it was
estimated the amount of microplastics that
humans may ingest, which can serve as a basis
for future investigations and risk assessments.
On average, humans could be ingesting 0.1-5¢
of microplastics weekly. Moreover, a qualitative
analysis identified over 10,000 chemicals in
plastics.®> A more recent report from the Food
Agriculture Organization (FAO) shows estima-
tions of human dietary exposure to microplas-
tics via the consumption of selected foods (i.e.,
mussels, clams, shrimp, and prawns (considered
together), oysters, salt, honey, refined sugar, and

tap water). The dietary exposure was estimated
using the highest 95th percentile consumption
for the different foods across a range of devel-
oped and developing countries and, following an
overly conservative scenario, the highest
reported microplastic concentration for each
commodity.’® As an example, the exposure to
microplastics in high consumers of mussels can
be as high as 3,200 microplastics/day while in
high consumers of clams would reach 1,701
microplastics/day. The FAO report also provides
a comprehensive table with scientific studies
describing the exposure to microplastic follow-
ing the consumption of different foods.
Furthermore, the exposure to microplastics
seems to be especially relevant for infants
where different intake sources have been identi-
fied, including baby feeding bottles,®” breast
milk storage bags,*® baby teats,*® or breast milk
itself.”® A provocative study has shown a higher
concentration of fecal microplastics in inflam-
matory bowel disease (IBD) patients than in
healthy individuals. Intriguingly, the concentra-
tion of microplastics positively correlated with
the disease severity, suggesting these particles as
potential triggers of IBD pathology. The authors
also reported that patients with a higher abun-
dance of fecal microplastic consumed more plas-
tic-packaged products.”’ Based on in vitro and
in vivo studies, microplastics could alter micro-
biome composition and function, barrier dys-
function, as well as induce immune
responses’>”> (Figure 3). Table 4 provides
further information about the impact of certain
microplastics in different biological processes,
including immunity, metabolic pathways, and
the consequent activation of gut-liver or gut-
brain axes. However, further evidence is needed
to elucidate whether microbial alterations are
the cause or consequence of either microplastic
consumption or host’s response to the
particles.”® Moreover, microplastics could also
act as carriers by transporting contaminants
(e.g., heavy metals, and phthalate esters), anti-
biotics, or pathogens, which could directly or
indirectly affect the gut microbiota and contri-
bute to the accumulation of hazardous sub-
stances, change exposure pathways, and share
detrimental mechanisms.”” ' Consequently,
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Table 4. Gathered information linking selected substances in microplastics with changes/involvement of specific bacterial taxa,
microbial metabolites and/or other end-products, and potential mechanism(s) influenced/mediated by the gut microbiome leading to

adverse effects in the host.

Gut microbiota bacterial taxa associated to

Compound xenobiotic exposure

Microbial metabolites and pathway(s) on or mediated by
the gut microbiome

Potential adverse
effect(s) in the host

Refs

Diethyl-hexyl
phthalate
(DEHP)

In vivo (humans): Early-life DEHP exposure led
to a decrease in Rothia sp. and
Bifidobacterium longum in humans

In vivo (mice): Increase of Proteobacteria and
decrease of Akkermansia

Bisphenol A
(BPA)

In vivo (mice): Reduction of Lachnoclostridium
and Lactobacillus, and an increase of
Proteobacteria, Actinobacteria, and
Desulfovibrio

Polystyrene

In vivo (mice): The relative abundances of
Firmicutes decreased and a-Proteobacteria,
Actinobacteria increased

Animal studies have shown that DEHP can act as an
adjuvant to aberrantly enhance antigen-specific
humoral immunity through oral or inhalation routes at
a relatively high dose.

In asthma models, oral exposure to DEHP promoted
immunoglobulin (Ig)E and I1gG1 humoral immunity, at
least in part by altering the function of T follicular
helper cells, which play an important role in regulating
B cell function. In terms of DEHP exposure and IgM
response in humans, intravenous DEHP exposure could
alter IgM responses to vaccinations in newborns.

