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Abstract: Low-grade inflammation alters the homeostasis of the organism and favors the onset of
many chronic diseases. The global growth in the prevalence of noncommunicable diseases in recent
years has been accompanied by an increase in the consumption of ultra-processed foods (UPF).
Known to be hyperpalatable, economic and ready-to-eat, increased consumption of UPF has already
been recognized as a risk factor for several chronic diseases. Different research groups have tried to
investigate whether UPF consumption could promote low-grade inflammation and thus favor the
development of noncommunicable diseases. Current evidence highlights the adverse health effects
of UPF characteristics, not only due to the nutrients provided by a diet rich in UPF, but also due
to the non-nutritive components present in UPF and the effect they may have on gut health. This
review aims to summarize the available evidence on the possible relationship between excessive UPF
consumption and modulation of low-grade inflammation, as potential promoters of chronic disease.
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1. Introduction

Inflammation is an immunosurveillance response essential for host defense, which
serves to repair damaged tissues and eliminate toxic agents [1]. However, when this
response becomes chronic, it results in the presence of immune system cells for an increasing
period of time. This state of low-grade inflammation can lead to dysmetabolic conditions
that disrupt homeostasis, favoring the development of a wide range of noncommunicable
diseases such as cancer, diabetes and cardiovascular diseases [2].

Current evidence highlights diet among the modifiable behavioral risk factors for the
development of noncommunicable diseases [3]. In recent years, particular attention has
been paid to the increased consumption of ultra-processed foods (UPF) worldwide [4].
Characterized by being hyperpalatable, affordable and ready-to-eat, UPF have led to a
worsening of the diet quality due to their nutritional composition [5] and have already
been recognized as a risk factor for diet-related diseases [6].

Recent scientific research has sought to investigate whether UPF consumption could
promote low-grade inflammation and thus favor the development of noncommunicable
diseases. Emerging evidence attributes the negative effects of UPF consumption not only
to the nutrients provided by a diet rich in UPF, but also to the non-nutritive components
and the effect they may have on the gut microbiota. This review aims to summarize the
available evidence on the possible relationship between excessive UPF consumption and
modulation of low-grade inflammation as potential promoters of chronic diseases.

2. Low-Grade Inflammation

The inflammatory response is a defense mechanism of the innate immune system [7]
that protects the host from harmful stimuli such as viruses, bacteria, toxins and infections
by eliminating pathogens and promoting the repair of damaged tissues [1]. At the onset

Nutrients 2023, 15, 1546. https://doi.org/10.3390/nu15061546 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu15061546
https://doi.org/10.3390/nu15061546
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0001-8163-1469
https://orcid.org/0000-0001-7113-7424
https://orcid.org/0000-0003-1687-2527
https://doi.org/10.3390/nu15061546
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu15061546?type=check_update&version=1


Nutrients 2023, 15, 1546 2 of 14

of inflammation, the innate immune cells perceive pathogen invasion or cell damage and
initiate the inflammatory cascade by actively releasing soluble proinflammatory mediators.
These signals also activate leukocytes and microvascular changes, such as increased vasodi-
lation and vascular permeability, allowing leukocytes to reach the affected tissues from the
blood [8]. Such inflammatory activity should resolve once the threat is overcome, becoming
temporarily restricted and self-limiting to maintain homeostasis [9,10]. However, failure
of immune resolution or continued exposure to environmental and biological factors that
promote the activation of the inflammatory response can lead to a chronic inflammatory
process. This results in the presence of immune cells such as lymphocytes, macrophages
and plasma cells in the tissue for long periods of time, as well as of proinflammatory
cytokines, chemokines and other proinflammatory molecules [11,12]. Although this con-
dition recognized as low-grade inflammation has minimal or no clinical manifestations,
the prolonged inflammatory response can cause consequences for tissue health, which can
develop into tissue fibrosis and possible loss of function [13].

The presence of low-grade inflammation disrupts the homeostatic balance, altering the
crosstalk between immune and metabolic responses and promoting chronic metabolic inflam-
mation. This so-called “metainflammation” is primarily caused by metabolic and nutrient
excess and triggers immune cell infiltration and the secretion of inflammatory cytokines into
the tissue environment, which may inhibit glucose uptake or alter lipid metabolism [2,14]. As
a result, chronic metabolic inflammation is particularly associated with an increased risk of
noncommunicable diseases, such as cancer, diabetes and cardiovascular disease. An example
is insulin resistance caused by chronic exposure to inflammatory biomarkers, which often lead
to diabetes [15]. Low-grade inflammation plays an important role also in the development of
cardiovascular diseases, due to its involvement in atheroprogression [16], and may favor the
progression of different types of cancer by promoting cell proliferation, decreasing apoptosis
and increasing angiogenesis and metastasis [17]. At present, it is not well-established which
biomarkers can best represent low-grade inflammation, although among the most widely used
in scientific studies are soluble mediators (chemokines and cytokines), acute-phase proteins
(fibrinogen and C-Reactive Protein (CRP)) or blood cellular markers (granulocytes and total
white blood cells) [18].

Diet as a Risk Factor for Low-Grade Inflammation

Among the environmental and lifestyle factors that can promote or intensify inflam-
mation, increasing scientific evidence supports the role of diet. Potential nutritional com-
pounds influencing inflammation processes include macro- and micronutrients, bioactive
molecules such as polyphenols and specific food components [19]. Overall, plant-based
dietary patterns with a high consumption of vegetables, fruits and whole grains, a moderate
consumption of legumes and fish and a low consumption of red meat have been associated
with a greater anti-inflammatory potential (Figure 1). These include several traditional
healthy diets, such as the Mediterranean or the Nordic diet, which are usually based on
minimally processed or unprocessed foods [20,21]. A meta-analysis that evaluated a total
of 2300 subjects from 17 clinical trials showed that greater adherence to the Mediterranean
diet was associated with lower levels of inflammatory biomarkers, particularly CRP and
interleukin-6 (IL-6) [22]. These findings were confirmed in a recent meta-analysis assess-
ing the effect of multiple dietary patterns on inflammatory biomarkers [23]. The authors
concluded that the Mediterranean diet appeared as the dietary pattern with the most
significant reductions in inflammatory biomarkers, including IL-6 and CRP [23]. Similar
results were observed for the Nordic diet, with a review of intervention and observational
studies revealing its beneficial influence on low-grade inflammation amelioration [24].
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Figure 1. Dietary patterns and inflammation.

A growing number of studies show that the protective effects of these dietary pat-
terns against inflammation are related to the dietary pattern as a whole, not just to its
individual components [19]. All these dietary models share the presence of whole grains,
fiber, vegetables, fruits, fish, polyunsaturated fatty acids (PUFAs), particularly marine n-3
PUFAs, vitamin C, vitamin E and carotenoids. In contrast, dietary factors that promote
inflammation are oxidized lipids, saturated fatty acids (SFAs) and trans fatty acids, which
are present at high levels in Western dietary patterns. Unfortunately, in recent years, the
increased availability and variety of foods has led to a change in traditional dietary pat-
terns, favoring a nutritional transition and a globalization of the diet towards a Western
dietary pattern [25]. This dietary pattern, characterized by a high caloric intake and a high
consumption of sweets, refined cereals, red and processed meats, snacks and sugary drinks,
has been associated with an increased pro-inflammatory potential and higher levels of CRP
and IL-6 [26].

To further investigate the role of diet in modulating inflammation, several literature-
based indices have been developed. The energy-adjusted dietary inflammatory index
(E-DII) analyzes the potential effect of 45 dietary elements on 6 inflammatory markers,
both pro-inflammatory (IL-1b, IL-6, tumor necrosis factor (TNF)-α and CRP) and anti-
inflammatory (IL-4, IL-10). The Empirical Diet Inflammatory Pattern (EDIP) is based on
food group consumption and divides the dietary intake into nine inflammatory and nine
anti-inflammatory food groups according to their impact on the CRP, IL-6 and TNF-αR2
biomarkers of inflammation [27]. Using these indices, many studies have assessed the
potential inflammatory effect of diet on the health status. Recently, an umbrella review was
conducted on DII and human health [28]. Umbrella reviews are overviews of systematic
reviews and meta-analyses that provide a comprehensive and systematic evaluation of
the scientific literature available for a specific research topic and offer the possibility to
understand the strength of the evidence and the extent of potential biases [29]. In their
umbrella review [28], authors found strong evidence supporting the relationship between
a high dietary inflammatory index and an increased risk of myocardial infarction. They
also found highly suggestive evidence for increased risk of cancer, in particular oral,
respiratory, pancreatic and colorectal cancer, and all-cause mortality [28]. As for EDIP,
several observational studies have associated a higher score with increased fasting blood
sugar and decreased high-density lipoprotein (HDL) cholesterol levels, as well as with an
increased risk of weight gain, metabolic syndrome, nonalcoholic fatty liver disease, heart
failure and depression [30–36].

