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Abstract: Obesity has consistently been associated with an increased risk of metabolic abnormalities
such as diabetes, hyperlipidemia, and cardiovascular diseases, as well as the development of several
types of cancer. In recent decades, unfortunately, the rate of overweight/obesity has increased signifi-
cantly among adults and children. A growing body of evidence shows that there is a relationship
between metabolic disorders such as obesity and the composition of the gut microbiota. Additionally,
inflammation is considered to be a driving force in the obesity—gut microbiota connection. Therefore,
it seems that anti-inflammatory nutrients, foods, and/or diets can play an essential role in the man-
agement of obesity by affecting the intestinal flora and controlling inflammatory responses. In this
review, we describe the links between the gut microbiota, obesity, and inflammation, and summarize
the benefits of anti-inflammatory diets in preventing obesity.
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1. Introduction

Obesity is a complex multifactorial disease that is directly related to the chance of
developing insulin resistance and an increased risk of diabetes, dyslipidemia, hypertension,
cardiovascular diseases [1,2], and other metabolic disorders [3]. With growing concerns
about obesity and related diseases, there has been scientific interest in understanding the
mechanisms associated with obesity and exploring innovative management strategies to
control it. Mounting evidence suggests a strong link between obesity and high-fat diets as
well as alterations in intestinal microbiota [4-6]. The normal human gut microbiota is an
ecological community of trillions of commensal [7], and symbiotic micro-organisms [8] that
play an essential role in maintaining metabolic function and immune system homeosta-
sis [9]. Although the exact mechanism by which the gut microbiota contributes to obesity
is largely unknown, it appears that obesity-induced changes in the intestinal microbiota
are accompanied by significant alterations in gut permeability and short-chain fatty acid
(SCFA) content [10]. Moreover, evidence shows that disruption of the gut microbiota acti-
vates the adaptive and innate immunity of the intestine and increases the inflammatory
level by displacing immunogenic bacterial products. Although inflammation is a normal
and automatic defense response of the body against foreign pathogen invasion, excessive
inflammatory response results in a series of diseases, such as obesity. “Obese microbiota”
indirectly affects hypothalamic gene expression and promotes overeating by increasing
systemic inflammation and microglial activation, affecting vagus nerve activity [10,11].
Inflammation of adipose tissue will encourage angiogenesis. Angiogenesis is a critical event
in tissue remodeling and in the development of obesity. By elevating the inflammatory
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cytokines in circulation, energy expenditure is systemically promoted. The inflammatory
response also induces insulin resistance and hyperglycemia [12] (Figure 1). Accordingly,
the timely regulation of inflammation is vital to controlling obesity and its complications.
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Figure 1. Normal gut microbiota and maintenance of proper metabolic function in healthy in-
dividuals (left). The role of dysbiosis in the progression of some metabolic disorders in obese
individuals (right).

The gut microbiota has been proposed to be one of the critical factors regulating early
events, causing inflammation associated with obesity and metabolic dysfunction. Thus,
considering the effect of gut microbiota composition on inflammatory responses in the
host [13] and inducing obesity, targeting the gut microbiota by means of anti-inflammatory
diets (also known as the hypoallergenic diet, elimination diet, and oligoantigenic diet [14])
could be beneficial in combatting inflammation-related diseases such as obesity and obesity-
related diseases. Bolte et al. found that certain foods with anti-inflammatory effects play an
essential role in regulating gut microbiota and maintaining health [15]. In this review, we
attempt to discuss several aspects related to the association of gut microbiota and inflamma-
tion with obesity on the basis of the most recently published studies. In addition, we discuss
the relationship between the main inflammatory and pro-inflammatory stimuli with obe-
sity, and finally we summarize the latest scientific evidence supporting anti-inflammatory
dietary intervention in the regulation of the gut microbiota and obesity control.

2. Methods

An extensive search was conducted online using the PubMed /MEDLINE, Scopus, and
Google Scholar databases to retrieve the most relevant studies including randomized con-
trolled trials (RCTs), in vivo and in vitro experimental studies, and literature reviews and
meta-analyses in recent years. The main keywords were: obesity, inflammation, adipokines,
cytokines, SCFA, gut microbiota, polyphenols, probiotics, and anti-inflammatory diet.

3. Relationships between Gut Microbiota and Inflammation

Inflammation is an automatic defense response of the body to foreign pathogen inva-
sion. However, excessive inflammatory response leads to a host of diseases such as obesity,
cardiovascular disorders, neurodegenerative manifestations, and cancer. Research has
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confirmed the direct nexus between gut microbiota alteration (dysbiosis) and inflammatory
conditions such as inflammatory bowel disease and obesity [16], immune-mediated inflam-
matory diseases (e.g., ulcerative colitis, Crohn’s disease, rheumatoid arthritis, and multiple
sclerosis) [17], and type I and II diabetes mellitus [18]. The gut microbiota—inflammation
interplay depends on leading host-related factors such as diet mode, age, sex, body mass
index (BMI), host genotype, and antibiotic use. Dysbiosis is a critical contributor to chronic
inflammatory and metabolic dysfunction, as reviewed elsewhere [19]. It is worth noting
that SCFAs, mainly acetate, propionate, and butyrate, produced by the microbial fermen-
tation of undigested food, play a crucial role in colonic health by various mechanisms.
According to van der Beek 2017, SCFAs maintain metabolic homeostasis in colonocytes
through anti-inflammatory and anticarcinogenic effects [20]. In a non-systematic review by
Alsharairi (2021), the therapeutic role of SCFAs derived from infant intestinal microbiota in
obesity was discussed in detail [21].

Several studies have shown that macrophages [22,23], epithelial cells [24], neutrophils [25],
and monocytes [26] are modulated by SCFAs [27].

