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Every day, billions of individuals consume variable
amounts of food additives contained in most ultra-pro-
cessed foods, even though these substances are consid-
ered non-nutritive. The market for these compounds is
growing, as well as the incidence of non-communicable
diseases (NCDs). Recent evidence suggests the det-
rimental role of food additives on gut microbiota and
homeostasis as crucial players in the onset of NCDs.
This review summarizes the main findings about this
hot topic dissecting the most recent studies justifying
the growing scientific concern about these non-nutritive
substances. At least four categories of food additives
have been put under the spotlights: artificial sweeteners,
emulsifiers, food colorants, and preservatives. Human
studies on a large scale are warranted to confirm pre-
clinical results.
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The burden of non-communicable diseases (NCDs)
— obesity, dyslipidemia, diabetes, cardiovascular
diseases, autoimmune disorders, and cancer — has
dramatically changed the medical scenario of the last
decades and is going to overwhelm the sustainability of
the global health service in the next few years'.
Among the risk factors of NCDs, tobacco use, physical
inactivity, and the harmful use of alcohol are considered
the most important. Recently, special attention has
been devoted to the modern Western-type diet (WD)?.
This dietary pattern is characterized by an excessive
caloric intake, refined sugars, salt, and saturated fats,
along with a sedentary lifestyle®. A constant element of
WD is the consumption of so-called “processed foods”.
Processed foods are foods that have been altered in
any way during preparation. Not all processed foods
are unhealthy (i.e., natural cheese, bread or pasta).
However, “ultra-processed foods” may contain many
non-nutritive industrial chemical compounds, called
“food additives”, often added to improve stability,
shelf-life, taste, and texture to the original alimentary
source’. These properties are functional for the
commercial use of food products on a large scale.

The use of food additives in the human diet has spread
in the last decades®. The first additive used were salt and
refined sugars. However, due to the growing consumer
demand for long-lasting and non-caloric satisfying
products, the food processing industries started adding
more flavors, emulsifiers, sweeteners, stabilizers,
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colorants, fat replacers, and preservatives. In 2020, the
food additives market globally was valued at USD 26.2
billion®, in 2021 reached USD 37,91 billion, and it is
estimated to reach a valuation of 55,53 billion by the
end of 20277. The growing increase of this market is
also due to the emerging demand of China, the Middle
East, Africa, the Indian Subcontinent, Southeast Asia,
and Central and Eastern Europe because of their
rising living standards, increased urbanization and
globalization of the food chain.

The primary basis for approving the use of these agents
by national and international food safety authorities
is the non-existence of safety issues. Recent scientific
evidence — both preclinical and human studies —
associated the onset of NCDs with the consumption of
some of these compounds. These harmful associations
could be partly explained by the alteration of gut
microbiota composition and functions.

In this review, we will summarize the main evidence
about the role of food additives in gut microbiota
modulation and its potential health implications.

A literature search was performed using the electronic
database Medline (via PubMed) from inception to 1st
October 2022. The following search terms were used:
“artificial food additives”, ‘artificial sweeteners”,
“polyols”, “acesulfame potassium”, ‘“aspartame”,
“saccharin”, “sucralose”, “cyclamate”, “neotame”,
“emulsifiers”, “carboxymethyl cellulose”, “polysorbate
807, “food coloring agents”, “food preservatives”,
“benzoic acid”, “sodium benzoate”, “titanium dioxide”,
“sodium nitrite”, “food additive”, as well as “non-
communicable diseases”, “diabetes”, “cardiovascular
diseases”, “hypertension”, “cancer”, “kidney disease”,
“obesity”, “metabolic syndrome” as well as “gut
microbiota” and “microbiome”.

The details of the search string are described in Table 1.
The studies were carefully screened by titles and
abstracts. The full texts of the relevant articles have
been analyzed. The studies included animal and original
human articles and had to be written in English to be
considered. Duplicate studies, letters, case reports,
abstracts, and studies written in languages other than
English were excluded. A hand-searching of eligible
studies was carried out to check the reference lists and
find additional references.

Gut microbiota, Gut Barrier and NCDs

The gut microbiota harbors up to 100 trillion
microorganisms, including bacteria, yeasts, viruses,
and parasites. The “gut microbiome” accounts for over
3 million genes (the human genome consists of only
23.000 genes), encoding for thousand metabolites related
to multiple functions such as metabolism, immunity,
inflammation, and neurotransmission. Most of their
function is still unveiled®.

Bacteria are the most represented microorganisms,
taxonomically divided into hundreds and perhaps
thousands of species. The first two phyla, Firmicutes
and Bacteroidetes, represent almost 90% of human gut
microbiota, followed by Actinobacteria, Proteobacteria,
and Verrucomicrobia. Going more in-depth in the
taxonomic hierarchy, they are furtherly classified into
class, order, family, genera, and species. Apart from
phyla, the most studied categories are the species (such as
Bacteroides, Feacalibacterium, Bifidobacterium, etc.)®.
Pieces of evidence associated some NCDs, such as
obesity, with an elevated ratio between Firmicutes and
Bacteroidetes®. The exact reason is still debated, and
studies are controversial'’; hypothetically, an excess
of Firmicutes in an obesogenic microbiome would
increase the capacity for energy harvesting and fat
storage’. Interestingly, in humans undergoing caloric

Table 1. Search strategy performed on 1% October 2022.