3. Ultra-Processed Foods (UPF)

One of the cornerstones of the Western diet are UPF, widely available and increasingly
consumed in the contemporary society [4,37]. The possible role of UPF in the nutrition–
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health relationship was first highlighted by Monteiro et al. in 2009, with the introduction
of the NOVA classification [38]. NOVA is a system that groups foods according to the
nature, extent and purpose of the industrial processes they undergo, rather than in terms
of the nutrients they contain [38]. In this classification, foods are assigned to one of four
groups: Group 1 contains unprocessed or minimally processed foods, i.e., the edible parts
of plants or animals taken directly from nature or minimally modified/preserved; Group 2
contains processed culinary ingredients, such as salt, sugar, oil or starch, produced from
Group 1 foods; Group 3 contains processed foods such as canned vegetables or freshly
baked bread, produced by combining Group 1 and Group 2 foods; Group 4 contains UPFs,
defined as “formulations of ingredients, mostly of exclusive industrial use, that have little
or none of the food intact and are typically created by a range of industrial techniques and
processes” [38]. UPFs are identified by a long list of ingredients, are ready-to-eat, highly
palatable, and usually inexpensive. The most commonly consumed UPFs include soft and
sweetened beverages, processed bread, refined breakfast cereals, confectionery products,
pre-packaged sauces, ready-to-heat meals and processed meats products [39]. Possible
mechanisms behind their link with the health status may involve both their nutritional
composition and “processing”. Indeed, in terms of nutritional composition, UPF are
typically nutritionally unbalanced due to their ingredients [40]. Most UPF are energy-dense
products high in added sugars, saturated and trans fatty acids and sodium and low in
protein, fiber and certain micronutrients including potassium, magnesium, vitamin C,
vitamin D, zinc, phosphorus, vitamin B12 and niacin [40].

UPF are also characterized by the presence of non-nutritive components, such as
additives and chemicals. Additives are frequently added to make the final product more
palatable, with better sensory qualities and longer shelf life. Commonly used additives in
the manufacture of UPF include flavorings, emulsifiers and sweeteners such as aspartame,
cyclamate or stevia-derived compounds [41]. As to the supposed presence of harmful
chemicals in UPF, it has been suggested that they may derive from the processing or
packaging of these products [42]. Processing could also alter the physical properties of food
products, leading to a higher glycemic load and a reduced gut–brain satiety signaling, both
responsible for overconsumption [43].

According to previous studies, all these aspects could explain the reason why the
incidence of several chronic noncommunicable diseases is increasing along with UPF
consumption [41]. Among adults, multiple meta-analyses found that a higher UPF con-
sumption is significantly associated with an increased risk of overweight and obesity,
metabolic syndrome, hypertension, diabetes and cardiovascular disease [6,44–47]. A higher
UPF consumption has also been associated with a higher risk of cancer, particularly breast
cancer [6,48], anxiety and depression [49] and all-cause mortality [50,51]. In children and
adolescents, significant relationships were found with overweight and obesity [25,52].

4. UPF and Low-Grade Inflammation

The number of human studies investigating whether the consumption of UPF could
promote low-grade inflammation, so favoring the development of noncommunicable
diseases, is still limited. The available studies have focused mainly on two aspects: how
excessive UPF consumption may affect the presence of biomarkers of inflammation, and
how the nutritional composition or non-nutritional components of UPF may influence
the development of chronic inflammation and gut dysbiosis, previously correlated with a
pro-inflammatory state (Figure 2).
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The vast majority of studies that have examined the relationship between UPF con-
sumption and inflammation are observational, either cross-sectional or cohort studies
(Table 1), with only one clinical trial currently available [53].

Table 1. Observational studies assessing the relationship between UPF consumption and inflamma-
tory biomarkers.

Author, Year Study Design Country Participants, n Gender Age Study
Population Outcome Main Results

Lopes et al., 2019
[54]

Cross-sectional analysis of
Longitudinal Study of Adult

Health (ELSA-Brasil)
baseline cohort

Brazil 8468 M/F 35–74 General population CRP
A higher tertile of UPF intake was associated with a 14%

increase in CRP levels only among women. Significance was
lost when adjusting for BMI.

Lane et al., 2022 [55]
Cross-sectional analysis of

Melbourne
Collaborative Cohort

Australia 2018 M/F 57 ± 9 General population hs-CRP A 100 g increase in UPF consumption was associated with a 4%
increase in hs-CRP concentration, independently of BMI.

Martins et al.,
2022 [56] Cross-sectional Brazil 391 M/F 17–18 General population

Leptin,
IL-6, IL-8,

CRP
TNF- α

The highest tertiles of UPF intake showed higher levels of CRP
and serum leptin and a 79% increase in IL-8 levels. No

association was found for IL-6 and TNF-α

Silva Dos Santos
et al.,

2022 [57]

Cross-sectional analysis of
EPITeen Cohort and Pelotas

Birth Cohort

Brazil,
Portugal 3412 M/F 27–30 General population IL-6

A positive association between levels of IL-6 and UPF intake
was found among females from the Portugal cohort and males

from the Brazil cohort.

Kesley et al.,
2022 [58]

Cross-sectional analysis of
Norwegian Mother, Father

and Child Cohort
Norway 2984 F 30 ± 4 Pregnant women CRP An increase UPF intake was associated with a 5.4% increase in

CRP levels, even after adjustment for pre-pregnancy BMI

Mignogna et al.,
2022 [59]

Cross-sectional analysis of
Moli-sani cohort Italy 21,315 M/F 55 ± 3 General population

INFLA-
score

E-DII score

INFLA-score was associated with higher E-DII score and UPF
intake. When adjusting for E-DII, the association of UPF with

the INFLA-score was mitigated by 32.6%

Silva et al., 2019 [60] Cross-sectional Brazil 784 F 28 ± 5 Pregnant women E-DII score E-DII score was positively associated with consumption of UPF
when adjusting for covariates including pre-pregnancy BMI

UPF: ultra-processed foods; CRP: C-reactive protein; BMI: body mass index; hs-CRP: high-sensitivity C-reactive
protein; IL: interleukin; TNF: tumor necrosis factor; INFLA: low-grade inflammation; E-DII: energy-adjusted
dietary inflammatory index.
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CRP is the most investigated inflammatory biomarker to date in relation to UPF
consumption. In the only available clinical trial, subjects assigned to a diet based on
unprocessed foods showed a significant reduction in hs-CRP levels, while subjects on a
diet rich in UPF did not report significant changes [53]. The authors suggested that these
results might indicate that the subjects were already regularly consuming a large amount of
UPF, as already observed in the US population [53]. As for data from observational studies,
they are not consistent and suggest that the relationship may depend on gender and body
mass index (BMI). For example, in the ELSA-Brasil study, a significant association between
high UPF consumption and higher CRP levels was found in women, but the association
lost its significance when adjusting for BMI [54]. Similarly, in the Melbourne Collaborative
Cohort Study, the association between high UPF consumption and CRP levels remained
significant only in men, after adjustment for BMI [55]. In adolescents, Martins et al. found
that subjects consuming more UPF in their diet had higher CRP and IL-8 values, but the
association was significant only for IL-8 [56]. Other biomarkers studied to a lesser extent are
some proinflammatory cytokines such as IL-6. Dos Santos et al. investigated the possible
relationship between UPF consumption and IL-6 concentrations in two cohorts, showing
an association only in women in the Portuguese cohort and only in men in the Brazilian
cohort [57]. The conclusion was that the UPF intake could be associated with higher IL-6
levels, although the relation was not explained by adiposity [57].

As to the E-DII score, a cross-sectional study in Brazil found a direct relationship
between a higher dietary energy intake from UPF and a higher rate of dietary inflammation
in pregnant women [58]. Similar findings were obtained in the Italian cohort Moli-Sani,
where a higher consumption of UPF was related to a higher pro-inflammatory potential
of the adults’ diet [59]. In this cohort, further analyses were performed using the low-
grade inflammation (INFLA)-Score, which allows the assessment of the possible intensity
of low-grade inflammation through the effects of biomarkers of inflammation (platelets,
white blood cell (WBC), CRP and granulocyte-to-lymphocyte ratio), obtaining the same
association [59].