The establishment of bacterial communities and
development of the immune system is highly
interactive during the early years of life. Thus,
intravenous DEHP-mediated alterations in IlgM vaccine
responses may, at least in part, be due to gut
microbiota dysbiosis. Another possible reason is that
DEHP and its metabolites may directly affect B cell
responses during infancy

Expression levels of intestinal tight junction proteins
(zonula occludens-1 and occludin) decreased
drastically, leading to increased intestinal permeability
and elevated levels of endotoxin. Furthermore, BPA
up-regulated the expression of Toll-like receptor 4
(TLR4) and phosphorylation of nuclear factor-kappa
B (NF-kB) in the liver and increased the production of
inflammatory cytokines, including interleukin (IL)-18,
IL-18, IL-6 and tumor necrosis factor (TNF)-a

Mucus secretion is decreased and intestinal permeability
is increased. The results of serum metabolomics
suggested that certain metabolic pathways were
enriched, such as ABC transporter pathways,
aminoacyl-tRNA biosynthesis, biosynthesis of amino
acids, and bile secretion. Besides, neurotransmitter
metabolites were also altered

Gut mucin secretion is reduced. The levels of hepatic
triglyceride (TG) and total cholesterol (TCH) decreased.
The transcriptional status of hepatic PPARy and genes
involved in TG synthesis, such as Gpat, Dgat1, and
Dgat?2, in the epididymal fat were significantly down-
regulated.

Associated with
allergy and asthma
development in
children

Hepatic steatosis in
mice

Anxiety behaviors in
mice

Hepatic lipid-
metabolism
disorder in mice

94-97

the co-exposure of microplastics together with
other chemicals could generate additional risks
that need to be further investigated.

The challenge of establishing the causal
relationship of the gut microbiome with human
health

Discriminating causality from association between
the human gut microbiome and health effects
represents one of the most significant and long-
standing challenges in the microbiome field.
Approaches to understand causation such as
Koch’s postulates and Bradford Hill’s criteria have
been traditionally considered. However, they are
more suitable for the “one-pathogen” paradigm
than for the human gastrointestinal tract, which

harbors one of the most complex, interrelated,
and abundant microbial ecosystems.'”> Hence, it
is important to advance from the simplistic view
of “one-compound, one-bacteria, one-disease” as it
is not plausible that one specific food or component
causes complex multi-factorial disorders by mod-
ifying individual bacterial species or strains. An
example is the proposed mechanism linking the
relationship between diet and IBD pathogenesis
where various food components including fiber,
red meat, fat, and food additives (e.g., emulsifiers)
interact with our microbiome to either strengthen
or weaken intestinal barrier function.'® Thus,
gaining a better understanding of the multi-causal
nature of diseases and their etiology is needed to
identify the most effective and convenient targets
for preventive interventions.
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A number of relevant factors preventing the eluci-
dation of causality in human gut microbiome research
and corresponding actions to address this challenge
are discussed below and summarized in Figure 4.

The inherent limitations of animal and human
studies in gut microbiome research

Although experiments in rodent models for study-
ing diet-microbiota interactions are very informa-
tive due to the capacity of controlling many
variables (genetics, diet, and microbiota), the trans-
lation of findings from animal models to humans
needs to be carefully considered because of the
difficulty in capturing human genetics, micro-
biome, and phenotypic diversity.'’* Laboratory-
animal studies are typically conducted with geneti-
cally homogeneous, in-bred animals maintained in
standardized conditions, thus overlooking envir-
onmental and host factors that affect variability in
the human gut microbiome.'*

Observational studies are often used to establish
associations between human exposure and health
outcomes. Although epidemiological observations
inform about real-life events in humans, they have
many limitations, such as the lack of objective ways
to assess dietary compliance (also impacting on
RCTs) and the difficulty of implementing a true
control group.'’'”” Most studies typically com-
pare healthy individuals with patients, failing to
account for the impact of common environments
and diets on the microbiota. This aspect could be
better understood by including analysis of house-
hold controls and/or siblings.'*® In addition, there
are many confounding factors mostly related to
diet variations (e.g., poor patient adherence to diet-
ary regimes and large diversity of ingested food
ingredients, diet recording approach, dietary
changes influencing other host metabolism path-
ways in a microbiota-independent way) that pre-
clude establishing a direct causal role between the
intake of a specific dietary compound and a given
health effect.'® Vujkovic-Cvijin et al.''® listed
a series of host variables (physiological, lifestyle,
and dietary characteristics) that should be con-
trolled in human microbiota studies to match com-
parison groups. Considering these variables would
increase robustness and reproducibility of

microbiome signatures associated with human dis-
ease. Further translational studies (e.g., fecal micro-
biota transplantation (FMT) and interventions) are
required, however, to ultimately prove causality.
Lastly, available animal and human model data
sets are often small and normally use different
assay methods which can be a limitation when
comparing changes, particularly in risk assessment.