4. Obesity and Inflammation

Research has found a potential link between obesity and inflammatory markers, which
suggests that a persistent inflammatory response is a potential risk factor [28]. In obese
individuals, excessive accumulation of subcutaneous and/or abdominal fat induces adi-
pose tissue inflammation. The changes that occur in the adipose tissue as a result of obesity
are complex. Increased lipid storage results in adipose tissue dysfunction including hy-
poxia, adipocyte hypertrophy, and increased cell death. Adipose tissue is the main fat
storage depot and the largest endocrine organ, regulating several physiological and patho-
logical processes by systemically secreting adipokines and pro- and anti-inflammatory
cytokines [29], including leptin (a 16-kDa adipokine), adiponectin (a 28 KDa protein),
resistin (a 12 kDa adipocytokine), visfatin (a 52 kDa protein product of the pancreatic
beta cell growth factor gene), omentin and chemerin, etc. [30]. The M2-like adipose tissue
macrophages (ATMs), distributed within the adipose, perform diverse physiological func-
tions, including inhibiting proliferation of adipocyte progenitors, promoting dead adipocyte
clearance, and secreting anti-inflammatory cytokines such as interleukin (IL)-1Rx (IL-1Re),
IL-4, IL-10, and IL-13. Adipose tissue dysfunction promotes a microenvironment in which
the adipocytes begin to secrete pro-inflammatory cytokines, including IL-6, IL-8, monocyte
chemoattractant protein (MCP-1) and tumor necrosis factor-« (TNF-«). MCP-1 and other
chemokines produced by adipocytes and immune cells promote increased infiltration of cir-
culating monocytes and other innate and adaptive immune cells into the adipose tissue [31].
The secretion of anti-inflammatory and protective cytokines is stopped in obese people,
while the secretion of inflammatory cytokines and adipokines, which act systemically or
locally to induce peripheral insulin resistance, is started [32,33] (Figure 2).

Leptin is a pro-inflammatory product of the obesity gene [34], which is produced pre-
dominantly by differentiated white adipose tissue and acts in the brain to regulate energy
homeostasis. In the acute phase of inflammation, leptin stimulates the release of cytokines
such as interleukin-1{ (IL-13) and promotes T cell polarization toward pro-inflammatory
T helper 1 (TH1) response [35]. Leptin promotes activation of monocytes, macrophages,
and natural killer (NK) cells [36], and regulates various functions in the immune and
endocrine systems, including hematopoiesis, osteogenesis, angiogenesis, wound healing,
and inflammation [37]. Moreover, it plays a central role in glucose homeostasis, energy
balance, and regulation of caloric expenditure and food intake. Leptin signaling is mediated
through Janus kinase 2, SH2-containing protein tyrosine phosphatase 2 (SHP2)/mitogen-
activated protein kinase (MAPK), insulin receptor substrate (IRS)/phosphatidylinositol
3 kinase (PI3K), signal transducer and activator of transcription 3 (STAT3), and 5’ adenosine
monophosphate-activated protein kinase (AMPK)/acetyl-CoA carboxylase (ACC) [38,39].
There is a direct correlation between fat mass and leptin levels in obese patients. Leptin
stimulates inflammatory responses by binding to the long isoform of the leptin receptor,
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expressed by different immune cell types. At the same time, certain infectious and in-
flammatory stimuli, such as lipopolysaccharide (LPS), IL1, and TNF-«, can also increase
leptin levels, which correlate with the chronic inflammation in obesity. Therefore, there
is a bidirectional interaction between leptin and inflammation [40]. Adiponectin is an
anti-inflammatory cytokine that suppresses monocyte adhesion to endothelial cells [41]
and inhibits macrophage transformation into foam cells [42]. In human dendritic cells
and macrophages, this cytokine directly induces the synthesis of anti-inflammatory (IL-10
and IL-1RA) cytokines [43] and decreases pro-inflammatory cytokines (TNF«, IL-1f3, IL-6,
IL-8) [44], thereby suppressing inflammation. Studies have reported that adiponectin
reduces insulin resistance in muscle and fat and improves insulin sensitivity.

Obesity Adipose with immune cells Inflammatory state

Pro-inflammatory
adipokines

Leptin MCP-1
TNFa IL-6

Anti-inflammatory
adipokines

Adiponecti TGFM
IL-4 IL-10

l
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Figure 2. The interplay of inflammation and obesity.

In obese individuals, it has been reported that production of adiponectin is drastically
reduced [45]. Moreover, resistin, which is produced by peripheral inflammatory cells of
blood, macrophages, and monocytes, could establish a metabolic link between obesity and
insulin resistance. Visfatin is synthesized predominantly by adipocytes and macrophages,
hepatocytes, and neutrophils. This adipokine stimulates the synthesis and storage of
triacylglycerols in adipocytes. It exerts its biological function through the insulin receptor.
In obese patients, increased visfatin levels, similarly to increased adiponectin levels, may
play a protective role. Omentin and chemerin are other adipokines that potentiate insulin-
dependent glucose uptake by adipocytes. They are also associated with obesity-induced
insulin resistance. Chemerin is also believed to be a link between obesity and inflammation.
Its levels are particularly high in very obese subjects suffering from severe obesity [30].

Obesity-related factors such as diets, host genetics, gut microbiota, and other related
factors may all contribute to the initiation and maintenance of adipose tissue inflamma-
tion [5]. It has been recognized that adipocytes secrete a variety of inflammatory molecules.
In addjition to adipocytes, inflammatory cells, including macrophages, neutrophils, B cells,
T cells, and others, release the majority of inflammatory molecules in the adipose tissue
of obese humans [46]. A large body of evidence points to systemic inflammation in obese
individuals being mainly characterized by increased accumulation and inflammatory po-
larization of innate and adaptive immune cells in adipose tissue, skeletal muscle, liver,
intestine, pancreatic islets, and brain, and may prompt the development and progression of
obesity-related metabolic disorders leading to insulin resistance, (3-cell dysfunction, and
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type 2 diabetes through multiple metabolic signaling pathways [47,48]. To date, several
studies have reported the role of inflammatory cells in adipose tissue and analyzed its
potential role in insulin resistance associated with obesity. Wu et al. published a compre-
hensive review on inflammation in adipose tissue and its potential role in insulin resistance
associated with obesity. They also discussed the role of primary inflammatory cells in
adipose tissue. A deep understanding of the mechanisms of inflammatory responses in
overweight/obese individuals could provide unique opportunities to adopt appropriate
intervention strategies to reduce the risk of obesity-related comorbidities [49].