Medline Search terms Results

(artificial AND food AND ad-
ditives) OR (artificial AND
sweeteners) OR polyols OR
(acesulfame AND potassium)
OR aspartame OR saccharin OR
sucralose OR cyclamate OR neo-
tame OR emulsifiers OR (car-
#1 boxymethyl AND cellulose) OR | 156,052
(polysorbate AND 80) OR (food
AND coloring AND agents) OR
(food AND preservatives) OR
(benzoic AND acid) OR (sodi-
um AND benzoate) OR (titanium
AND dioxide) OR (sodium AND
nitrite) OR (food AND additive)

(non-communicable AND dis-
eases) OR diabetes OR (cardio-
vascular AND diseases) OR hy-
#2 pertension OR cancer OR tumor | 3,076,317
OR (kidney AND disease) OR
“obesity” OR (metabolic AND
syndrome)

(gut AND microbiota) OR

#3 . )
microbiome

118,575

#4 #1 AND #2 AND #3 1,199
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restriction, the abundance of Bacteroidetes increases,
whereas that of Firmicutes decreases, irrespectively of
diet type!'. At the species level, the effect of strains on
weight gain in humans and animals could be species-
specific. Indeed, a comparative meta-analysis showed
that the genus of Lactobacilli, L. fermentum and L.
ingluviei are significantly associated with weight gain,
whereas L. plantarum is associated with weight loss'2.

Irrespective of the hypotheses, the colonization of germ-
free wild-type mice with a gut microbiota-derived from
obese donors results in a significant increase in total
body fat, still on the same diet’. Indeed, an obesogenic
microbiome could reduce the expression of fasting-
induced adipocyte factor, an inhibitor of lipoprotein
lipase, thus increasing the storage of triglycerides in
adipose tissue and the liver. Other involved mechanisms
are the stimulation of peptide YY production,
which inhibits gut motility allowing gut microbes to
digest more polysaccharides, and the inhibition of
phosphorylated adenosine monophosphate-activated
protein kinase levels yielding to the reduction of
-oxidation in muscle'.

Patients affected by NCDs often host a dysbiotic
microbiome in terms of reduced richness. A low richness
of the human gut microbiome highly correlates with
metabolic markers, such as overall adiposity, insulin
resistance, and dyslipidemia; moreover, individuals
with a low bacterial richness have a more pronounced
inflammatory response than those with high bacterial
richness'.

Gut microbial dysbiosis in NCDs may be also species-
specific. Indeed, a recent systematic review!’ of
observational studies identified a decreased abundance
of F. prausnitzii, Roseburia, Dialister, Flavonifractor,
Alistipes, Haemophilus, and Akkermansia muciniphila
and increased abundance of Lactobacillus,
Streptococcus, Escherichia, Veillonella and Collinsella
in patients affected by glucose intolerance and newly
diagnosed type 2 diabetes mellitus than in healthy
individuals.

Among species, 4. muciniphila — a mucin-degrading
bacterium belonging to the phylum of Verrucomicrobia
— plays a pivotal role in the onset of NCDs. In obese
patients, subjects with higher A. muciniphila gene
richness express a healthier metabolic status (fasting
glucose, waist-to-hip ratio, and subcutaneous adipocyte
diameter) than ones with a lower richness. The baseline
A. muciniphila abundance also correlated with a
significant improvement in insulin sensitivity markers
and other clinical parameters after caloric restriction in
the same subjects!'®.

Gut dysbiosis may also influence gut permeability. The
gut barrier is a multilayered functional and anatomical

unit aiming to prevent the passage of microbial
antigens and toxins while preserving the capacity to
absorb nutrients. The intestinal mucus layer plays a key
role as the interface between host and microbes since
its breakdown leads to gut bacterial encroachment*!’.
The leakage of the mucus and epithelial layers elicits
the inception of an inflammatory response in the gut
mucosa and the passage of microbial components such
as the lipopolysaccharides (LPS) in the bloodstream,
generating a pro-inflammatory condition called
“endotoxemia”. The endotoxemia generates a low-
grade inflammatory response at the basis of the onset of
NCDs such as obesity, insulin resistance'8, metabolic
liver diseases!’, autoimmune?®?!, and neurodegenerative
disorders®. The increase in gut permeability could be
related to the blooming of pro-inflammatory strains
such as Proteobacteria and Desulfovibrionaceae that
break the gut mucus layer through metabolic pathways,
including bacterial hydrogen sulfide biosynthesis?*?'.
A pro-inflammatory microbial signature has also been
associated with the onset of colorectal cancer®.

Food additives, Gut Microbiota and NCDs

The prevalence of NCDs has dramatically increased
in the last four decades since globalization and
westernization of diet have spread in the industrialized
world. To date, at least three systematic reviews and
meta-analyses**2¢ associated the consumption of ultra-
processed foods (food containing a wide range of food
additives) with chronic NCDs. In the next paragraph,
we will dissect the evidence for each of the most used
food additives classes regarding their relationship with
gut microbiota.