5. Possible Mechanisms Explaining the Relationship between UPF and
Low-Grade Inflammation
5.1. Nutritional Aspects

UPF consumption could contribute to an inflammatory state through several mech-
anisms. First, it could be the high intake of sugars, salt, saturated fats and trans fatty
acids typical of a UPF-rich diet that directly promotes the development of chronic inflam-
mation [61]. When high intakes of these nutrients and their possible relationship to the
modulation of inflammation are considered individually, the results to date are mixed. UPF
are usually high in simple sugars, in the form of either sucrose or a high-fructose syrup, so
they tend to be foods that raise the blood glucose markedly and rapidly, i.e., with a high
glycemic index/glycemic load [62]. This postprandial increase in the glucose levels in turn
causes an increase in insulin levels, which promotes a proinflammatory state [63]. Although
these mechanisms appear to play an important role in diet and the promotion of low-grade
inflammation, intervention studies are not very clear in this regard. In the TOSCA.IT study,
an association was found between the intake of added sugars ≥10% of the daily energy
intake and increased CRP levels in adults with diabetes [64]. Other observational studies
associated a higher consumption of sugar-sweetened beverages with increased levels of
CRP and IL-6 in adults and children [65–67]. Regarding the glycemic response, although
an intervention study found a positive association between glycemic load and plasma hs-
CRP in healthy middle-aged women [68], a recent meta-analysis including 28 randomized
controlled trials found no association between the glycemic index and different markers of
inflammation in adults [69].

UPF also have a high salt content, contributing to a high sodium intake. Several
cross-sectional studies associated a higher salt intake with higher CRP levels in adults
and elderly people [70,71], although this association was not found in adolescents [72]. A
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recent meta-analysis also found no associations between dietary sodium level and markers
of inflammation, although it should be noted that the researchers pointed out that their
findings were likely due to methodological errors [73].

As for the fat content of UPF, their inflammatory potential derives not only from a
higher consumed quantity with respect to other foods, but also from a poorer quality. In fact,
trans fatty acids resulting from the industrial process are associated with a higher presence
of low-grade inflammation. Specifically, they have been related to higher levels of hs-CRP,
IL-6 and TNF-α [74–76]. Diets with a high processed-food content have also been associated
with a higher intake of omega-6 fatty acids, resulting in a higher omega-6/omega-3 ratio
and the potential promotion of low-grade inflammation [77].

Finally, consuming large amounts of UPF sometimes results in the replacement of
foods that are the basis of a healthy and balanced diet. Examples are fruits and vegetables,
which are correlated with an anti-inflammatory effect thanks to the presence of numerous
phytocompounds [78,79]. Recent studies clearly show how people consuming more UPF
have a lower intake of fruit and vegetables [80] and consequently ingest less substances
with an anti-inflammatory effect. A low fruit and vegetable consumption also results in a
low dietary fiber intake. In the E-DIITM, fiber is considered one of the factors that reduce
diet-related inflammation. In previous studies, an adequate fiber intake was shown to
be important in maintaining low CRP levels and in maintaining homeostasis of the gut
microbiota [81]. A high UPF consumption can also lead to deficiencies of micronutrients
considered to be anti-inflammatory factors in the diet, such as magnesium, vitamin C,
vitamin D, zinc and niacin [82].

5.2. Non-Nutritional Aspects

Results from an Italian cohort study suggested that only part of the proinflammatory
effect of a high UPF consumption can be directly attributed to the nutritional components of
the diet, while the rest could be attributed to non-nutritional factors that may promote low-
grade inflammation [59]. One of the non-nutritional factors present in UPF are additives,
which are added to mimic or intensify the sensory qualities of foods [83]. Among the
most studied are sweeteners, especially non-caloric ones such as acesulfame potassium,
sucralose or aspartame, due to their widespread use in soft drinks to provide a sweet taste
without the energy value of sugars [84]. Recently, there has also been growing interest in
the harmful effect of emulsifiers used to improve the shelf life and texture of food products.
Although scientific evidence to date is limited, animal and in vitro studies suggest that
sweeteners and emulsifiers may contribute to the inflammatory cascade [85–87]. One of the
hypothesized mechanisms is the modulation of the microbiota, but data are inconsistent,
and further studies are needed to investigate these mechanisms [88,89]. It has also been
hypothesized that the non-caloric sweeteners’ harmful effect might be due to an acute
metabolic response [90]. However, data from two recent meta-analyses do not support this
hypothesis, as they found no association between the consumption of non-caloric sweetened
beverages and an increased insulinemic effect or acute glycemic response [91,92].

Non-nutrient components such as bisphenol or phthalates may also be present in
UPF due to the migration of chemical substances that are part of food packaging. In
fact, several cross-sectional studies reported higher levels of both substances in the urine
of people with a high UPF consumption [42,93–96]. Because of their structure, bisphe-
nol and phthalates can disrupt various aspects of the hormonal action and are therefore
called endocrine disruptors. They can interfere with the synthesis, secretion, transport,
signaling and metabolism of hormones; therefore, they have been associated with adverse
health consequences, including the development of diseases such as obesity, diabetes and
cardiovascular disease [97,98].

A recent meta-analysis investigating the role of different endocrine disruptors on the
inflammatory response showed that increased exposure to Bisphenol A (BPA) is signifi-
cantly associated with higher levels of IL-6 and CRP, while increased exposure to phthalates
is associated with higher levels of CRP, IL-6 and IL-10 [99]. Although the adverse effects
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of BPA have led to various restrictions on its use, the analogs that replaced it appear to
have similar effects [100]. On the other hand, UPF may contain chemicals derived from
food processing, especially due to the heat treatment to which food is subjected. One
example is acrylamide as a result of the Maillard reaction between amino acids and sugars,
exposure to which in adults has been associated with an increased presence of biomarkers
of inflammation such as CRP or Mean Platelet Volume (MPV) [101]. Another chemical
instead derived from lipid oxidation is acrolein, high exposure to which has been associated
with a higher concentration of Hs-CRP in adults in the United States [102] and of CRP in
adults in China [103].

5.3. Gut Microbiota Modulation

The human gut microbiota is a dynamic and complex network composed of hun-
dreds of thousands of microorganisms, including bacteria, fungi, archaea, viruses and
protozoa [104]. When in its normal state of homeostasis, the gut microbiota plays a key
role in host health through the immune system function and protection against pathogens.
However, when the gut microbiota is altered compared to the community found in healthy
individuals, gut dysbiosis occurs [84]. This dysbiosis is associated with a high degree of
inflammation, caused by a lower presence of short- chain-fatty-acids-(SCFAs)-producing
bacteria, and increased permeability of the gut [105]. Both diet quality and the presence of
the additives previously described may influence intestinal dysbiosis, offering a possible
explanation for the mechanism linking an increased consumption of UPF with the presence
of low-grade inflammation.

In fact, it has been suggested that a diet rich in fiber can decrease the systemic inflam-
matory response by improving the intestinal barrier function and modulating the intestinal
microbiota [81]. This is because dietary fiber is essential for the formation of SCFAs, which
are thought to play a key role in neuroimmunoendocrine regulation [106]. In fact, SCFAs are
associated with a lower concentration of CRP and plasma lipopolysaccharide, an endotoxin
used as a marker to assess intestinal permeability linked to increased low-grade inflam-
mation [107–110]. In contrast, Western diets with a high fat content have been associated
with increased intestinal permeability due to a greater presence of lipopolysaccharides
in humans and mice [111,112]. Similar results were observed in mice fed a diet rich in
refined sugar, also associated with an atypical composition of the intestinal microbiota [113].
In a cross-sectional study conducted in the U.S.A., the increased consumption of highly
processed food was associated with intestinal permeability biomarkers [114]. Also in a
study conducted in Italy, intestinal permeability tended to increase in subjects with low
adherence to the Mediterranean diet, who also reported a high intake of food high in fat and
sugar, referred to as junk food [115]. Finally, a French study involving 862 healthy adults
found that the regular consumption of foods such as soft drinks, fatty sweet products, fried
foods, processed meats, ready-to-eat meals, cheese and desserts, most of them recognized
as UPF, was associated with reduced bacterial diversity, indicating an altered microbiota
composition [116]. In contrast, the PREDIMED-PLUS study in older adults found no such
association and suggested that perhaps the contradictory results with the previous study
were due to the lower UPF consumption of the studied population [117].

Several studies have also highlighted additives as possible factors affecting the micro-
biota. Studies in murine models suggested different mechanisms through which emulsi-
fying additives could contribute to intestinal dysbiosis, increasing intestinal permeability
and promoting a proinflammatory state [89,118]. However, these studies remain limited,
and the results in humans are contrasting. For example, a double-blind controlled study
comparing seven adults on an emulsifier-rich diet to nine adults on an emulsifier-free diet
observed changes in the gut microbiome and metabolome that may be related to chronic
inflammatory diseases [119]. In contrast, a cross-sectional study involving 588 adults found
no association with biomarkers related to increased intestinal permeability, although it
found an association with increased levels of systemic inflammation [114]. Similarly, stud-
ies in murine models suggested that artificial sweeteners can alter the intestinal microbiota,
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favoring the enrichment of proinflammatory bacteria that promote the formation of endo-
toxins such as lipopolysaccharides [85,86,120]. However, the results to date are inconsistent,
and further research will be needed to investigate these mechanisms.