5. Obesity and Gut Microbiota

Recently, an increasing number of studies have suggested that an imbalance in mi-
crobial populations and microbial diversity (dysbiosis) is significantly associated with
several disorders, including obesity, diabetes, and cardiometabolic diseases, as well as
behavioral and neurological complications [50-53]. The alteration of the homeostatic bal-
ance of the gut microbiota results in changes in downstream metabolites in the obese.
To date, several mechanisms have been proposed to explain the potential role of the gut
microbiota in the development of obesity. Some evidence suggests that the gut microbiota
contributes to metabolism and metabolic disorders through a close cross-talk with host
adipose tissue [54,55].

Among them, the fermentation of non-digestible dietary polysaccharides by intestinal
bacteria results in the production of SCFAs, which can induce lipogenesis in the liver and
triglyceride accumulation in host adipocytes [56]. SCFAs can bind to the G-protein-coupled
receptors (GPRs) and activate downstream signaling pathways. Notably, SCFAs inhibit
histone deacetylases (HDACs) in mucosal immune cells and colonocytes [20]. HDACs are
epigenetic enzymes that activate or suppress the target gene, depending on the modification
position [57]. Based on these studies, butyrate is the most potent HDAC inhibitor in colon
cancer cells [58]. Butyrate activates the AhR pathway by increasing AhR recruitment to the
target gene promoter through HDAC inhibition. The AhR pathway is involved in some
metabolic and immune processes that are vital for gut homeostasis and optimal coexistence
of the host and its microbiome [59]. SCFA might also indirectly induce insulin sensitivity
through increased systemic levels of gut-derived glucagon-like peptide 1 (GLP-1) [60].

Moreover, in vitro studies have demonstrated that SCFAs stimulate leptin expression
in adipocytes through activation of free fatty acid receptor 3 (FFAR3) [61]. Aberrations
in leptin expression are one of the most frequent features in the onset and progression
of obesity [62]. Coprobacillus cateniformis and Clostridium leptum are positively correlated
with an adipocyte-derived hormone, namely, leptin [63]. Leptin centrally suppresses food
intake and increases energy expenditure through its receptor in the hypothalamus [64].
Additionally, certain lactic acid bacteria can convert glutamate to gamma-aminobutyric
acid (GABA), which then expresses 5-hydroxytryptamine and GABA-binding proteins to
control appetite [65]. These findings highlight a new line of communication between the gut
microbiota and the brain. Mounting evidence indicates that the gut microbiota might target
the brain via a direct pathway of electrical stimulation of the vagus nerve and an indirect
means involving an immune-neuroendocrine mechanism [66]. Torres-Fuentes et al. [67]
reviewed and discussed the role of the gut-brain axis in obesity. They mentioned that
food harvesting, appetite, and energy balance are regulated by an intricate network of
neuroendocrine signals that provide a reciprocal link between the gastrointestinal tract
and the brain. They also emphasized that the obesity-associated microbiota leads to fat
deposition, insulin resistance, and inflammation by altering the host’s metabolic machinery,
balance of energy uptake, food reward signals, and central appetite.

6. The Interplay of the Gut Microbiota, Inflammation, and Obesity

The most recent studies comparing the gut microbiome in adults with obesity and
control groups have demonstrated that gut microbiota diversity in obese people is signifi-
cantly decreased, and there are significant differences between the microbiota of these two
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groups at different levels, from phylum to species. Furthermore, it has been shown that
obese people have abnormalities mainly with respect to carbohydrate and lipid metabolism
pathways compared to the control group [68-71]. Additionally, comparing the structure
of the gut microbiota between obese and normal school-age children revealed that the
gut microbiota in obese children was less diverse than in the control group. In addition,
a significant difference in the relative frequency of gut microbiota was observed at dif-
ferent classification levels [72]. On the other hand, there is evidence indicating that the
composition of the gut microbiome can enhance dietary energy intake and subsequently
contribute to the obese phenotype [73]. A dietary fiber that cannot be entirely hydrolyzed
by human enzymes during digestion is catabolized by gut microbiota, with SCFAs being
the main product of this process [74]. SCFAs can affect the proper function of tight junctions
between epithelial cells and subsequently regulate the absorption of xenobiotics. It has also
been proved that these molecules can affect appetite, immune system, and blood pressure
regulation, as well as lipid and glucose metabolism [73,75].

Some studies have reported that the dominant bacteria living in the intestine belong
to four bacterial phylotypes: Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria.
Bacteroidetes and the Firmicutes make up more than 90% of the gut microbiota [76]. Although
some reports have suggested that the gut microbiota in healthy people has a high ratio
of Bacteroidetes to Firmicutes, and this ratio is reversed in obese individuals, with a lower
frequency of Bacteroidetes [70,77-79], other reports have not found this relationship [69,80].
Some studies have even observed an inverse relationship [68,81].

A meta-analytical study in 2014 also found no association between the ratio of Bac-
teroidetes/Firmicutes and obesity [82]. Nevertheless, later reports have still reported the
relationship between Firmicutes/Bacteroidetes ratio and obesity. For instance, a 2018 study
of pregnant women indicated that Firmicutes levels and the Firmicutes/Bacteroidetes ratio
were higher in overweight and obese individuals [83]. Finally, a more recent meta-analysis
in 2019 reported that the Firmicutes/Bacteroidetes ratio was not a reproducible marker in
human cohorts on the basis of an examination of body mass index (BMI) [84]. In addition,
investigations into the relationship between the gut microbiome and childhood obesity
have reached conflicting findings. Indeed, these investigations have mainly used BMI to
measure obesity. However, a new study in this field demonstrates that the gut microbiome
and SCFAs are significantly related to body fat distribution in the pediatric population [85].
Additionally, another survey of female adolescents showed that the abundance of Firmicutes
is associated with waist and neck circumference, but not with BMI or body fat percentage.
Moreover, this study indicated that girls with a higher waist circumference had higher
concentrations of inflammatory markers, leptin, and high-sensitivity C-reactive protein
(hs-CRP) [86].