Artificial Sweeteners

Non-caloric artificial sweeteners (NAS) are
characterized by a strong sweetening flavor without
calories. They are mainly found in soft drinks, snack
foods, sugar-free candies, and dairy products. The
first evidence of the association between the use of
NAS and glucose intolerance was reported by Suez
et al in Nature”’. The authors demonstrated that the
chronic consumption of NAS (saccharin, sucralose,
aspartame) induced glucose intolerance in mice through
compositional and functional alteration of the intestinal
microbiota (over-representation of Bacteroides and
under-representation of Clostridiales). This metabolic
effect could be transferrable to germ-free mice upon
fecal microbiota transplantation and could be reverted
by antibiotic therapy. Also, they found a positive
correlation between NAS consumption and metabolic-
syndrome clinical features (increased weight and waist-
to-hip ratio, higher fasting blood glucose, glycosylated
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hemoglobin, and glucose tolerance test) in humans. In
this cohort, they found significant positive correlations
between NAS consumption and multiple taxonomic
entities — including the Enterobacteriaceae family,
the Deltaproteobacteria class, and the Actinobacteria
phylum. Further animal studies?®* confirmed the role
of NAS at low doses in inducing insulin resistance and
glucose intolerance through gut dysbiosis. Moreover,
mice treated with saccharin showed gene expression of
inducible nitric oxide synthase (iNOS) and TNF-a (a
critical inflammatory cytokine) in the liver®. Recently,
Shil and Chichger?®' tested different concentrations of
saccharin, sucralose, and aspartame in an in vifro model
of intestinal epithelium (Caco-2 cells) and gut bacteria
(E. coli NCTC10418 and E. faecalis ATCC19433).
They showed that sweeteners differentially increase
the ability of bacteria to form a biofilm, to adhere to,
invade and kill the host epithelium. Sanchez-Tapia
et al*? showed that sucralose (dissolved in water to
a concentration of 1.5%) increased the Firmicutes/
Bacteroidetes ratio, reducing microbial richness
(a-diversity). In a more recent study, Zheng et al
confirmed the role of sucralose in altering the gut
microbiome in mice also at lower doses — up to 0.3
mg/mL, corresponding to the acceptable daily intake
(ADI) of 5 mg/kg body weight/day for the human
consumption. They found an abundance increase of
Allobaculum — positively correlated with diabetes —,
the potential pathogens Tenacibaculum, Ruegeria,
and Staphylococcus, and a reduction of the eubiont
abundance (Lachnoclostridium and Lachnospiraceae)®
in mice treated with a low dose of the sweeteners. On
the other hand, many human studies investigating the
effect of specific NAS (aspartame, steviol glycoside,
saccharin, and sucralose) on body weight and adiposity
showed no significant impact on these outcomes,
suggesting that their effect on glucose metabolism
could be different from energy harvesting*.

Emulsifiers

Emulsifiers are amphiphilic molecules used to facilitate
processing or improve processed foods’ texture and
shelf-life**. They are used in industrial foods such as
sauces, puddings, margarine, and ice-creams.

To date, the most studied emulsifiers are
carboxymethylcellulose (CMC) and polysorbate-80
(P80). CMC-treated IL-10 gene-deficient mice
reported an increase in total bacteria abundance in the
ileum compared with control mice, with a decrease in
E. rectale in the ileum and jejunum and an increase
in Bacteroides®®. A pioneer animal study published
by Chassaing et al in Nature in 2015 showed that
both CMC and P80 act like detergent molecules in

the gut, reducing the intestinal mucus thickness at
relatively low concentrations and allowing bacterial
translocation across the epithelium. Consequently,
wild-type mice developed low-grade inflammation and
obesity/metabolic syndrome, while predisposed mice
developed clear colitis. Such evidence associated these
health impairments with microbiota encroachment,
altered species composition, and increased pro-
inflammatory responses®’. Two years later, the same
group assessed the direct impact of CMC and P80 on
the microbiota through the mucosal simulator of the
human intestinal microbial ecosystem (M-SHIME): this
in vitro simulator showed a decrease in the abundances
of Proteobacteria and Firmicutes and an increase of
Bacteroidetes levels under the action of CMC?*,
Similarly, Furuhashi et al* showed an increase of
Gammaproteobacteria and sulfide-producing bacteria
Proteus spp. and a reduction of the o-diversity
(microbial richness) in the small intestine after 8-week
administration of P80 in mice; P80 pretreatment also
exacerbated the indomethacin-induced colitis, an effect
abolished by the antibiotic pretreatment. This is in line
with the results of Swidsinski et al*, showing bacterial
overgrowth and intestinal inflammation in mice treated
with CMC. Sandall et al** went further, proposing a low
emulsifier diet in patients with stable Crohn’s disease.
In 2022, Chassaing et al*' published a randomized
controlled human trial regarding the impact of CMC
on healthy individuals. They found that adding CMC to
an additive-free diet increased postprandial abdominal
discomfort and altered gut microbial composition
reducing its diversity. Moreover, they reported a
reduction in beneficial metabolites such as short-
chain fatty acids (SCFAs) and free amino acids and an
increased microbiota encroachment into the normally
sterile inner mucus layer in some individuals*'.
Carrageenan and glycerol monolaurate are other
emulsifiers mainly found in ultra-processed foods such
as dairy products, spices, juice and protein drinks,
soy products, and baked goods. Carrageenan has
been investigated as a potential risk factor for colitis
onset in C57BL/6 J mice. At least two studies**
correlated carrageenan-induced colitis with changes in
gut microbiota composition, specifically an increased
abundance of A. finegoldii and B. acidifaciens and a
decreased abundance of A. muciniphila. Glycerol
monolaurate (GML) significantly changed the
a-diversity with a decrease in 4. muciniphila and L.
luteus, and an increase in B. acidifaciens and E. coli
in low-fat diet-fed mice*. However, a recent study*
of mice fed on diets supplemented with GML at
different doses for 4 months showed compositional
gut microbiota variations without inducing systemic
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inflammation and without impacting glucose and lipid
metabolism. The dosages 400 and 800 mg kg-1 GML
improved the richness of Barnesiella, whereas a
high dosage of glycerol monolaurate (1600 mg kg-1)
significantly increased the abundances of Clostridium
XIVa, Oscillibacter and Parasutterella. These results
demonstrate that the dose effect should be systematically
considered in animal and human studies, although in
the daily life, the packaging of ultra-processed food
does not specify the dose of these substances.