6. Conclusions and Future Perspectives

Low-grade inflammation plays a pivotal role in the pathogenesis of noncommunicable
diseases, which are becoming increasingly prevalent worldwide. In recent years, diet
has been highlighted as one of the main risk factors for these diseases, together with the
increased consumption of UPF, which through different mechanisms, may contribute to
promote a proinflammatory state. Although the evidence on the association between UPF
consumption and inflammation is still limited and, in some cases, the results are discordant,
considering the potential impact of their excessive consumption on the health status, as
well as their potential role in favoring the presence of chronic inflammation, public policies
that limit their consumption are required. These public policies should also include the
promotion of traditional diets based on unprocessed or minimally processed foods, in order
to modulate low-grade inflammation and improve people’s health status. Future human
research evaluating clusters of inflammation markers instead of individual biomarkers
may help to better understand the mechanism involved in the modulation of low-grade
inflammation by a high consumption of UPF. This information could also be useful in
establishing policies that promote the reformulation of UPF to minimize their adverse
health effects.

Author Contributions: F.S., M.D. and M.T.A., conceptualization; M.T.A. and A.N., revision of the
literature; M.T.A. and A.N., writing—original draft preparation; F.S. and M.D., critical revision; F.S.
and M.D., writing—review and editing; F.S. and M.D., supervised the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no specific grant from any funding agency, commercial or not-for-
profit sectors.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Additional data are available from the corresponding author on rea-
sonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller,

G.W.; et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med. 2019, 25, 1822–1832. [CrossRef]
[PubMed]

2. Hotamisligil, G.S. Foundations of Immunometabolism and Implications for Metabolic Health and Disease. Immunity 2017,
47, 406–420. [CrossRef]

3. GBD 2017 Diet Collaborators. Health effects of dietary risks in 195 countries, 1990–2017: A systematic analysis for the Global
Burden of Disease Study 2017. Lancet 2019, 393, 1958–1972. [CrossRef]

4. Marino, M.; Puppo, F.; Del Bo’, C.; Vinelli, V.; Riso, P.; Porrini, M.; Martini, D. A Systematic Review of Worldwide Consumption
of Ultra-Processed Foods: Findings and Criticisms. Nutrients 2021, 13, 2778. [CrossRef]

5. Monteiro, C.A.; Levy, R.B.; Claro, R.M.; Castro, I.R.; Cannon, G. A new classification of foods based on the extent and purpose of
their processing. Cad. Saude. Publica 2010, 26, 2039–2049. [CrossRef]

6. Pagliai, G.; Dinu, M.; Madarena, M.P.; Bonaccio, M.; Iacoviello, L.; Sofi, F. Consumption of ultra-processed foods and health
status: A systematic review and meta-analysis. Br. J. Nutr. 2021, 125, 308–318. [CrossRef] [PubMed]

7. Marshall, J.S.; Warrington, R.; Watson, W.; Kim, H.L. An introduction to immunology and immunopathology. Allergy Asthma Clin.
Immunol. 2018, 14, 49. [CrossRef] [PubMed]

8. Medzhitov, R. Inflammation 2010: New adventures of an old flame. Cell 2010, 140, 771–776. [CrossRef] [PubMed]
9. Kotas, M.E.; Medzhitov, R. Homeostasis, inflammation, and disease susceptibility. Cell 2015, 160, 816–827. [CrossRef] [PubMed]
10. Fullerton, J.N.; Gilroy, D.W. Resolution of inflammation: A new therapeutic frontier. Nat. Rev. Drug Discov. 2016, 15, 551–567.

[CrossRef]

http://doi.org/10.1038/s41591-019-0675-0
http://www.ncbi.nlm.nih.gov/pubmed/31806905
http://doi.org/10.1016/j.immuni.2017.08.009
http://doi.org/10.1016/S0140-6736(19)30041-8
http://doi.org/10.3390/nu13082778
http://doi.org/10.1590/S0102-311X2010001100005
http://doi.org/10.1017/S0007114520002688
http://www.ncbi.nlm.nih.gov/pubmed/32792031
http://doi.org/10.1186/s13223-018-0278-1
http://www.ncbi.nlm.nih.gov/pubmed/30263032
http://doi.org/10.1016/j.cell.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20303867
http://doi.org/10.1016/j.cell.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25723161
http://doi.org/10.1038/nrd.2016.39


Nutrients 2023, 15, 1546 10 of 14

11. Calder, P.C.; Ahluwalia, N.; Albers, R.; Bosco, N.; Bourdet-Sicard, R.; Haller, D.; Holgate, S.T.; Jönsson, L.S.; Latulippe, M.E.;
Marcos, A.; et al. A consideration of biomarkers to be used for evaluation of inflammation in human nutritional studies. Br. J.
Nutr. 2013, 109, S1–S34. [CrossRef] [PubMed]

12. Serhan, C.N.; Brain, S.D.; Buckley, C.D.; Gilroy, D.W.; Haslett, C.; O’Neill, L.A.; Perretti, M.; Rossi, A.G.; Wallace, J.L. Resolution
of inflammation: State of the art, definitions and terms. FASEB J. 2007, 21, 325–332. [CrossRef] [PubMed]

13. Hotamisligil, G.S. Inflammation, metaflammation and immunometabolic disorders. Nature 2017, 542, 177–185. [CrossRef]
14. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [CrossRef] [PubMed]
15. Liu, C.; Feng, X.; Li, Q.; Wang, Y.; Li, Q.; Hua, M. Adiponectin, TNF-α and inflammatory cytokines and risk of type 2 diabetes: A

systematic review and meta-analysis. Cytokine 2016, 86, 100–109. [CrossRef]
16. Lawler, P.R.; Bhatt, D.L.; Godoy, L.C.; Lüscher, T.F.; Bonow, R.O.; Verma, S.; Ridker, P.M. Targeting cardiovascular inflammation:

Next steps in clinical translation. Eur. Heart J. 2021, 42, 113–131. [CrossRef]
17. Fouad, Y.A.; Aanei, C. Revisiting the hallmarks of cancer. Am. J. Cancer Res. 2017, 7, 1016–1036.
18. Calder, P.C.; Ahluwalia, N.; Brouns, F.; Buetler, T.; Clement, K.; Cunningham, K.; Esposito, K.; Jönsson, L.S.; Kolb, H.; Lansink,

M.; et al. Dietary factors and low-grade inflammation in relation to overweight and obesity. Br. J. Nutr. 2011, 106, S5–S78.
[CrossRef]

19. Ramos-Lopez, O.; Martinez-Urbistondo, D.; Vargas-Nuñez, J.A.; Martinez, J.A. The Role of Nutrition on Meta-inflammation:
Insights and Potential Targets in Communicable and Chronic Disease Management. Curr. Obes. Rep. 2022, 11, 305–335. [CrossRef]

20. Shin, P.K.; Park, S.J.; Kim, M.S.; Kwon, D.Y.; Kim, M.J.; Kim, K.; Chun, S.; Lee, H.J.; Choi, S.W. A Traditional Korean Diet with a
Low Dietary Inflammatory Index Increases Anti-Inflammatory IL-10 and Decreases Pro-Inflammatory NF-κB in a Small Dietary
Intervention Study. Nutrients 2020, 12, 2468. [CrossRef]

21. Bonaccio, M.; Costanzo, S.; Di Castelnuovo, A.; Gialluisi, A.; Ruggiero, E.; De Curtis, A.; Persichillo, M.; Cerletti, C.; Donati, M.B.;
de Gaetano, G.; et al. Increased Adherence to a Mediterranean Diet Is Associated with Reduced Low-Grade Inflammation after a
12.7-Year Period: Results from the Moli-sani Study. J. Acad. Nutr. Diet. 2022. [CrossRef]

22. Schwingshackl, L.; Hoffmann, G. Mediterranean dietary pattern, inflammation and endothelial function: A systematic review
and meta-analysis of intervention trials. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 929–939. [CrossRef]

23. Koelman, L.; Egea Rodrigues, C.; Aleksandrova, K. Effects of Dietary Patterns on Biomarkers of Inflammation and Immune
Responses: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Adv. Nutr. 2022, 13, 101–115. [CrossRef]
[PubMed]

24. Lankinen, M.; Uusitupa, M.; Schwab, U. Nordic Diet and Inflammation—A Review of Observational and Intervention Studies.
Nutrients 2019, 11, 1369. [CrossRef] [PubMed]

25. Costa, C.S.; Del-Ponte, B.; Assunção, M.C.; Santos, I.S. Consumption of ultra-processed foods and body fat during childhood and
adolescence: A systematic review. Public Health Nutr. 2018, 21, 148–159. [CrossRef]