Responses of the gut microbiome to diet are highly
individual

The high inter-individual variability of gut
microbiota and its evolving capacity hamper
efforts in identifying a universally “normal” or
“healthy” gut microbiota. Although humans pre-
sent similar patterns of colonization after birth
and core microbiota functions are highly pre-
served between individuals, the intestinal micro-
biota composition is different for each person.
Consequently, the responses toward specific
food components may vary depending on the
microbiome of each person. A variety of factors,
including diet, age, sex, medications, lifestyle,
environment, geography, or ethnicity, shape the
gut microbiome. The intra-host adaptation of the
gut microbiota is thought to be shaped by age,
immunity, and dietary habits in healthy
individuals,"''  determining the individual
human gut microbiota’s ability to metabolize spe-
cific dietary components.

For example, the biotransformation pathway
L-carnitine—y-butyrobetaine—~TMA/TMAO
mediated by the human gut microbiota (Figure 1)
is induced by omnivorous dietary patterns and
chronic L-carnitine exposure, whilst vegans/vege-
tarians produce lower TMAO levels than
omnivores.''? Similarly, the production of uremic
p-cresol sulfate, which is generated by the gut bac-
terial metabolism of tyrosine (Figure 1), was also
lower in vegetarians than in individuals consuming
an unrestricted diet.''> The ability of certain ani-
mals, including humans, to convert cyclamate into
cyclohexylamine (Figure 1) appears to depend
upon a continuous intake of cyclamate.''* Several
pathways involved in heterocyclic compound
metabolism were enriched in saccharin-fed mice,
suggesting that exposure to this NNS can be asso-
ciated with an increase of saccharin-catabolizing
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Why is it challenging to stablish causality for the human gut microbiome?
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Figure 4. Main factors preventing the elucidation of causality in gut microbiome research studies and actions for their improvement.
The causal role for the effects of dietary compounds mediated by the human gut microbiome is yet to be established as many of the
outcomes of in vitro, in vivo animal and/or pre-clinical studies fail to recapitulate what is found in clinical studies. A shift from

associations (left side) to causal relationships (right side) between a disrupted gut microbiome and adverse health effects in the host
following interactions with specific dietary stressors is needed.
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bacteria.''®> A similar finding was observed follow-
ing consumption of the food additive xanthan gum,
a complex polysaccharide used as a stabilizer and
thickening agent. The authors showed that the
ability to digest xanthan gum is common in
human gut microbiomes from industrialized coun-
tries. This study revealed that the introduction of
a new dietary component may drive changes in
human microbiome with potential impacts on
human health.''®

Therefore, the notion of a “healthy” or
“unhealthy” gut microbiota appears to be context-
dependent. Determining an optimum combination
of gut microbes and microbiome features consid-
ered universally healthy is not feasible in the short/
medium term.'"”

The biological relevance of gut microbiome
variation triggered by commensal bacteria is
unclear

A direct relationship between specific human gas-
trointestinal microbes and disease conditions has
been firmly established only for a few diseases
including peptic ulceration and gastric cancer
linked to Helicobacter pylori, and antibiotic-
associated diarrhea linked to Clostridium
difficile.'®* This is likely because both are single
invasive pathogens of the stomach (H. pylori) and
intestine (C. difficile), whose colonization and
pathogenic mechanisms are well-

understood."'®!''” Indeed, FMT is an effective ther-
apy for reversing microbial dysbiosis and treating
recurrent or refractory C. difficile infection
(CDI)'*%; also, an orally administered microbiota-
based therapeutic product for preventing the recur-
rence of CDI in adults has been recently
approved.'”! Yet, the utility of FMT beyond the
treatment of CDI is still limited and
controversial,'** and further knowledge of the
underlying ecological dynamics is required to
understand its potential for other applications.
FMT has been less successful in restoring the dis-
rupted gut microbial ecosystem in other diseases
which etiologies involve networks of bacterial spe-
cies and metabolites and/or in diseases where the
microbiome is not so severely disrupted (e.g.,
Crohn’s disease, metabolic syndrome) as in CDI.
Recent studies suggest, for example, that other