Food Colorants

Food colorants are mainly added to cheeses, sauces,
skimmed milk, ice-creams, pastries, sweets, chocolates,
and chewing-gum*. Among them, titanium dioxide
(Ti0,) raised health concerns. TiO, (also named E-171)
is a brightening agent in food products and is one of
the most studied colorants. In recent years, the impact
of the oral consumption of TiO, on gut microbiota
has been studied iz vitro in mice and humans. In mice
treated with TiO,, a significant increase in Firmicutes*’
and a decrease in Bacteroidetes®®, Lactobacillus,
and Bifidobacterium® were reported compared with
controls. Moreover, the abundance of Barnesiella,
a beneficial anaerobic bacterium belonging to the
Porphyromonadaceae family of the Bacteroidetes
phylum, was significantly affected by TiO, exposure*.
TiO, nanoparticles were also detected in the immune
cells of the Peyer’s patches and regulatory T cells
involved in rat inflammatory responses®. Specifically,
after TiO, exposure, the stimulation of immune cells
isolated from Peyer’s patches showed an increase in
Thl interferon-gamma (IFN-y) secretion and Th1/Th17
inflammatory response™®. In vitro, TiO, is trapped by
intestinal mucus even if in vivo does not impair mucin
O-glycosylation and SCFAs synthesis®'. Furthermore,
possible associations between TiO, exposure and
the development of intestinal diseases and colorectal
cancer were found in rodents®. The effect of TiO, as
a food additive on human health is still under debate.
However, according to the European Food Safety
Authority (EFSA), from 2021, TiO, is no longer
considered safe when used as a food additive due to
its genotoxicity> and from 2022 is banned as a food
additive in the European Union (EU)>.

Preservatives

Food preservatives are added to delay degradation in
food products by inhibiting the growth of bacteria,
fungi, or antioxidants and the oxidation of food
constituents. Although the benefits and safety of
artificial preservatives are debated among food
scientists and toxicologists, little is known about

the effect of food preservatives on the microbiota.
A mixture of sodium benzoate, sodium nitrite, and
potassium sorbate consumption by mice colonized
with a human microbiome highlighted an overgrowth
of Proteobacteria and a decrease in Clostridiales™.
Interestingly, the proportions of gut bacteria with anti-
inflammatory properties, such as C. tyrobutyricum or
L. paracasei, were significantly decreased while pro-
inflammatory bacteria, such as B. thetaiotaomicron or
E. faecalis, increased. Interestingly, a recent review
discussed some issues concerning the safety of their
applications, including the possibility of allergies
and immunosuppressive effects from benzoate, the
formation of carcinogenic nitrosamines from nitrites,
and interaction sorbate with nitrite in the stomach,
which consequently can be resulted in the production
of a series of genotoxic compounds®’. Thus, although
that sodium benzoate and sodium nitrite are considered
safe, the synergic effects induced by the concomitant
consumption of several different food additives need
to be assessed.

Food additives are non-nutritive molecules added to
commonly used processed food for industrial purposes.
The most recent scientific evidence raised concerns
about safety issues regarding a possible role in the
pathogenesis of NCDs. Many studies — in vitro or on
animal models — have been conducted confirming
harmful effects on the gut microbiota and gut barrier;
however, these results need to be confirmed by further
homogeneous animal studies. Moreover, large studies
are warranted to confirm their pathogenetic role in
humans, even if ethical questions should be posed.

Conflict of Interest: The authors declare that they
have no conflict of interest.

REFERENCES

1. https://www.who.int/news-room/fact-sheets/detail/
noncommunicable-diseases#cms, last accessed on 5%
October.