26. Lopez-Garcia, E.; Schulze, M.B.; Fung, T.T.; Meigs, J.B.; Rifai, N.; Manson, J.E.; Hu, F.B. Major dietary patterns are related to
plasma concentrations of markers of inflammation and endothelial dysfunction. Am. J. Clin. Nutr. 2004, 80, 1029–1035. [CrossRef]
[PubMed]

27. Tabung, F.K.; Smith-Warner, S.A.; Chavarro, J.E.; Wu, K.; Fuchs, C.S.; Hu, F.B.; Chan, A.T.; Willett, W.C.; Giovannucci, E.L.
Development and Validation of an Empirical Dietary Inflammatory Index. J. Nutr. 2016, 146, 1560–1570. [CrossRef] [PubMed]

28. Marx, W.; Veronese, N.; Kelly, J.T.; Smith, L.; Hockey, M.; Collins, S.; Trakman, G.L.; Hoare, E.; Teasdale, S.B.; Wade, A.; et al. The
Dietary Inflammatory Index and Human Health: An Umbrella Review of Meta-Analyses of Observational Studies. Adv. Nutr.
2021, 12, 1681–1690. [CrossRef]

29. Aromataris, E.; Fernandez, R.; Godfrey, C.M.; Holly, C.; Khalil, H.; Tungpunkom, P. Summarizing systematic reviews: Method-
ological development, conduct and reporting of an umbrella review approach. Int. J. Evid. Based Healthc. 2015, 13, 132–140.
[CrossRef]

30. Parker, W.R.; Annabathula, R.V.; Skipina, T.M.; Soliman, E.Z. Associations of empirical dietary inflammatory index with heart
failure in adults from the United States. Eur. J. Clin. Nutr. 2023, 77, 112–115. [CrossRef]

31. Farhadnejad, H.; Tehrani, A.N.; Jahromi, M.K.; Teymoori, F.; Mokhtari, E.; Salehi-Sahlabadi, A.; Mirmiran, P. The association
between dietary inflammation scores and non-alcoholic fatty liver diseases in Iranian adults. BMC Gastroenterol. 2022, 22, 267.
[CrossRef]

32. Pang, T.; Alman, A.C.; Gray, H.L.; Basu, A.; Shi, L.; Snell-Bergeon, J.K. Empirical dietary inflammatory pattern and metabolic
syndrome: Prospective association in participants with and without type 1 diabetes mellitus in the coronary artery calcification in
type 1 diabetes (CACTI) study. Nutr. Res. 2021, 94, 1–9. [CrossRef]

33. Cong, X.; Tracy, M.; Edmunds, L.S.; Hosler, A.S.; Appleton, A.A. The relationship between inflammatory dietary pattern in
childhood and depression in early adulthood. Brain Behav. Immun. Health 2020, 2, 100017. [CrossRef]

34. Tabung, F.K.; Satija, A.; Fung, T.T.; Clinton, S.K.; Giovannucci, E.L. Long-Term Change in both Dietary Insulinemic and
Inflammatory Potential Is Associated with Weight Gain in Adult Women and Men. J. Nutr. 2019, 149, 804–815. [CrossRef]
[PubMed]

35. Soltani, S.; Moslehi, N.; Hosseini-Esfahani, F.; Vafa, M. The Association between Empirical Dietary Inflammatory Pattern and
Metabolic Phenotypes in Overweight/Obese Adults. Int. J. Endocrinol. Metab. 2018, 16, e60048. [CrossRef] [PubMed]

http://doi.org/10.1017/S0007114512005119
http://www.ncbi.nlm.nih.gov/pubmed/23343744
http://doi.org/10.1096/fj.06-7227rev
http://www.ncbi.nlm.nih.gov/pubmed/17267386
http://doi.org/10.1038/nature21363
http://doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://doi.org/10.1016/j.cyto.2016.06.028
http://doi.org/10.1093/eurheartj/ehaa099
http://doi.org/10.1017/S0007114511005460
http://doi.org/10.1007/s13679-022-00490-0
http://doi.org/10.3390/nu12082468
http://doi.org/10.1016/j.jand.2022.12.005
http://doi.org/10.1016/j.numecd.2014.03.003
http://doi.org/10.1093/advances/nmab086
http://www.ncbi.nlm.nih.gov/pubmed/34607347
http://doi.org/10.3390/nu11061369
http://www.ncbi.nlm.nih.gov/pubmed/31216678
http://doi.org/10.1017/S1368980017001331
http://doi.org/10.1093/ajcn/80.4.1029
http://www.ncbi.nlm.nih.gov/pubmed/15447916
http://doi.org/10.3945/jn.115.228718
http://www.ncbi.nlm.nih.gov/pubmed/27358416
http://doi.org/10.1093/advances/nmab037
http://doi.org/10.1097/XEB.0000000000000055
http://doi.org/10.1038/s41430-022-01198-z
http://doi.org/10.1186/s12876-022-02353-3
http://doi.org/10.1016/j.nutres.2021.08.001
http://doi.org/10.1016/j.bbih.2019.100017
http://doi.org/10.1093/jn/nxy319
http://www.ncbi.nlm.nih.gov/pubmed/31004153
http://doi.org/10.5812/ijem.60048
http://www.ncbi.nlm.nih.gov/pubmed/30008758


Nutrients 2023, 15, 1546 11 of 14

36. Shakeri, Z.; Mirmiran, P.; Khalili-Moghadam, S.; Hosseini-Esfahani, F.; Ataie-Jafari, A.; Azizi, F. Empirical dietary inflammatory
pattern and risk of metabolic syndrome and its components: Tehran Lipid and Glucose Study. Diabetol. Metab. Syndr. 2019, 11, 16.
[CrossRef] [PubMed]

37. Monteiro, C.A.; Moubarac, J.C.; Cannon, G.; Ng, S.W.; Popkin, B. Ultra-processed products are becoming dominant in the global
food system. Obes. Rev. 2013, 14, 21–28. [CrossRef]

38. Monteiro, C.A. Nutrition and health. The issue is not food, nor nutrients, so much as processing. Public Health Nutr. 2009,
12, 729–731. [CrossRef]

39. Wang, L.; Du, M.; Wang, K.; Khandpur, N.; Rossato, S.L.; Drouin-Chartier, J.; Steele, E.M.; Giovannucci, E.; Song, M.; Zhang,
F.F. Association of ultra-processed food consumption with colorectal cancer risk among men and women: Results from three
prospective US cohort studies. BMJ 2022, 378, e068921. [CrossRef]

40. Martini, D.; Godos, J.; Bonaccio, M.; Vitaglione, P.; Grosso, G. Ultra-Processed Foods and Nutritional Dietary Profile: A Meta-
Analysis of Nationally Representative Samples. Nutrients 2021, 13, 3390. [CrossRef]

41. Monteiro, C.A.; Cannon, G.; Lawrence, M.; Costa Louzada, M.L.; Pereira Machado, P. Ultra-Processed Foods, Diet Quality, and
Health Using the NOVA Classification System; FAO: Rome, Italy, 2019.

42. Buckley, J.P.; Kim, H.; Wong, E.; Rebholz, C.M. Ultra-processed food consumption and exposure to phthalates and bisphenols in
the US National Health and Nutrition Examination Survey, 2013–2014. Environ. Int. 2019, 131, 105057. [CrossRef] [PubMed]

43. Small, D.M.; DiFeliceantonio, A.G. Processed foods and food reward. Science 2019, 363, 346–347. [CrossRef]
44. Lane, M.M.; Davis, J.A.; Beattie, S.; Gómez-Donoso, C.; Loughman, A.; O’Neil, A.; Jacka, F.; Berk, M.; Page, R.; Marx, W.; et al.