factors such as the similarity between donor and
baseline recipient microbiota, as well as the sex and
age, could be determinants for successful FMT
trials in the amelioration of metabolic syndrome
markers.'”® The United States Food and Drug
Administration (FDA) has developed a policy to
help facilitate access to FMT for patients with CDI
not responding to standard therapies.'”* In this
context, promising advances have been recently
developed based on the use of engineered native
bacteria (e.g., Escherichia coli) as chassis to func-
tionally manipulate the gut microbiome of conven-
tionally raised mice.'*> Likewise, the relevance of
the gut-lung axis through their respective micro-
biomes is increasing in respiratory allergies.126
A significant association between probiotics sup-
plementation and reduced risk of respiratory
allergy could not be found during a meta-analysis
of data obtained from the RCT of probiotics use-
fulness for the protection against asthma inci-
dences in infants."*” In addition, one must be
very cautious with such treatments in preterm
infants, because probiotics might predispose highly
vulnerable populations to infection.'*®

Unlike the above examples, most gut micro-
biome studies have established associations
between changes in commensal microorganisms
and different pathologies. These changes, however,
are frequently described by vaguely used terms like
“dysbiosis”, “imbalance of microbiota”, or
“reduced microbial diversity”, and do not always
consider the causal links to physiological and/or
health outcomes. Furthermore, the assumption
that a decreased gut microbial diversity is generally
associated with an unhealthy state has been chal-
lenged by several studies. For instance, a greater
bacterial richness was found in feces from color-
ectal cancer patients compared to healthy indivi-
duals, partially due to the presence of oral cavity-
associated species which are rarely found in the
healthy gut."*’

Since the mechanisms by which “dysbiosis”
could cause disease are still under investigation
and the significance of most microbiota fluctua-
tions to disease remains speculative, the term dys-
biosis alone does not indicate whether it is cause or
consequence.'**"*! Indeed, it is necessary to differ-
entiate between harmless and harmful microbiome
fluctuations understood by those that are



dysfunctional, breaking the host-microbe symbio-
sis and adversely impacting human health. The
term dysbiosis is also biased as it refers to devia-
tions/differences from a “healthy baseline” which is
not even close to being defined as previously men-
tioned. Therefore, the concept of dysbiosis has
limited value in risk assessment unless supported
by physiological and/or clinical outcomes and
molecular mechanisms. The diversity and type of
functions encoded by the microbiome may be
more relevant than the alterations in the composi-
tion to define resilient or dysfunctional
microbiome.'?* Indeed, one of the ecological
causes of gut dysbiosis seems to be an increased
availability of host-derived respiratory electron
acceptors. These are dominant drivers of microbial
community composition by determining which
redox reactions are available for microbial growth.
Therefore, the underlying cause for alterations in
the microbiota composition could be a change in
the host environment.'>> Consequently, the analy-
sis of the metagenome and their products and how
they modify host functions could provide more
insights into the biological role of the microbiome
than the current taxonomic analysis often
performed."** However, unraveling the functional
roles encoded by the microbiome is much more
expensive and complex than performing
a taxonomic profiling.">

The complex interplay between dietary
intervention, gut microbiome, and health

Associations between gut microbes, gene microbial
paths and functions, and the intake of specific
nutrients, foods, and dietary patterns have been
made by large-scale and high-quality metagenomic
studies in well-phenotyped individuals.'**""*® Even
though, the studies have been mainly focused on
prokaryotic microorganisms so far and results are
inherently biased toward the most abundant
ones."”” Furthermore, other microbes inhabiting
the gut such as eukaryotic fungi and viruses have
been overlooked until very recently.

Moreover, the bulk of our current understand-
ing of how diet affects health is limited to ~150 key
nutritional components, representing only
a minute subset of the total pool of distinct and
definable biomolecules present in foods, estimated
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to be ~27,000. This incomplete biochemical profil-
ing of food components, defined as “nutritional
dark matter,”'* adds uncertainty to the health
implications of our diet and its interaction with
the gut microbiome on human health.