2. McCreedy N, Shung-King M, Weimann A, Tatah
L, Mapa-Tassou C, Muzenda T, Govia I, Were V, Oni
T. Reducing Sugar Intake in South Africa: Learnings
from a Multilevel Policy Analysis on Diet and
Noncommunicable Disease Prevention. Int J Environ



NUTRIMENTUM ET CURAE

Emanuele Rinninella, Pauline Raoul, Valeria Maccauro,
Marco Cintoni, Vincenzina Mora, Maria Cristina Mele

Res Public Health. 2022;19(18):11828. doi: 10.3390/
ijerph191811828.

3. Rinninella E, Cintoni M, Raoul P, Lopetuso LR,
Scaldaferri F, Pulcini G, Miggiano GAD, Gasbarrini A,
Mele MC. Food Components and Dietary Habits: Keys
for a Healthy Gut Microbiota Composition. Nutrients.
2019;11(10):2393. doi: 10.3390/nu11102393.

4. Raoul P, Cintoni M, Palombaro M, Basso
L, Rinninella E, Gasbarrini A, Mele MC. Food
Additives, a Key Environmental Factor in the
Development of IBD through Gut Dysbiosis.
Microorganisms.  2022;10(1):167. doi:  10.3390/
microorganisms10010167.

5. Chazelas E, Druesne-Pecollo N, Esseddik Y, de
Edelenyi FS, Agaesse C, De Sa A, Lutchia R, Rebouillat
P, Srour B, Debras C, Wendeu-Foyet G, Huybrechts I,
Pierre F, Coumoul X, Julia C, Kesse-Guyot E, Allés B,
Galan P, Hercberg S, Deschasaux-Tanguy M, Touvier
M. Exposure to food additive mixtures in 106,000
French adults from the NutriNet-Santé cohort. Sci Rep.
2021;11(1):19680. doi: 10.1038/s41598-021-98496-6.
6. https://ihsmarkit.com/resear;ch-analysis/food-additives-
market-sees-growth-with-increasing-global-consu.
html, last accessed 3 October 2022

7. https://www.marketdataforecast.com/market-reports/
global-food-additives-market, last accessed on 3™
October 2022

8. Rinninella E, Raoul P, Cintoni M, Franceschi F,
Miggiano GAD, Gasbarrini A, Mele MC. What is the
Healthy Gut Microbiota Composition? A Changing
Ecosystem across Age, Environment, Diet, and
Diseases. Microorganisms. 2019;7(1):14. doi: 10.3390/
microorganisms7010014.

9. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini
V, Mardis ER, Gordon JI. An obesity-associated gut
microbiome with increased capacity for energy harvest.
Nature. 2006;444(7122):1027-1031. doi: 10.1038/
nature05414.

10. Magne F, Gotteland M, Gauthier L, Zazueta
A, Pesoa S, Navarrete P, Balamurugan R. The
Firmicutes/Bacteroidetes Ratio: A Relevant Marker
of Gut Dysbiosis in Obese Patients? Nutrients.
2020;12(5):1474. doi: 10.3390/mu12051474.

11. Ley RE, Biackhed F, Turnbaugh P, Lozupone CA,
Knight RD, Gordon JI. Obesity alters gut microbial
ecology. Proc Natl Acad SciUSA.2005;102(31):11070-
11075. doi: 10.1073/pnas.0504978102.

12. Million M, Angelakis E, Paul M, Armougom F,
Leibovici L, Raoult D. Comparative meta-analysis of
the effect of Lactobacillus species on weight gain in
humans and animals. Microb Pathog. 2012;53(2):100-
108. doi: 10.1016/j.micpath.2012.05.007.

13. Krajmalnik-Brown R, [lhan ZE, Kang DW, DiBaise

JK. Effects of gut microbes on nutrient absorption and
energy regulation. Nutr Clin Pract. 2012;27(2):201-
214. doi: 10.1177/0884533611436116.

14. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand
F, Falony G, Almeida M, Arumugam M, Batto JM,
Kennedy S, Leonard P, Li J, Burgdorf K, Grarup N,
Jorgensen T, Brandslund I, Nielsen HB, Juncker
AS, Bertalan M, Levenez F, Pons N, Rasmussen S,
Sunagawa S, Tap J, Tims S, Zoetendal EG, Brunak S,
Clément K, Doré J, Kleerebezem M, Kristiansen K,
Renault P, Sicheritz-Ponten T, de Vos WM, Zucker JD,
Raes J, Hansen T; MetaHIT consortium, Bork P, Wang
J, Ehrlich SD, Pedersen O. Richness of human gut
microbiome correlates with metabolic markers. Nature.
2013;500(7464):541-546. doi: 10.1038/nature12506.
15. Letchumanan G, Abdullah N, Marlini M, Baharom
N, Lawley B, Omar MR, Mohideen FBS, Addnan FH,
Nur Fariha MM, Ismail Z, Pathmanathan SG. Gut
Microbiota Composition in Prediabetes and Newly
Diagnosed Type 2 Diabetes: A Systematic Review of
Observational Studies. Front Cell Infect Microbiol.
2022;12:943427. doi: 10.3389/fcimb.2022.943427.