An investigation conducted on colorectal cancer patients reported that obesity did not
have a significant effect on the diversity and abundance of intestinal bacteria of colorectal
cancer patients. Still, the profile of the intestinal microbiota of obese patients revealed a
decrease in butyrate-producing bacteria and an overabundance of opportunistic pathogens,
which in turn could be at least partially responsible for harmful bacterial metabolites,
higher levels of the pro-inflammatory cytokine IL-13, and intestinal permeability in these
patients [87]. The results of a study on pregnant women with gestational diabetes showed
that the gut microbiome is different in women who are resistant and sensitive to nutritional
therapy, so characteristic gut microbiomes that are able to improve blood glucose and mi-
crobiomes that are able to increase blood glucose were significantly increased in susceptible
and resistant groups, respectively [88].

7. Influence of Anti-Inflammatory Diet on Gut Microbiota, Insulin Signaling,
and Obesity

Typically, anti-inflammatory diets include the consumption of unrefined and mini-
mally processed foods, nutrients including fiber, mono- and poly unsaturated fatty acids,
lean protein sources such as chicken, and various spices, and reducing the consumption of
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red meat, high-fat dairy foods, and saturated and trans fats that have notably been shown
to diminish inflammation [89,90]. The effect of an anti-inflammatory diet on weight loss
has been reported many times. For instance, a randomized controlled trial (RCT) study
examining the metabolic level and inflammatory status of 81 participants indicated that an
anti-inflammatory diet led to a significant decrease in body weight and visceral adipose
tissue and improved the cardiometabolic and inflammatory status of the participants [91].
Moreover, a cross-sectional study on 535 adolescent boys found that adherence to a diet
with a low inflammatory index score was related to a reduction in body fat percentage [92].

Various studies have demonstrated that gut microbiome diversity is influenced by
diet [93,94], and that the microbiome is directly involved in regulating pro-inflammatory
and anti-inflammatory responses in the gut [15]. A systematic 2022 review of RCTs in
adults, including 18 trials on 1385 obese individuals who were subjected to several dietary
interventions, including standard and healthy diets, revealed that diets modified the micro-
biota signature in a macronutrient composition-dependent manner, so that the percentage
of carbohydrates, fats, and fibers seemed to be the primary regulator of the composition,
richness, and function of the microbiome, while the increase in protein had relatively few
effects on the species and genera. Standard diets, including low-carbohydrate, low-fat, or
Mediterranean diets, lead to lower weight and BMI, while other healthy diets promoting
whole grains, fruits, and vegetables may or may not be associated with weight loss [95].
In the following sections, the effect of anti-inflammatory diets on the gut microbiome and
obesity will be discussed. Due to the difficulty of conducting controlled dietary intervention
trials in humans, most relevant studies have been conducted on animals. However, in
the following sections, the authors have attempted to summarize and discuss the human
studies.

7.1. Mediterranean Diet

The Mediterranean diet includes consumption of plant foods (high amounts), olive oil
(the primary source of fat), dairy products (mainly cheese and yogurt), low to moderate
amounts of fish and chicken, zero to four eggs per week, low amounts of red meat, and
minor to moderate amounts of wine, typically consumed with meals [96]. Recently, a
systematic review of RCTs reported that the Mediterranean diet could produce significant
differences in interleukins-1«, -1, -4, -5, -6, -7, -8, -10, and -18, IFN-y, TNF-«, CRP, and
hs-CRP compared to the control diet [97]. Findings on the association between following a
Mediterranean diet and the risk of overweight/obesity have been conflicting; therefore, a
meta-analytical study was conducted in 2022 showing that following a Mediterranean diet
is inversely associated with the risk of overweight and/or obesity [98].

There is a lot of evidence supporting the beneficial effects of the Mediterranean diet on
gut microbiota in preventing obesity. Several reports have elucidated that the consumption
of whole grains, which have been reported to reduce inflammation and body weight, is ac-
companied by a change in the intestinal microbiota in terms of species and gender [99-103].
Examination of the microbiome of 1425 individuals in four cohort studies, including in-
dividuals with Crohn’s disease, ulcerative colitis, irritable bowel syndrome, and healthy
subjects, revealed that consumption of processed foods and animal-derived foods were
related to higher frequencies of Firmicutes and Ruminococcus species and endotoxin synthe-
sis pathways. On the other hand, it was clarified that plant foods and fish were positively
associated with SCFA-producing bacteria and nutrient metabolism pathways [15]. Less ad-
herence to the Mediterranean diet was associated with higher Firmicutes—Bacteroidetes ratio,
while better adherence to the Mediterranean diet was associated with a greater abundance
of Christensenellaceae and higher SCFA levels [104]. A systematic review study in 2020 on
the impact of dairy products and derivatives on the intestinal microbiota demonstrated that
the consumption of dairy products (milk, yogurt, and kefir) enhanced the abundance of
beneficial genera Lactobacillus and Bifidobacterium, while consumption of dairy derivatives
(whey and casein) and the amount of dairy consumed did not change the composition
of the gut microbiota [105]. An investigation on 360 Spanish adults revealed that high
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adherence to the Mediterranean diet increased the abundance of certain health-related
bacterial species, with the species Bifidobacterium animalis showing the strongest association.
In addition, this study found that some SCFA-producing bacteria were also associated with
the Mediterranean diet [106]. However, a 2022 systematic review of RCTs and observational
studies on the effects of the Mediterranean diet on gut microbiota and microbial metabolites
indicated that, overall, there is no clear evidence of a consistent effect of the Mediterranean
diet on gut microbiota composition or metabolism [107].