Therefore, the generation of further knowledge
on the relationship between the gut microbiome
and its interactions with dietary and food composi-
tion should help to unravel their role in human
health. This could lead to the elucidation of new
microbiota-derived  metabolites and  bio-
transformation pathways with biological impact.
Likewise, in addition to the analysis of collective
genes of microbes (metagenomics), their expres-
sion (metatranscriptomics) and possible epigenetic
modifications (e.g., DNA methylation or histone
modification) could play a key role in the patho-
genesis of gastrointestinal'*''*> and metabolic
diseases."** Interestingly, diet can influence the
host epigenetic modifications through gut micro-
biome-derived metabolites.'*>'*

Consideration of gut microbiome science in
current food/feed safety assessments

Despite the complexity of the gut microbiome
ecosystem and our limited understanding of
causal mechanisms due to specific changes in
gut microbiome components, the role of the
gut microbiome in the safety assessment of cer-
tain food/feed compounds has been already con-
sidered, especially in those having antimicrobial
effects. Thus, the impact of veterinary antimi-
crobial drug residues, including their metabo-
lites, in animal-derived food products on the
human gut microbiome is part of their safety
assessment. This is based on a decision tree
included in the internationally accepted
Guideline VICH GL36 (R)'*" which proposes
two relevant microbiological endpoints: i) the
disruption of the colonization barrier, and ii)
the determination of the increase in the
population(s) of resistant bacteria (i.e., antimi-
crobial bacteria), for exposure to residues of
veterinary drugs.'*® If appropriate, the estima-
tion of a microbiological acceptable daily intake
(mADI) is also described for chronic exposure
since it is considered unlikely that a single expo-
sure to residues of veterinary drugs would
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provide sufficient selective pressure to enable
the emergence of a resistant bacterial popula-
tion. Likewise, in the EFSA’s guidance on risk
assessment of nanomaterials to be applied in the
food and feed chain is envisaged the study of
the effects on the gut microbiota composition
exerted by certain insoluble/persistent nanoma-
terial, especially when having antimicrobial
effects (e.g., some metals or metal oxides)."*
Several steps based on validated in vitro gastro-
intestinal simulators inoculated with human gut
microbiota, used as preliminary screening meth-
ods for nanomaterials to study microbial meta-
bolism and effects on gut microbiota
composition, followed by conventional animal
models, leaving germ-free models as a final
step are proposed in a tiered approach.
Another example is the Roxarsone (3-nitro-
4-hydroxyphenylarsonic ~ acid), = which s
a common organic arsenic-based additive tradi-
tionally used in chicken feed to improve the rate
of weight gain, feed efficiency, and pigmentation,
as well as control and treat bacterial and coccidial
infections. The risk assessment carried out by the
FDA showed the partial biotransformation of this
compound into inorganic arsenic, which is much
more toxic than the organic form, through in vitro
fecal fermentation studies.'”® The metabolization
of this type of arsenic-based feed additives by the
poultry gut microbiome may contribute to the
human dietary exposures to arsenic, including
inorganic arsenic, and in the environmental distri-
bution of arsenic in manure."”! As a consequence,
the FDA has since withdrawn approval for any
organo-arsenic animal drugs to be used in the
United States.'”> Moreover, for the food safety
assessment, there is an increase in the microbiome
and omics-based approaches for the identification
of bacterial contaminants.'”>'>* Novel approaches,
such as whole-genome sequencing, metagenomics,
and metabolomics, are used to determine an out-
break, track the origin of contamination, virulence
profiling, and monitor the antimicrobial resistance
profile of bacterial pathogens in humans.">>">°

Concluding remarks and future perspectives

The detrimental impact of some dietary xenobiotics,
such as certain food additives and chemical

contaminants on human health, is partly mediated
by the gut microbiome and its ability to modify and
respond to these xenobiotics. In addition, the varia-
tion in the microbiome across individuals may
explain why people show differential responses to
these compounds. However, these potentially harm-
ful xenobiotics are clinically under-studied, and
most of the collected research has been conducted
either in vitro, ex vivo, or in rodent models."”” This
scenario, together with the multiple factors involved
in gut microbiome dynamics (high inter-individual
variability, diet, ethnicity, efc.) and characterization
(lack of consistency and standardization in micro-
biome analysis, sampling, or recruitment), often
hampers the elucidation of how dietary modulators
and the gut microbiome could interact leading to
adverse health outcomes (Figure 4).