16. Dao MC, Everard A, Aron-Wisnewsky J,
Sokolovska N, Prifti E, Verger EO, Kayser BD,
Levenez F, Chilloux J, Hoyles L; MICRO-Obes
Consortium, Dumas ME, Rizkalla SW, Doré J, Cani PD,
Clément K. Akkermansia muciniphila and improved
metabolic health during a dietary intervention in
obesity: relationship with gut microbiome richness
and ecology. Gut. 2016;65(3):426-436. doi: 10.1136/
gutjnl-2014-308778.

17. De Siena M, Raoul P, Costantini L, Scarpellini
E, Cintoni M, Gasbarrini A, Rinninella E, Mele MC.
Food Emulsifiers and Metabolic Syndrome: The Role
of the Gut Microbiota. Foods. 2022;11(15):2205. doi:
10.3390/foods11152205.

18. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf
C, Bastelica D, Neyrinck AM, Fava F, Tuohy KM,
Chabo C, Waget A, Delmée E, Cousin B, Sulpice
T, Chamontin B, Ferriéres J, Tanti JF, Gibson GR,
Casteilla L, Delzenne NM, Alessi MC, Burcelin R.
Metabolic endotoxemia initiates obesity and insulin
resistance. Diabetes. 2007;56(7):1761-1772. doi:
10.2337/db06-1491.

19. Wang L, Cao ZM, Zhang LL, Li JM, Lv WL.
The Role of Gut Microbiota in Some Liver Diseases:
From an Immunological Perspective. Front Immunol.
2022;13:923599. doi: 10.3389/fimmu.2022.923599.
20. Shahi SK, Ghimire S, Lehman P, Mangalam AK.
Obesity induced gut dysbiosis contributes to disease
severity in an animal model of multiple sclerosis.
Front Immunol. 2022;13:966417. doi: 10.3389/
fimmu.2022.966417.



Food additives as non-conventional modulators of gut microbiota

NUTRIMENTUM ET CURAE

21. Ijssennagger N, van der Meer R, van Mil SWC.
Sulfide as a Mucus Barrier-Breaker in Inflammatory
Bowel Disease? Trends Mol Med. 2016;22(3):190-
199. doi: 10.1016/j.molmed.2016.01.002.

22. Yang H, Li S, Le W. Intestinal Permeability,
Dysbiosis, Inflammation and Enteric Glia Cells: The
Intestinal Etiology of Parkinson’s Disease. Aging Dis.
2022;13(5):1381-1390. doi: 10.14336/AD.2022.01281.
23. Tomasello G, Tralongo P, Damiani P, Sinagra E, Di
Trapani B, Zeenny MN, Hussein IH, Jurjus A, Leone
A. Dismicrobism in inflammatory bowel disease and
colorectal cancer: changes in response of colocytes.
World J Gastroenterol. 2014;20(48):18121-18130. doi:
10.3748/wjg.v20.148.18121.

24. Pagliai G, Dinu M, Madarena MP, Bonaccio M,
lacoviello L, Sofi F. Consumption of ultra-processed
foods and health status: a systematic review and meta-
analysis. Br J Nutr. 2021;125(3):308-318. doi: 10.1017/
S0007114520002688.

25. Lane MM, Davis JA, Beattie S, Gomez-Donoso
C, Loughman A, O’Neil A, Jacka F, Berk M, Page R,
Marx W, Rocks T. Ultraprocessed food and chronic
non-communicable diseases: a systematic review and
meta-analysis of 43 observational studies. Obes Rev.
2021;22(3):e13146. doi: 10.1111/0br.13146.

26. Askari M, Heshmati J, Shahinfar H, Tripathi N,
Daneshzad E. Ultra-processed food and the risk of
overweight and obesity: a systematic review and meta-
analysis of observational studies. Int J Obes (Lond).
2020;44(10):2080-2091. doi: 10.1038/s41366-020-
00650-z.

27. Askari M, Heshmati J, Shahinfar H, Tripathi N,
Daneshzad E. Ultra-processed food and the risk of
overweight and obesity: a systematic review and meta-
analysis of observational studies. Int J Obes (Lond)
2020;44(10):2080-2091. doi: 10.1038/s41366-020-
00650-z.

28. Palmnids MS, Cowan TE, Bomhof MR, et al. Low-
dose aspartame consumption differentially affects gut
microbiota-host metabolic interactions in the diet-
induced obese rat. PLoS One 2014;9(10):¢109841.
https://doi.org/10.1371/journal.pone.0109841.

29. Cao'Y, Liu H, Qin N, et al. Impact of food additives
on the composition and function of gut microbiota: a
review. Trends Food Sci Technol 2020;99:295-310.
https://doi.org/10.1016/j.tifs.2020.03.006.