7.2. Dietary Fiber

In general, dietary fiber comprises soluble and insoluble carbohydrates from plant
sources that are not digested by human enzymes, are not absorbed in the small intestine,
and have positive effects on human health [108]. There has been extensive research on
the relationship between dietary fiber and obesity, the results of which show a significant
effect of fiber consumption in reducing obesity [108-110]. On the other hand, it has been
demonstrated that the intake of dietary fiber changes the composition and activity of gut
microbiota [111,112]. Both epidemiological and randomized controlled studies have con-
firmed that receiving a greater abundance of nutritional fiber is associated with a reduction
in the risk of Type 2 diabetes [113]. Some evidence has revealed that the impact of dietary
fiber consumption on improving insulin sensitivity is due to an increase in the colonic
production of the SCFAs acetate, propionate, and butyrate, the final products of the fermen-
tation of dietary fiber by the gut microbiota [114,115]. Indeed, the anti-inflammatory effects
of high circulating concentrations of SCFAs achieved by consuming high-fiber diets have
been demonstrated in mouse models. A similar human study discovered that both acetate
and propionate were significantly increased in people who consumed a high-fiber diet com-
pared to the low-fiber group, but no changes in peripheral blood inflammatory factors were
observed in the five-day intervention; this might be due to the short intervention time [116].
A comparison of gut microbiota and SCFAs in American women and Ghanaian women
(who consumed notably more dietary fiber) indicated that lean Ghanaians had a greater
abundance of microbial genes that catalyze the production of butyric acid through the
fermentation of pyruvate or branched-chain amino acids. Meanwhile, in obese Ghanaians
and American women (regardless of BMI), a higher frequency of microbial genes related to
enzymes related to the fermentation of amino acids such as alanine, aspartate, lysine, and
glutamate was observed [117].

7.3. Polyphenols

Polyphenols are secondary plant metabolites that are probably the most abundant
antioxidants in daily food intake. Due to their high molecular weight and complex structure,
a small percentage of dietary polyphenols is absorbed within the digestive tract. Still,
in the large intestine, they are converted into bioactive phenolic metabolites with low
molecular weight by the intestinal microbiota [118]. Various clinical trials have been
performed on the impact of polyphenols on intestinal microbiota and obesity, revealing
the positive effect of these components in terms of changing the gut microbiota to reduce
obesity [119]. More recent findings also confirm the previous results. For instance, in a
double-blind RCT on 62 girls with obesity aged 6-10 years old for 12 weeks, decaffeinated
green tea polyphenols were shown to have a significant effect on alleviating obesity and
delaying early sexual development [120]. A randomized, double-blind, parallel clinical
trial on 72 obese and overweight volunteers over 16 weeks suggested that polyphenol
supplementation significantly reduced body fat mass [121]. The results of a controlled
clinical trial demonstrated that daily consumption of oranges has a positive effect on the
composition and activity of intestinal microbiota, such that it has increased the population
of Bifidobacterium and Lactobacillus species, and increased SCFA production. In addition, it
improved metabolic biomarkers such as low-density lipoprotein (LDL)-cholesterol, glucose,
and insulin sensitivity [122]. An RCT study reported that consumption of genistein (from
the flavonoid family) for two months in obese people caused a decrease in insulin resistance,
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a reduction in metabolic endotoxemia, an increase in the phosphorylation of 5’-adenosine
monophosphate-activated protein kinase, and an increase in the oxidation of skeletal muscle
fatty acids (via expressing genes involved in fatty acid oxidation) by causing changes in the
intestinal microbiota, especially by means of an increase in the Verrucomicrobia phylum [123].

Polyphenols are an essential component of fiber-containing foods and should be con-
sidered when studying the role of fiber-containing foods in human health [124]. A diet rich
in fiber that was enriched with polyphenols and vegetable protein, significantly changed
the fecal microbiota in patients with type 2 diabetes compared to the control group. It
increased the number of Faecalibacterium prausnitzii and Akkermansia muciniphila, two types
of bacteria known to have anti-inflammatory effects, while it decreased the number of
Prevotella copri. Along with these changes, a significant decrease in the biomarkers of
glucose, triglycerides, total and LDL-cholesterol, HbAlc, CRP, and FFAs, and an increase
in antioxidant activity were reported for the intervention group [125]. In a dietary inter-
vention on mildly hypercholesterolaemic subjects, it was shown that olive pomace (rich in
polyphenols and fibers) helped. However, while it did not affect the diversity of the fecal
microbiota, it caused a decreasing trend of lactobacilli and Ruminococcus and an increasing
trend of Bifidobacteria in the microbiota of the participants. In addition, a considerable
increase in the metabolic output of the intestinal microbiota of these subjects was observed,
which is probably due to these changes [126]. The results of an RCT in subjects with high
cardiometabolic risk confirmed that diets rich in polyphenols increased the diversity of the
dominant fecal bacteria in these individuals, and these changes were connected to changes
in glucose/lipid metabolism [127].

7.4. Omega-3-Rich Diet

Long-chain polyunsaturated fatty acids (LC) are fatty acids with 18 or more carbons,
and are classified into two leading families, w3 (LCn3) and w6 (LCn6), depending on the
position of the first double bond from the methyl end group of the fatty acid [128]. A 2017
meta-analysis of RCTs found that omega-3 supplementation did not effectively reduce
body weight, but reduced waist circumference and triglyceride levels in overweight and
obese adults. However, due to the small number and poor quality of the RCTs available
in the meta-analysis, it was suggested that more studies be conducted in this field [129].
Another meta-analysis study of RCTs investigating the effects of supplementation with
omega-3 fatty acids on metabolic status in pregnant women reported an increase in serum
high-density lipoprotein (HDL)-cholesterol concentration and a decrease in CRP in the
participants [130]. A case study of a healthy 45-year-old man found that an omega-3-rich
diet reduced species diversity in the subject’s microbiota but increased the diversity of sev-
eral butyrate-producing bacteria. In fact, this effect on the microbiota was observed at the
genus/species level instead of at the phylum level [131]. Another study on 22 healthy par-
ticipants found that high doses of omega-3 supplements did not cause significant changes
in the gut microbiome at the phylum level in the volunteers. However, they caused a re-
versible increase in the abundance of several SCFA-producing genera [132]. Some findings
from an investigation of 47 healthy adults showed that w-3 fatty acid supplementation had
little effect on the gut microbiota. However, increased colonic bacterial diversity after w-3
fatty acid supplementation was significantly predictive of decreased colonic prostaglandin
E2 concentrations [133].