The safety or risk assessment of specific food
components of concern should consider the
effects on, or mediated by, the gut microbiome
in the near future. These studies together with the
well-established toxicity and mutagenic trials,
could help to fully understand potential health
hazards. A roadmap is needed to incorporate
microbiome science in food risk assessment
(Figure 5). This roadmap should encompass: a)
a prioritization strategy for dietary compounds
that are increasingly present in modern diets
and that have been identified as potentially harm-
ful to the human gut microbiome and health; b)
the development and incorporation into the food
risk assessment in the short/medium term of
a series of experimental tools with specific micro-
biome-related and host health endpoints to mea-
sure gut microbiome perturbations (Figure 5).
These studies, whose outcome might further sup-
port the safety assessment of certain food con-
taminants and/or additives, could include the
evaluation of the:

e Gut microbiota composition and metabolism
when causally linked to physiological and/or
clinical outcomes and supported by molecular
mechanisms.

e Gut epithelial integrity and permeability.

e Inflammation status and immune response.

There is also the need for the development of new
approaches and tools to structurally and
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Prioritization on the study of potentially harmful compounds that could disrupt the gut microbiome
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Figure 5. Starting proposed roadmap for the future incorporation of gut microbiome research in food safety risk assessment. This
roadmap provides recommendations for developing a harmonized approach to use gut microbiome research studies in the regulatory
decision-making process. First, a battery of validated experimental tools, assays, and endpoints could be incorporated in the short/
medium term if international consensus is achieved. Second, there is a need for new developments and tools to address the identified
gaps in the medium/long term. If these actions are successfully accomplished, the assembly and appraisal of the gathered information
will be useful for the future development of standardized guidelines for the risk assessment of some specific stressors of the human

gut microbiome.

functionally characterize the human gut micro-
biome, providing enhanced knowledge to guide
future research into the relationship between diet-
ary components and the microbiome in risk assess-
ment (Figure 5). We suggest focusing on the
following key elements:

e Define the type and levels of functional micro-
biota modulation that are biologically relevant.

o Identify indicators demonstrating the disruption
of the gut microbiome (i.e., minimum methodo-
logical requirements, microbial reference materi-
als, and validated endpoints/biomarkers/
metabolites that could represent potential,
steady, and translatable markers of the host
functions).

o Identify relevant translational research meth-
ods to connect in vitro and in vivo animal
outcomes to the human context.

e Develop a portfolio of well-designed RCTs with
appropriate time frames and time-series data,
accurate controls, and mimicking realistic, early,
and chronic exposure scenarios to humans.

¢ Accelerate harmonization and standardization
of microbiome methodologies and metrics to
obtain high-quality comparable evidence. This
includes consistent recording of diet patterns
and demographic information.

These key actions should drive future long-term
research goals to enhance our knowledge into the
adverse outcomes derived from the complex triad
involving certain dietary modulators, gut micro-
biome, and host health. More specifically, it is
pivotal to gain, among other aspects, a deeper
understanding of: i) causal mechanistic pathways
(i.e., molecular, cellular, and tissue/organ effects
including their potential role in regulating
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intestinal mucosal barrier integrity) and clinical
aspects (i.e., adverse effects involved in the patho-
genesis of certain gastrointestinal-related disor-
ders) associated with the interaction of dietary
xenobiotics with the human gut microbiome; ii)
common key chemical features and/or functional-
ity of potentially harmful substances that could
influence adverse outcomes; iii) underlying factors
and determinants driving inter-individual variabil-
ity (e.g., genetic predisposition in autoimmune dis-
eases, evolution of the gut microbiota in response
to the dietary habits, environmental and life-style
factors); iv) the biological meaning of a structural
or functional disrupted gut microbiome (i.e., to
elucidate the nature and magnitude of change in
the microbiome that might result in adverse health
effects and discriminate these changes from normal
fluctuations); v) metagenome-assembled genomes
from food and food-related environment samples
harboring antimicrobial resistance genes (ARGs);
vi) the role of antimicrobial and non-antimicrobial
compounds in the distribution and transmission of
ARGs; and/or vii) the role of disrupted gut micro-
biome in the horizontal gene transfer of ARGs or
pathogenicity genes from microorganism-based
products to gut microbiota.

The achievement of new basic research findings
and technological developments, as described above,
will lead to increase the robustness, avoid inconsisten-
cies, and lack of reproducibility of gut microbiome
research data. These actions will facilitate the future
development and implementation of standardized
tiered decision guidelines (e.g., such as those of the
Organisation for Economic Co-operation and
Development (OECD)) (Figure 5). Ultimately, the
prescription of specific data requirements included
in the regulation could be incorporated on an ad hoc
basis into existing risk assessment frameworks for
some specific stressors of the human gut microbiome.

Note

1. https://open.efsa.europa.eu/questions?search=
saccharine.
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