30. Bian X, Chi L, Gao B, Tu P, Ru H, Lu K. The
artificial sweetener acesulfame potassium affects
the gut microbiome and body weight gain in CD-1
mice. PLoS One 2017;12(6):¢0178426. https://doi.
org/10.1371/journal.pone.0178426

31. Shil A, Chichger H. Artificial Sweeteners
Negatively Regulate Pathogenic Characteristics of Two

Model Gut Bacteria, E. coli and E. faecalis. Int J] Mol
Sci. 2021;22(10):5228. doi: 10.3390/ijms22105228.
32. Sanchez-Tapia M, Miller AW, Granados-
Portillo O, Tovar AR, Torres N. The development
of metabolic endotoxemia is dependent on the type
of sweetener and the presence of saturated fat in
the diet. Gut Microbes. 2020;12(1):1801301. doi:
10.1080/19490976.2020.1801301.

33. Zheng Z, Xiao Y, Ma L, Lyu W, Peng H, Wang
X, Ren Y, Li J. Low Dose of Sucralose Alter Gut
Microbiome in Mice. Front Nutr. 2022;9:848392. doi:
10.3389/fnut.2022.848392.

34. Pang MD, Goossens GH, Blaak EE. The Impact
of Artificial Sweeteners on Body Weight Control and
Glucose Homeostasis. Front Nutr. 2021;7:598340. doi:
10.3389/fnut.2020.598340.

35. Halmos EP, Mack A, Gibson PR. Review article:
emulsifiers in the food supply and implications for
gastrointestinal disease. Aliment Pharmacol Ther.
2019;49(1):41-50. doi: 10.1111/apt.15045.

36. Swidsinski A, Ung V, Sydora BC, Loening-Baucke
V, Doerffel Y, Verstraeclen H, Fedorak RN. Bacterial
overgrowth and inflammation of small intestine after
carboxymethylcellulose ingestion in genetically
susceptible mice. Inflamm Bowel Dis. 2009;15(3):359-
364. doi: 10.1002/ibd.20763.

37. Chassaing B, Koren O, Goodrich JK, Poole AC,
Srinivasan S, Ley RE, Gewirtz AT. Dietary emulsifiers
impact the mouse gut microbiota promoting colitis and
metabolic syndrome. Nature. 2015;519(7541):92-96.
doi: 10.1038/nature14232. Erratum in: Nature. 2016
Aug 11;536(7615):238.

38. Chassaing B, Van de Wiele T, De Bodt J, Marzorati
M, Gewirtz AT. Dietary emulsifiers directly alter
human microbiota composition and gene expression
ex vivo potentiating intestinal inflammation.
Gut. 2017;66(8):1414-1427. doi: 10.1136/
gutjnl-2016-313099.

39. Furuhashi H, Higashiyama M, Okada Y, Kurihara
C, Wada A, Horiuchi K, Hanawa Y, Mizoguchi A,
Nishii S, Inaba K, Sugihara N, Watanabe C, Komoto
S, Tomita K, Miura S, Hokari R. Dietary emulsifier
polysorbate-80-induced small-intestinal vulnerability
to indomethacin-induced lesions via dysbiosis. J
Gastroenterol Hepatol. 2020;35(1):110-117. doi:
10.1111/jgh.14808.

40. Sandall AM, Cox SR, Lindsay JO, Gewirtz AT,
Chassaing B, Rossi M, Whelan K. Emulsifiers Impact
Colonic Length in Mice and Emulsifier Restriction is
Feasible in People with Crohn’s Disease. Nutrients.
2020;12(9):2827. doi: 10.3390/nu12092827.

41. Chassaing B, Compher C, Bonhomme B, Liu Q, Tian
Y, Walters W, Nessel L, Delaroque C, Hao F, Gershuni


https://doi.org/10.1016/j.tifs.2020.03.006
https://doi.org/10.1371/journal.pone.0178426
https://doi.org/10.1371/journal.pone.0178426

NUTRIMENTUM ET CURAE

Emanuele Rinninella, Pauline Raoul, Valeria Maccauro,
Marco Cintoni, Vincenzina Mora, Maria Cristina Mele

V, Chau L, Ni J, Bewtra M, Albenberg L, Bretin A,
McKeever L, Ley RE, Patterson AD, Wu GD, Gewirtz
AT, Lewis JD. Randomized Controlled-Feeding Study
of Dietary Emulsifier Carboxymethylcellulose Reveals
Detrimental Impacts on the Gut Microbiota and
Metabolome. Gastroenterology. 2022;162(3):743-756.
doi: 10.1053/j.gastro.2021.11.006.

42. Mi Y, Chin YX, Cao WX, Chang YG, Lim PE,
Xue CH, Tang QJ. Native k-carrageenan induced-
colitis is related to host intestinal microecology. Int J
Biol Macromol. 2020;147:284-294. doi: 10.1016/].
ijbiomac.2020.01.072.

43. Shang Q, Sun W, Shan X, Jiang H, Cai C, Hao J, Li
G, Yu G. Carrageenan-induced colitis is associated with
decreased population of anti-inflammatory bacterium,
Akkermansia muciniphila, in the gut microbiota of
C57BL/6J mice. Toxicol Lett. 2017;279:87-95. doi:
10.1016/j.tox1et.2017.07.904.