The results of an RCT in subjects with high cardiometabolic risk reported that diets rich
in LCn3 affected the composition of the gut microbiota in these people. It has been shown
that the diversity of dominant fecal bacteria decreased after low-LCn3 and polyphenols
and High-LCn3 diets, and these changes were connected to changes in glucose/lipid
metabolism [127]. Another study on 126 participants with borderline hypercholesterolemia
indicated that during the dietary intervention, the relative abundance of a single species,
Clostridium leptum, increased dramatically, and along with that, various plasma markers
of the metabolic health status improved, including apolipoprotein B, triglyceride, and the
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ratio of total cholesterol to HDL. In this study, butyrate production was discussed as a
possible process for improving blood lipid profile [134].

7.5. Probiotics

Probiotics are non-pathogenic microorganisms that reach the gut in an active state and
have potential benefits for the host [135]. Various reports have described the beneficial ef-
fects of probiotics on factors related to inflammation and obesity, as well as their impact on
the intestinal microbiota [136,137]. Bifidobacterium and lactobacillus (probiotic yogurt) caused
significant decreases in the serum levels of IL-13, TNF-«, and CRP, as well as considerable
increases in the serum levels of IL-6 and IL-10 in the intervention group [138]. A double-
blind RCT in obese women demonstrated that a low-energy diet per se induces changes in
metabolite profiles related to reduced inflammation and positive effects on body weight.
In addition, it showed that both probiotics and synbiotics produce changes in metabolites
associated with improved metabolic health. Finally, it suggested that synbiotics (due to
specific metabolite changes) along with a low-energy diet could be more beneficial than
probiotics or diet alone [139]. A synbiotic is a mixture of living microorganisms and sub-
strate(s) selectively used by host microorganisms that is beneficial to host health [140]. The
results of a 2021 meta-analysis of RCTs indicated that probiotic consumption significantly
reduced total cholesterol, triglycerides, and LDL-cholesterol levels [141]. An RCT reported
in 2022 revealed that supplementation of the studied probiotics significantly improved
the function of the intestinal barrier, leading to a significant reduction in concentrations of
lipopolysaccharides (LPS). It also substantially increased HDL-cholesterol and SCFA levels
(propionic and butyric acid) and improved obesity-related biomarkers [142]. Treatment
with multispecies probiotics changed the biochemical, physiological, and immunological
parameters of the gut microbiota in postmenopausal women with obesity but did not
affect diversity or taxonomic classification [143]. In contrast, the use of probiotics and the
Mediterranean diet in overweight breast cancer survivors resulted in a significant increase
in the number and diversity of bacterial species in the group that consumed probiotics. In
addition, the ratio of Bacteroidetes/Firmicutes decreased in the intervention group, while it
increased in the control group. Apart from this, the parameters body weight, BMI, fast-
ing glucose, and insulin resistance exhibited significant decreases in both groups, but in
the intervention group, waist circumference, waist/hip ratio, and fasting insulin has also
revealed a considerable decline [144].

8. Conclusions

In conclusion, it is well known that obesity is associated with chronic inflammation
and insulin resistance, and the gut microbiota is an important part of overcoming obesity.
Moreover, it appears that obesity is inclined toward a pro-inflammatory condition by
increasing the content of inflammatory mediators, and the intestinal microbiota contributes
to the progression of this condition. Therefore, increasing attention has been focused
on targeting the gut microbiota for the treatment of metabolic diseases such as obesity.
Among various treatments, anti-inflammatory diets are thought to have the ability to
reverse or regulate intestinal flora disorders and to improve health status. Accordingly,
anti-inflammatory dietary intervention in obese individuals may produce promising results
through improved insulin resistance and metabolic functions. However, knowledge about
anti-inflammatory approaches is still limited, and future studies are required in order to
explore the potential of targeting inflammation in specific organs/tissues to treat obesity-
related metabolic disorders. We hope that this review can provide a new perspective for
the development of new treatments for obesity-linked metabolic disease.

Author Contributions: Conceptualization, S.Z. and A.S.; investigation, writing—original draft prepa-
ration, S.B. and S.Z.; writing—review and editing, S.B., S.Z. and A.S; supervision, S.Z. and A.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Nutrients 2022, 14, 3985 11 of 17

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing does
not apply to this article.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zyoud, S.e.H.; Shakhshir, M.; Abushanab, A.S.; Koni, A.; Shahwan, M.; Jairoun, A.A.; Al-Jabi, S.W. Global research trends on the
links between insulin resistance and obesity: A visualization analysis. Transl. Med. Commun. 2022, 7, 18. [CrossRef]

Stanek, A.; Brozyna-Tkaczyk, K.; Zolghadri, S.; Cholewka, A.; Mysliriski, W. The Role of Intermittent Energy Restriction Diet on
Metabolic Profile and Weight Loss among Obese Adults. Nutrients 2022, 14, 1509. [CrossRef]

Sudhakar, M.; Winfred, S.B.; Meiyazhagan, G.; Venkatachalam, D.P. Mechanisms contributing to adverse outcomes of COVID-19
in obesity. Mol. Cell. Biochem. 2022, 477,1155-1193. [CrossRef] [PubMed]

Vetrani, C.; Di Nisio, A.; Paschou, S.A.; Barrea, L.; Muscogiuri, G.; Graziadio, C.; Savastano, S.; Colao, A.; on behalf of the
Obesity Programs of Nutrition, Education, Research and Assessment (OPERA) Group. From Gut Microbiota through Low-Grade
Inflammation to Obesity: Key Players and Potential Targets. Nutrients 2022, 14, 2103. [CrossRef] [PubMed]

Cani, PD.; Jordan, B.F. Gut microbiota-mediated inflammation in obesity: A link with gastrointestinal cancer. Nat. Rev.
Gastroenterol. Hepatol. 2018, 15, 671-682. [CrossRef] [PubMed]

Al Bander, Z.; Nitert, M.D.; Mousa, A.; Naderpoor, N. The gut microbiota and inflammation: An overview. Int. |. Environ. Res.
Public Health 2020, 17, 7618. [CrossRef]

DiBaise, ].K.; Zhang, H.; Crowell, M.D.; Krajmalnik-Brown, R.; Decker, G.A.; Rittmann, B.E. Gut Microbiota and Its Possible
Relationship With Obesity. Mayo Clin. Proc. 2008, 83, 460—-469. [CrossRef]

Munro, N. Gut microbiota: Its role in diabetes and obesity. Diabetes Prim. Care 2016, 18, 168-173.