Ultraprocessed food and chronic noncommunicable diseases: A systematic review and meta-analysis of 43 observational studies.
Obes. Rev. 2021, 22, e13146. [CrossRef]

45. Wang, M.; Du, X.; Huang, W.; Xu, Y. Ultra-processed Foods Consumption Increases the Risk of Hypertension in Adults: A
Systematic Review and Meta-analysis. Am. J. Hypertens. 2022, 35, 892–901. [CrossRef]

46. Moradi, S.; Entezari, M.H.; Mohammadi, H.; Jayedi, A.; Lazaridi, A.V.; Kermani, M.A.; Miraghajani, M. Ultra-processed food
consumption and adult obesity risk: A systematic review and dose-response meta-analysis. Crit. Rev. Food Sci. Nutr. 2023,
63, 249–260. [CrossRef] [PubMed]

47. Moradi, S.; Hojjati Kermani, M.A.; Bagheri, R.; Mohammadi, H.; Jayedi, A.; Lane, M.M.; Asbaghi, O.; Mehrabani, S.; Suzuki, K.
Ultra-Processed Food Consumption and Adult Diabetes Risk: A Systematic Review and Dose-Response Meta-Analysis. Nutrients
2021, 13, 4410. [CrossRef] [PubMed]

48. Fiolet, T.; Srour, B.; Sellem, L.; Kesse-Guyot, E.; Allès, B.; Méjean, C.; Deschasaux, M.; Fassier, P.; Latino-Martel, P.; Beslay, M.; et al.
Consumption of ultra-processed foods and cancer risk: Results from NutriNet-Santé prospective cohort. BMJ 2018, 360, k322.
[CrossRef] [PubMed]

49. Lane, M.M.; Gamage, E.; Travica, N.; Dissanayaka, T.; Ashtree, D.N.; Gauci, S.; Lotfaliany, M.; O'Neil, A.; Jacka, F.N.; Marx,
W. Ultra-Processed Food Consumption and Mental Health: A Systematic Review and Meta-Analysis of Observational Studies.
Nutrients 2022, 14, 2568. [CrossRef]

50. Taneri, P.E.; Wehrli, F.; Roa-Díaz, Z.M.; Itodo, O.A.; Salvador, D.; Raeisi-Dehkordi, H.; Bally, L.; Minder, B.; Kiefte-de Jong,
J.C.; Laine, J.E.; et al. Association Between Ultra-Processed Food Intake and All-Cause Mortality: A Systematic Review and
Meta-Analysis. Am. J. Epidemiol. 2022, 191, 1323–1335. [CrossRef]

51. Suksatan, W.; Moradi, S.; Naeini, F.; Bagheri, R.; Mohammadi, H.; Talebi, S.; Mehrabani, S.; Hojjati Kermani, M.A.; Suzuki, K.
Ultra-Processed Food Consumption and Adult Mortality Risk: A Systematic Review and Dose-Response Meta-Analysis of 207,291
Participants. Nutrients 2021, 14, 174. [CrossRef]

52. Louzada, M.L.; Costa, C.D.; Souza, T.N.; Cruz, G.L.; Levy, R.B.; Monteiro, C.A. Impact of the consumption of ultra-processed
foods on children, adolescents and adults’ health: Scope review. Cad. Saude. Publica 2022, 37, e00323020. [CrossRef]

53. Hall, K.D.; Ayuketah, A.; Brychta, R.; Cai, H.; Cassimatis, T.; Chen, K.Y.; Chung, S.T.; Costa, E.; Courville, A.; Darcey, V.; et al.
Ultra-Processed Diets Cause Excess Calorie Intake and Weight Gain: An Inpatient Randomized Controlled Trial of Ad Libitum
Food Intake. Cell Metab. 2019, 30, 67–77. [CrossRef] [PubMed]

54. Lopes, A.E.; Araújo, L.F.; Levy, R.B.; Barreto, S.M.; Giatti, L. Association between consumption of ultra-processed foods and serum
C-reactive protein levels: Cross-sectional results from the ELSA-Brasil study. Sao Paulo Med. J. 2019, 137, 169–176. [CrossRef]

55. Lane, M.M.; Lotfaliany, M.; Forbes, M.; Loughman, A.; Rocks, T.; O’Neil, A.; Machado, P.; Jacka, F.N.; Hodge, A.; Marx, W. Higher
Ultra-Processed Food Consumption Is Associated with Greater High-Sensitivity C-Reactive Protein Concentration in Adults:
Cross-Sectional Results from the Melbourne Collaborative Cohort Study. Nutrients 2022, 14, 3309. [CrossRef]

56. Martins, G.M.; França, A.K.; Viola, P.C.; Carvalho, C.A.; Marques, K.D.; Santos, A.M.; Batalha, M.A.; Alves, J.D.; Ribeiro, C.C.
Intake of ultra-processed foods is associated with inflammatory markers in Brazilian adolescents. Public Health Nutr. 2022,
25, 591–599. [CrossRef] [PubMed]

57. Silva Dos Santos, F.; Costa Mintem, G.; de Oliveira, I.O.; Horta, B.L.; Ramos, E.; Lopes, C.; Gigante, D.P. Consumption of
ultra-processed foods and interleukin-6 in two cohorts from high- and middle-income countries. Br. J. Nutr. 2022, 1–11. [CrossRef]

58. Kelsey, P.T.; Papadopoulou, E.; Borge, T.C.; Dahl, C.; Brantsæter, A.L.; Erlund, I.; Meltzer, H.M.; Haug, L.S.; Caspersen, I.H.
Ultra-processed food consumption and associations with biomarkers of nutrition and inflammation in pregnancy: The Norwegian
Environmental Biobank. Front. Nutr. 2022, 9, 1052001. [CrossRef]

http://doi.org/10.1186/s13098-019-0411-4
http://www.ncbi.nlm.nih.gov/pubmed/30805034
http://doi.org/10.1111/obr.12107
http://doi.org/10.1017/S1368980009005291
http://doi.org/10.1136/bmj-2021-068921
http://doi.org/10.3390/nu13103390
http://doi.org/10.1016/j.envint.2019.105057
http://www.ncbi.nlm.nih.gov/pubmed/31398592
http://doi.org/10.1126/science.aav0556
http://doi.org/10.1111/obr.13146
http://doi.org/10.1093/ajh/hpac069
http://doi.org/10.1080/10408398.2021.1946005
http://www.ncbi.nlm.nih.gov/pubmed/34190668
http://doi.org/10.3390/nu13124410
http://www.ncbi.nlm.nih.gov/pubmed/34959961
http://doi.org/10.1136/bmj.k322
http://www.ncbi.nlm.nih.gov/pubmed/29444771
http://doi.org/10.3390/nu14132568
http://doi.org/10.1093/aje/kwac039
http://doi.org/10.3390/nu14010174
http://doi.org/10.1590/0102-311x00323020
http://doi.org/10.1016/j.cmet.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31105044
http://doi.org/10.1590/1516-3180.2018.0363070219
http://doi.org/10.3390/nu14163309
http://doi.org/10.1017/S1368980021004523
http://www.ncbi.nlm.nih.gov/pubmed/34726140
http://doi.org/10.1017/S0007114522000551
http://doi.org/10.3389/fnut.2022.1052001


Nutrients 2023, 15, 1546 12 of 14

59. Mignogna, C.; Costanzo, S.; Di Castelnuovo, A.; Ruggiero, E.; Shivappa, N.; Hebert, J.R.; Esposito, S.; De Curtis, A.; Persichillo,
M.; Cerletti, C.; et al. The inflammatory potential of the diet as a link between food processing and low-grade inflammation: An
analysis on 21,315 participants to the Moli-sani study. Clin. Nutr. 2022, 41, 2226–2234. [CrossRef]

60. Silva, C.A.; Santos, I.D.S.; Shivappa, N.; Hebert, J.R.; Crivellenti, L.C.; Sartorelli, D.S. The role of food processing in the
inflammatory potential of diet during pregnancy. Rev. Saude. Publica 2019, 53, 113. [CrossRef] [PubMed]

61. Christ, A.; Lauterbach, M.; Latz, E. Western Diet and the Immune System: An Inflammatory Connection. Immunity 2019,
51, 794–811. [CrossRef]

62. Atkinson, F.S.; Brand-Miller, J.C.; Foster-Powell, K.; Buyken, A.E.; Goletzke, J. International tables of glycemic index and glycemic
load values 2021: A systematic review. Am. J. Clin. Nutr. 2021, 114, 1625–1632. [CrossRef] [PubMed]

63. Dror, E.; Dalmas, E.; Meier, D.T.; Wueest, S.; Thévenet, J.; Thienel, C.; Timper, K.; Nordmann, T.M.; Traub, S.; Schulze, F.; et al.
Postprandial macrophage-derived IL-1β stimulates insulin, and both synergistically promote glucose disposal and inflammation.
Nat. Immunol. 2017, 18, 283–292. [CrossRef]

64. Vitale, M.; Masulli, M.; Rivellese, A.A.; Babini, A.C.; Boemi, M.; Bonora, E.; Buzzetti, R.; Ciano, O.; Cignarelli, M.; Cigolini,
M.; et al. Influence of dietary fat and carbohydrates proportions on plasma lipids, glucose control and low-grade inflammation in
patients with type 2 diabetes-The TOSCA.IT Study. Eur. J. Nutr. 2016, 55, 1645–1651. [CrossRef]

65. de Koning, L.; Malik, V.S.; Kellogg, M.D.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Sweetened beverage consumption, incident coronary
heart disease, and biomarkers of risk in men. Circulation 2012, 125, 1735–1741. [CrossRef] [PubMed]

66. Kosova, E.C.; Auinger, P.; Bremer, A.A. The Relationships between Sugar-Sweetened Beverage Intake and Cardiometabolic
Markers in Young Children. J. Acad. Nutr. Diet. 2013, 113, 219–227. [CrossRef]