44, Jiang Z, Zhao M, Zhang H, Li Y, Liu M, Feng
F. Antimicrobial Emulsifier-Glycerol Monolaurate
Induces Metabolic Syndrome, Gut Microbiota
Dysbiosis, and Systemic Low-Grade Inflammation
in Low-Fat Diet Fed Mice. Mol Nutr Food Res.
2018;62(3). doi: 10.1002/mnfr.201700547.

45. Mo Q, Fu A, Deng L, Zhao M, LiY, Zhang H, Feng
F. High-dose Glycerol Monolaurate Up-Regulated
Beneficial Indigenous Microbiota without Inducing
Metabolic Dysfunction and Systemic Inflammation:
New Insights into Its Antimicrobial Potential. Nutrients.
2019;11(9):1981. doi: 10.3390/nul11091981.

46. Oplatowska-Stachowiak M, Elliott CT. Food
colors: Existing and emerging food safety concerns.
Crit Rev Food Sci Nutr. 2017;57(3):524-548. doi:
10.1080/10408398.2014.889652.

47. Zhang S, Jiang X, Cheng S, Fan J, Qin X, Wang
T, Zhang Y, Zhang J, Qiu Y, Qiu J, Zou Z, Chen C.
Titanium dioxide nanoparticles via oral exposure
leads to adverse disturbance of gut microecology
and locomotor activity in adult mice. Arch Toxicol.
2020;94(4):1173-1190.  doi:  10.1007/s00204-020-
02698-2.

48. Yan J, Wang D, Li K, Chen Q, Lai W, Tian L,
Lin B, Tan Y, Liu X, Xi Z. Toxic effects of the food
additives titanium dioxide and silica on the murine
intestinal tract: mechanisms related to intestinal barrier
dysfunction involved by gut microbiota. Environ
Toxicol Pharmacol. 2020;80:103485. doi: 10.1016/j.
etap.2020.103485.

49. Mu W, Wang Y, Huang C, Fu Y, LiJ, Wang H, Jia X,
Ba Q. Effect of Long-Term Intake of Dietary Titanium
Dioxide Nanoparticles on Intestine Inflammation in
Mice. J Agric Food Chem. 2019;67(33):9382-93809.
doi: 10.1021/acs.jafc.9b02391.

50. Bettini S, Boutet-Robinet E, Cartier C, Coméra C,
Gaultier E, Dupuy J, Naud N, Taché S, Grysan P, Reguer
S, Thieriet N, Réfrégiers M, Thiaudi¢re D, Cravedi JP,
Carriere M, Audinot JN, Pierre FH, Guzylack-Piriou
L, Houdeau E. Food-grade TiO2 impairs intestinal and
systemic immune homeostasis, initiates preneoplastic
lesions and promotes aberrant crypt development in
the rat colon. Sci Rep. 2017;7:40373. doi: 10.1038/
srep40373.

51. Talbot P, Radziwill-Bienkowska JM, Kamphuis
JBJ, Steenkeste K, Bettini S, Robert V, Noordine ML,
Mayeur C, Gaultier E, Langella P, Robbe-Masselot
C, Houdeau E, Thomas M, Mercier-Bonin M. Food-
grade TiO2 is trapped by intestinal mucus in vitro but
does not impair mucin O-glycosylation and short-chain
fatty acid synthesis in vivo: implications for gut barrier
protection. J Nanobiotechnology. 2018;16(1):53. doi:
10.1186/s12951-018-0379-5.

52. Urrutia-Ortega IM, Garduno-Balderas LG,
Delgado-Buenrostro NL, Freyre-Fonseca V, Flores-
Flores JO, Gonzalez-Robles A, Pedraza-Chaverri J,
Hernandez-Pando R, Rodriguez-Sosa M, Ledn-Cabrera
S, Terrazas LI, van Loveren H, Chirino YI. Food-grade
titanium dioxide exposure exacerbates tumor formation
in colitis associated cancer model. Food Chem Toxicol.
2016;93:20-31. doi: 10.1016/j.fct.2016.04.014.

53. https://www.efsa.europa.eu/en/news/titanium-
dioxide-el71-no-longer-considered-safe-when-used-
food-additive, last accessed on 5" October 2022.

54. https://www.fas.usda.gov/data/european-union-
titanium-dioxide-banned-food-additive-eu, last accessed
on 5 October 2022.

55. Hrncirova L, Hudcovic T, Sukova E, Machova V,
Trckova E, Krejsek J, Hrncir T. Human gut microbes
are susceptible to antimicrobial food additives in vitro.
Folia Microbiol (Praha). 2019;64(4):497-508. doi:
10.1007/s12223-018-00674-z.

56. Hrncirova L, Machova V, Trckova E, Krejsek J,
Hrncir T. Food Preservatives Induce Proteobacteria
Dysbiosis in Human-Microbiota Associated Nod2-
Deficient Mice. Microorganisms. 2019;7(10):383. doi:
10.3390/microorganisms7100383.

57. Javanmardi F, Rahmani J, Ghiasi F, Hashemi
Gahruie H, Mousavi Khaneghah A. The Association
between the Preservative Agents in Foods and the Risk
of Breast Cancer. Nutr Cancer. 2019;71(8):1229-1240.
doi: 10.1080/01635581.2019.1608266.