Rahban, M.; Stanek, A.; Hooshmand, A.; Khamineh, Y.; Ahi, S.; Kazim, S.N.; Ahmad, F.; Muronetz, V.; Samy Abousenna, M.;
Zolghadri, S.; et al. Infection of Human Cells by SARS-CoV-2 and Molecular Overview of Gastrointestinal, Neurological, and
Hepatic Problems in COVID-19 Patients. J. Clin. Med. 2021, 10, 4802. [CrossRef]

Mulders, R.J.; de Git, K.C.G,; Schéle, E.; Dickson, S.L.; Sanz, Y.; Adan, R.A.H. Microbiota in obesity: Interactions with enteroen-
docrine, immune and central nervous systems. Obes. Rev. 2018, 19, 435-451. [CrossRef]

Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492-506.
[CrossRef] [PubMed]

Ye, J.; Keller, ].N. Regulation of energy metabolism by inflammation: A feedback response in obesity and calorie restriction. Aging
2010, 2, 361-368. [CrossRef] [PubMed]

Rajha, H.N.; Paule, A.; Aragones, G.; Barbosa, M.; Caddeo, C.; Debs, E.; Dinkova, R.; Eckert, G.P; Fontana, A.; Gebrayel, P; et al.
Recent Advances in Research on Polyphenols: Effects on Microbiota, Metabolism, and Health. Mol. Nutr. Food Res.
2022, 66, 2100670. [CrossRef] [PubMed]

Zwickey, H.; Horgan, A.; Hanes, D.; Schiffke, H.; Moore, A.; Wahbeh, H.; Jordan, J.; Ojeda, L.; McMurry, M.; Elmer, P,; et al. Effect
of the Anti-Inflammatory Diet in People with Diabetes and Pre-Diabetes: A Randomized Controlled Feeding Study. J. Restor. Med.
2019, 8, €20190107. [CrossRef]

Bolte, L.A.; Vich Vila, A.; Imhann, F; Collij, V.; Gacesa, R.; Peters, V.; Wijmenga, C.; Kurilshikov, A.; Campmans-Kuijpers,
M.J.E.; Fu, J.; et al. Long-term dietary patterns are associated with pro-inflammatory and anti-inflammatory features of the gut
microbiome. Gut 2021, 70, 1287. [CrossRef]

Wang, J.; Chen, W.-D.; Wang, Y.-D. The relationship between gut microbiota and inflammatory diseases: The role of macrophages.
Front. Microbiol. 2020, 11, 1065. [CrossRef]

Forbes, ].D.; Chen, C.-y.; Knox, N.C.; Marrie, R.-A.; El-Gabalawy, H.; de Kievit, T.; Alfa, M.; Bernstein, C.N.; Van Domselaar, G.
A comparative study of the gut microbiota in immune-mediated inflammatory diseases—Does a common dysbiosis exist?
Microbiome 2018, 6, 221. [CrossRef]

Meijnikman, A.S.; Gerdes, V.E.; Nieuwdorp, M.; Herrema, H. Evaluating causality of gut microbiota in obesity and diabetes in
humans. Endocr. Rev. 2018, 39, 133-153. [CrossRef]

Khan, I; Ullah, N.; Zha, L.; Bai, Y.; Khan, A.; Zhao, T.; Che, T.; Zhang, C. Alteration of gut microbiota in inflammatory bowel
disease (IBD): Cause or consequence? IBD treatment targeting the gut microbiome. Pathogens 2019, 8, 126. [CrossRef]

van der Beek, C.M.; Dejong, C.H.C.; Troost, EJ.; Masclee, A.A.M.; Lenaerts, K. Role of short-chain fatty acids in colonic
inflammation, carcinogenesis, and mucosal protection and healing. Nutr. Rev. 2017, 75, 286-305. [CrossRef]

Alsharairi, N.A. The Role of Short-Chain Fatty Acids in Mediating Very Low-Calorie Ketogenic Diet-Infant Gut Microbiota
Relationships and Its Therapeutic Potential in Obesity. Nutrients 2021, 13, 3702. [CrossRef] [PubMed]

Berthold, D.L.; Jones, K.D.; Udalova, I.A. Regional specialization of macrophages along the gastrointestinal tract. Trends Immunol.
2021, 42, 795-806. [CrossRef] [PubMed]


http://doi.org/10.1186/s41231-022-00124-6
http://doi.org/10.3390/nu14071509
http://doi.org/10.1007/s11010-022-04356-w
http://www.ncbi.nlm.nih.gov/pubmed/35084674
http://doi.org/10.3390/nu14102103
http://www.ncbi.nlm.nih.gov/pubmed/35631244
http://doi.org/10.1038/s41575-018-0025-6
http://www.ncbi.nlm.nih.gov/pubmed/29844585
http://doi.org/10.3390/ijerph17207618
http://doi.org/10.4065/83.4.460
http://doi.org/10.3390/jcm10214802
http://doi.org/10.1111/obr.12661
http://doi.org/10.1038/s41422-020-0332-7
http://www.ncbi.nlm.nih.gov/pubmed/32433595
http://doi.org/10.18632/aging.100155
http://www.ncbi.nlm.nih.gov/pubmed/20606248
http://doi.org/10.1002/mnfr.202100670
http://www.ncbi.nlm.nih.gov/pubmed/34806294
http://doi.org/10.14200/jrm.2019.0107
http://doi.org/10.1136/gutjnl-2020-322670
http://doi.org/10.3389/fmicb.2020.01065
http://doi.org/10.1186/s40168-018-0603-4
http://doi.org/10.1210/er.2017-00192
http://doi.org/10.3390/pathogens8030126
http://doi.org/10.1093/nutrit/nuw067
http://doi.org/10.3390/nu13113702
http://www.ncbi.nlm.nih.gov/pubmed/34835958
http://doi.org/10.1016/j.it.2021.07.006
http://www.ncbi.nlm.nih.gov/pubmed/34373208