67. Hert, K.A.; Fisk, P.S.; Rhee, Y.S.; Brunt, A.R. Decreased consumption of sugar-sweetened beverages improved selected biomarkers
of chronic disease risk among US adults: 1999 to 2010. Nutr. Res. 2014, 34, 58–65. [CrossRef] [PubMed]

68. Liu, S.; Manson, J.E.; Buring, J.E.; Stampfer, M.J.; Willett, W.C.; Ridker, P.M. Relation between a diet with a high glycemic load
and plasma concentrations of high-sensitivity C-reactive protein in middle-aged women. Am. J. Clin. Nutr. 2002, 75, 492–498.
[CrossRef] [PubMed]

69. Milajerdi, A.; Saneei, P.; Larijani, B.; Esmaillzadeh, A. The effect of dietary glycemic index and glycemic load on inflammatory
biomarkers: A systematic review and meta-analysis of randomized clinical trials. Am. J. Clin. Nutr. 2018, 107, 593–606. [CrossRef]

70. Li, K.; Song, H.; Wei, F.; Liu, D.; Zhao, Y.; Yin, H.; Cui, Y.; Zhang, H.; Liu, Z. High salt intake damages myocardial viability and
induces cardiac remodeling via chronic inflammation in the elderly. Front. Cardiovasc. Med. 2022, 9, 952691. [CrossRef]

71. Yilmaz, R.; Akoglu, H.; Altun, B.; Yildirim, T.; Arici, M.; Erdem, Y. Dietary salt intake is related to inflammation and albuminuria
in primary hypertensive patients. Eur. J. Clin. Nutr. 2012, 66, 1214–1218. [CrossRef]

72. Zhu, H.; Pollock, N.K.; Kotak, I.; Gutin, B.; Wang, X.; Bhagatwala, J.; Parikh, S.; Harshfield, G.A.; Dong, Y. Dietary sodium,
adiposity, and inflammation in healthy adolescents. Pediatrics 2014, 133, e635–e642. [CrossRef]

73. Basdeki, E.D.; Kollias, A.; Mitrou, P.; Tsirimiagkou, C.; Georgakis, M.K.; Chatzigeorgiou, A.; Argyris, A.; Karatzi, K.; Manios, Y.;
Sfikakis, P.P.; et al. Does Sodium Intake Induce Systemic Inflammatory Response? A Systematic Review and Meta-Analysis of
Randomized Studies in Humans. Nutrients 2021, 13, 2632. [CrossRef] [PubMed]

74. Pranger, I.G.; Muskiet, F.A.; Kema, I.P.; Singh-Povel, C.; Bakker, S.J. Potential Biomarkers for Fat from Dairy and Fish and Their
Association with Cardiovascular Risk Factors: Cross-sectional Data from the LifeLines Biobank and Cohort Study. Nutrients 2019,
11, 1099. [CrossRef] [PubMed]

75. Hadj Ahmed, S.; Kharroubi, W.; Kaoubaa, N.; Zarrouk, A.; Batbout, F.; Gamra, H.; Najjar, M.F.; Lizard, G.; Hininger-Favier, I.;
Hammami, M. Correlation of trans fatty acids with the severity of coronary artery disease lesions. Lipids Health Dis. 2018, 17, 52.
[CrossRef]

76. Antoniazzi, L.; Arroyo-Olivares, R.; Bittencourt, M.S.; Tada, M.T.; Lima, I.; Jannes, C.E.; Krieger, J.E.; Pereira, A.C.; Quintana-
Navarro, G.; Muñiz-Grijalvo, O.; et al. Association of dietary components with dyslipidemia and low-grade inflammation
biomarkers in adults with heterozygous familial hypercholesterolemia from different countries. Eur. J. Clin. Nutr. 2019,
73, 1622–1625. [CrossRef]

77. DiNicolantonio, J.J.; O’Keefe, J.H. Importance of maintaining a low omega-6/omega-3 ratio for reducing inflammation. Open
Heart 2018, 5, e000946. [CrossRef] [PubMed]

78. Neale, E.P.; Batterham, M.J.; Tapsell, L.C. Consumption of a healthy dietary pattern results in significant reductions in C-reactive
protein levels in adults: A meta-analysis. Nutr. Res. 2016, 36, 391–401. [CrossRef]

79. Bahrampour, N.; Shiraseb, F.; Noori, S.; Clark, C.C.; Mirzaei, K. Is there any putative mediatory role of inflammatory markers on
the association between ultra-processed foods and resting metabolic rate? Front. Nutr. 2022, 9, 932225. [CrossRef]

80. Dinu, M.; Asensi, M.T.; Pagliai, G.; Lotti, S.; Martini, D.; Colombini, B.; Sofi, F. Consumption of Ultra-Processed Foods Is Inversely
Associated with Adherence to the Mediterranean Diet: A Cross-Sectional Study. Nutrients 2022, 14, 2073. [CrossRef]

81. Liu, T.; Wang, C.; Wang, Y.Y.; Wang, L.L.; Ojo, O.; Feng, Q.Q.; Jiang, X.S.; Wang, X.H. Effect of dietary fiber on gut barrier function,
gut microbiota, short-chain fatty acids, inflammation, and clinical outcomes in critically ill patients: A systematic review and
meta-analysis. JPEN J. Parenter. Enteral Nutr. 2022, 46, 997–1010. [CrossRef]

82. Hébert, J.R.; Shivappa, N.; Wirth, M.D.; Hussey, J.R.; Hurley, T.G. Perspective: The Dietary Inflammatory Index (DII)-Lessons
Learned, Improvements Made, and Future Directions. Adv. Nutr. 2019, 10, 185–195. [CrossRef]

http://doi.org/10.1016/j.clnu.2022.08.020
http://doi.org/10.11606/S1518-8787.2019053001154
http://www.ncbi.nlm.nih.gov/pubmed/31859905
http://doi.org/10.1016/j.immuni.2019.09.020
http://doi.org/10.1093/ajcn/nqab233
http://www.ncbi.nlm.nih.gov/pubmed/34258626
http://doi.org/10.1038/ni.3659
http://doi.org/10.1007/s00394-015-0983-1
http://doi.org/10.1161/CIRCULATIONAHA.111.067017
http://www.ncbi.nlm.nih.gov/pubmed/22412070
http://doi.org/10.1016/j.jand.2012.10.020
http://doi.org/10.1016/j.nutres.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24418247
http://doi.org/10.1093/ajcn/75.3.492
http://www.ncbi.nlm.nih.gov/pubmed/11864854
http://doi.org/10.1093/ajcn/nqx042
http://doi.org/10.3389/fcvm.2022.952691
http://doi.org/10.1038/ejcn.2012.110
http://doi.org/10.1542/peds.2013-1794
http://doi.org/10.3390/nu13082632
http://www.ncbi.nlm.nih.gov/pubmed/34444792
http://doi.org/10.3390/nu11051099
http://www.ncbi.nlm.nih.gov/pubmed/31108924
http://doi.org/10.1186/s12944-018-0699-3
http://doi.org/10.1038/s41430-019-0529-3
http://doi.org/10.1136/openhrt-2018-000946
http://www.ncbi.nlm.nih.gov/pubmed/30564378
http://doi.org/10.1016/j.nutres.2016.02.009
http://doi.org/10.3389/fnut.2022.932225
http://doi.org/10.3390/nu14102073
http://doi.org/10.1002/jpen.2319
http://doi.org/10.1093/advances/nmy071


Nutrients 2023, 15, 1546 13 of 14

83. Monteiro, C.A.; Cannon, G.; Moubarac, J.C. The UN Decade of Nutrition, the NOVA food classification and the trouble with
ultra-processing. Public Health Nutr. 2018, 21, 5–17. [CrossRef] [PubMed]

84. Debras, C.; Chazelas, E.; Sellem, L.; Porcher, R.; Druesne-Pecollo, N.; Esseddik, Y.; de Edelenyi, F.S.; Agaësse, C.; De Sa, A.;
Lutchia, R.; et al. Artificial sweeteners and risk of cardiovascular diseases: Results from the prospective NutriNet-Santé cohort.
BMJ 2022, 378, e071204. [CrossRef]

85. Bian, X.; Chi, L.; Gao, B.; Tu, P.; Ru, H.; Lu, K. Gut Microbiome Response to Sucralose and Its Potential Role in Inducing Liver
Inflammation in Mice. Front. Physiol. 2017, 8, 487. [CrossRef]

86. Bian, X.; Tu, P.; Chi, L.; Gao, B.; Ru, H.; Lu, K. Saccharin induced liver inflammation in mice by altering the gut microbiota and its
metabolic functions. Food Chem. Toxicol. 2017, 107, 530–539. [CrossRef] [PubMed]

87. Viennois, E.; Merlin, D.; Gewirtz, A.T.; Chassaing, B. Dietary Emulsifier-Induced Low-Grade Inflammation Promotes Colon
Carcinogenesis. Cancer Res. 2017, 77, 27–40. [CrossRef]

88. Murali, A.; Giri, V.; Cameron, H.J.; Sperber, S.; Zickgraf, F.M.; Haake, V.; Driemert, P.; Walk, T.; Kamp, H.; Rietjens, I.M.; et al.
Investigating the gut microbiome and metabolome following treatment with artificial sweeteners acesulfame potassium and
saccharin in young adult Wistar rats. Food Chem. Toxicol. 2022, 165, 113123. [CrossRef] [PubMed]

89. Chassaing, B.; Koren, O.; Goodrich, J.K.; Poole, A.C.; Srinivasan, S.; Ley, R.E.; Gewirtz, A.T. Dietary emulsifiers impact the mouse
gut microbiota promoting colitis and metabolic syndrome. Nature 2015, 519, 92–96. [CrossRef]

90. Khan, T.A.; Sievenpiper, J.L. Low-energy sweeteners and cardiometabolic health: Is there method in the madness? Am. J. Clin.
Nutr. 2020, 112, 917–919. [CrossRef]

91. Greyling, A.; Appleton, K.M.; Raben, A.; Mela, D.J. Acute glycemic and insulinemic effects of low-energy sweeteners: A systematic
review and meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2020, 112, 1002–1014. [CrossRef]

92. Zhang, R.; Noronha, J.C.; Khan, T.A.; McGlynn, N.; Back, S.; Grant, S.M.; Kendall, C.W.; Sievenpiper, J.L. The Effect of Non-
Nutritive Sweetened Beverages on Postprandial Glycemic and Endocrine Responses: A Systematic Review and Network
Meta-Analysis. Nutrients 2023, 15, 1050. [CrossRef] [PubMed]

93. Huang, Y.C.; Huang, P.R.; Lo, Y.C.; Sun, C.W.; Pan, W.H.; Wang, S.L.; Huang, H.B. Food Processing and Phthalate Exposure: The
Nutrition and Health Survey in Taiwan (1993–1996 and 2005–2008). Front. Nutr. 2021, 8, 766992. [CrossRef]

94. Dubeau, C.; Aker, A.; Caron-Beaudoin, É.; Ayotte, P.; Blanchette, C.; McHugh, N.G.; Lemire, M. Perfluoroalkyl acid and bisphenol-
A exposure via food sources in four First Nation communities in Quebec, Canada. Public Health Nutr. 2023, 26, 106–121. [CrossRef]
[PubMed]

95. Naspolini, N.F.; Machado, P.P.; Moreira, J.C.; Asmus, C.I.; Meyer, A. Maternal consumption of ultra-processed foods and newborn
exposure to perfluoroalkyl substances (PFAS). Cad. Saude. Publica 2021, 37, e00152021. [CrossRef]

96. Martínez Steele, E.; Khandpur, N.; da Costa Louzada, M.L.; Monteiro, C.A. Association between dietary contribution of ultra-
processed foods and urinary concentrations of phthalates and bisphenol in a nationally representative sample of the US population
aged 6 years and older. PLoS ONE 2020, 15, e0236738. [CrossRef]

97. Moon, S.; Yu, S.H.; Lee, C.B.; Park, Y.J.; Yoo, H.J.; Kim, D.S. Effects of bisphenol A on cardiovascular disease: An epidemiological
study using National Health and Nutrition Examination Survey 2003–2016 and meta-analysis. Sci. Total. Environ. 2021,
763, 142941. [CrossRef]

98. Gore, A.C.; Chappell, V.A.; Fenton, S.E.; Flaws, J.A.; Nadal, A.; Prins, G.S.; Toppari, J.; Zoeller, R.T. EDC-2: The Endocrine
Society’s Second Scientific Statement on Endocrine-Disrupting Chemicals. Endocr. Rev. 2015, 36, E1–E150. [CrossRef]

99. Liu, Z.; Lu, Y.; Zhong, K.; Wang, C.; Xu, X. The associations between endocrine disrupting chemicals and markers of inflammation
and immune responses: A systematic review and meta-analysis. Ecotoxicol. Environ. Saf. 2022, 234, 113382. [CrossRef]

100. Ye, X.; Wong, L.Y.; Kramer, J.; Zhou, X.; Jia, T.; Calafat, A.M. Urinary Concentrations of Bisphenol A and Three Other Bisphenols
in Convenience Samples of U.S. Adults during 2000–2014. Environ. Sci. Technol. 2015, 49, 11834–11839. [CrossRef] [PubMed]

101. Wang, B.; Wang, X.; Yu, L.; Liu, W.; Song, J.; Fan, L.; Zhou, M.; Yang, M.; Ma, J.; Cheng, M.; et al. Acrylamide exposure increases
cardiovascular risk of general adult population probably by inducing oxidative stress, inflammation, and TGF-β1: A prospective
cohort study. Environ. Int. 2022, 164, 107261. [CrossRef]

102. Feng, X.; Liang, R.; Shi, D.; Wang, D.; Xu, T.; Chen, W. Urinary acrolein metabolites, systemic inflammation, and blood lipids:
Results from the National Health and Nutrition Examination Survey. Chemosphere 2022, 286, 131791. [CrossRef]

103. Wang, B.; Yu, L.; Liu, W.; Yang, M.; Fan, L.; Zhou, M.; Ma, J.; Wang, X.; Nie, X.; Cheng, M. Cross-sectional and longitudinal
associations of acrolein exposure with pulmonary function alteration: Assessing the potential roles of oxidative DNA damage,
inflammation, and pulmonary epithelium injury in a general adult population. Environ. Int. 2022, 167, 107401. [CrossRef]

104. Sommer, F.; Bäckhed, F. The gut microbiota—Masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227–238.
[CrossRef]

105. Petersen, C.; Round, J.L. Defining dysbiosis and its influence on host immunity and disease. Cell. Microbiol. 2014, 16, 1024–1033.
[CrossRef] [PubMed]

106. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids from Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

107. Delzenne, N.M.; Olivares, M.; Neyrinck, A.M.; Beaumont, M.; Kjølbæk, L.; Larsen, T.M.; Benítez-Páez, A.; Romaní-Pérez, M.;
Garcia-Campayo, V.; Bosscher, D.; et al. Nutritional interest of dietary fiber and prebiotics in obesity: Lessons from the MyNewGut
consortium. Clin. Nutr. 2020, 39, 414–424. [CrossRef]

http://doi.org/10.1017/S1368980017000234
http://www.ncbi.nlm.nih.gov/pubmed/28322183
http://doi.org/10.1136/bmj-2022-071204
http://doi.org/10.3389/fphys.2017.00487
http://doi.org/10.1016/j.fct.2017.04.045
http://www.ncbi.nlm.nih.gov/pubmed/28472674
http://doi.org/10.1158/0008-5472.CAN-16-1359
http://doi.org/10.1016/j.fct.2022.113123
http://www.ncbi.nlm.nih.gov/pubmed/35588986
http://doi.org/10.1038/nature14232
http://doi.org/10.1093/ajcn/nqaa260
http://doi.org/10.1093/ajcn/nqaa167
http://doi.org/10.3390/nu15041050
http://www.ncbi.nlm.nih.gov/pubmed/36839408
http://doi.org/10.3389/fnut.2021.766992
http://doi.org/10.1017/S1368980022000581
http://www.ncbi.nlm.nih.gov/pubmed/35272726
http://doi.org/10.1590/0102-311x00152021
http://doi.org/10.1371/journal.pone.0236738
http://doi.org/10.1016/j.scitotenv.2020.142941
http://doi.org/10.1210/er.2015-1010
http://doi.org/10.1016/j.ecoenv.2022.113382
http://doi.org/10.1021/acs.est.5b02135
http://www.ncbi.nlm.nih.gov/pubmed/26360019
http://doi.org/10.1016/j.envint.2022.107261
http://doi.org/10.1016/j.chemosphere.2021.131791
http://doi.org/10.1016/j.envint.2022.107401
http://doi.org/10.1038/nrmicro2974
http://doi.org/10.1111/cmi.12308
http://www.ncbi.nlm.nih.gov/pubmed/24798552
http://doi.org/10.3389/fendo.2020.00025
http://doi.org/10.1016/j.clnu.2019.03.002


Nutrients 2023, 15, 1546 14 of 14

108. Makki, K.; Deehan, E.C.; Walter, J.; Bäckhed, F. The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease. Cell
Host Microbe 2018, 23, 705–715. [CrossRef] [PubMed]

109. Sonnenburg, E.D.; Sonnenburg, J.L. Starving our microbial self: The deleterious consequences of a diet deficient in microbiota-
accessible carbohydrates. Cell Metab. 2014, 20, 79–786. [CrossRef] [PubMed]
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