Nutrients 2022, 14, 3985 12 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

Huang, C.; Du, W,; Nj, Y,; Lan, G.; Shi, G. The effect of short-chain fatty acids on M2 macrophages polarization in vitro and
in vivo. Clin. Exp. Immunol. 2022, 207, 53-64. [CrossRef]

Pérez-Reytor, D.; Puebla, C.; Karahanian, E.; Garcia, K. Use of short-chain fatty acids for the recovery of the intestinal epithelial
barrier affected by bacterial toxins. Front. Physiol. 2021, 12, 721. [CrossRef]

Kim, C.H. Control of lymphocyte functions by gut microbiota-derived short-chain fatty acids. Cell. Mol. Immunol.
2021, 18, 1161-1171. [CrossRef]

Pujari, R.; Banerjee, G. Impact of prebiotics on immune response: From the bench to the clinic. Immunol. Cell Biol. 2021, 99, 255-273.
[CrossRef] [PubMed]

Yao, Y.; Cai, X.; Fei, W,; Ye, Y.; Zhao, M.; Zheng, C. The role of short-chain fatty acids in immunity, inflammation and metabolism.
Crit. Rev. Food Sci. Nutr. 2022, 62, 1-12. [CrossRef] [PubMed]

Ellulu, M.S.; Patimah, I.; Khaza’ai, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking mechanism and the
complications. Arch. Med. Sci. 2017, 13, 851-863. [CrossRef]

Kawai, T.; Autieri, M.V,; Scalia, R. Adipose tissue inflammation and metabolic dysfunction in obesity. Am. . Physiol.-Cell Physiol.
2021, 320, C375-C391. [CrossRef]

Zorena, K.; Jachimowicz-Duda, O.; Slezak, D.; Robakowska, M.; Mrugacz, M. Adipokines and Obesity. Potential Link to Metabolic
Disorders and Chronic Complications. Int. J. Mol. Sci. 2020, 21, 3570. [CrossRef]

Taylor, E.B. The complex role of adipokines in obesity, inflammation, and autoimmunity. Clin. Sci. 2021, 135, 731-752. [CrossRef]
[PubMed]

Koijta, I.; Chaciriska, M.; Btachnio-Zabielska, A. Obesity, bioactive lipids, and adipose tissue inflammation in insulin resistance.
Nutrients 2020, 12, 1305. [CrossRef] [PubMed]

Stanek, A.; Brozyna-Tkaczyk, K.; Myéliriski, W. The role of obesity-induced perivascular adipose tissue (PVAT) dysfunction in
vascular homeostasis. Nutrients 2021, 13, 3843. [CrossRef]

Gui, X.; Chen, H.; Cai, H.; Sun, L.; Gu, L. Leptin promotes pulmonary fibrosis development by inhibiting autophagy via
PI3K/Akt/mTOR pathway. Biochem. Biophys. Res. Commun. 2018, 498, 660-666. [CrossRef] [PubMed]

Coppola, A.; Capuani, B.; Pacifici, F; Pastore, D.; Arriga, R.; Bellia, A.; Andreadi, A.; Di Daniele, N.; Lauro, R,
Della-Morte, D.; etal. Activation of Peripheral Blood Mononuclear Cells and Leptin Secretion: New Potential Role of
Interleukin-2 and High Mobility Group Box (HMGB)1. Int. ]. Mol. Sci. 2021, 22, 7988. [CrossRef] [PubMed]

Abella, V.; Scotece, M.; Conde, J.; Pino, J.; Gonzalez-Gay, M. A.; Gomez-Reino, ]J.J.; Mera, A.; Lago, F.; Gomez, R.; Gualillo, O.
Leptin in the interplay of inflammation, metabolism and immune system disorders. Nat. Rev. Rheumatol. 2017, 13, 100-109.
[CrossRef]

Becerril, S.; Rodriguez, A.; Catalan, V.; Ramirez, B.; Unamuno, X.; Portincasa, P.; Gémez-Ambrosi, J.; Frithbeck, G. Functional
relationship between leptin and nitric oxide in metabolism. Nutrients 2019, 11, 2129. [CrossRef]

Kumar, J.; Fang, H.; McCulloch, D.R.; Crowley, T.; Ward, A.C. Leptin receptor signaling via Janus kinase 2/Signal transducer and
activator of transcription 3 impacts on ovarian cancer cell phenotypes. Oncotarget 2017, 8, 93530. [CrossRef]

Park, HK.; Ahima, R.S. Leptin signaling. F1000prime Rep. 2014, 6, 73. [CrossRef]

Paz-Filho, G.; Mastronardi, C.; Franco, C.B.; Wang, K.B.; Wong, M.-L.; Licinio, ]J. Leptin: Molecular mechanisms, systemic
pro-inflammatory effects, and clinical implications. Arq. Bras. De Endocrinol. Metabol. 2012, 56, 597-607. [CrossRef]

Febriza, A.; Ridwan, R.; As’ad, S.; Kasim, V.N.; Idrus, H.H. Adiponectin and Its Role in Inflammatory Process of Obesity. Mol.
Cell. Biomed. Sci. 2019, 3, 60-66. [CrossRef]

Nagatake, T.; Shibata, Y.; Morimoto, S.; Node, E.; Sawane, K.; Hirata, S.-I.; Adachi, J.; Abe, Y.; Isoyama, J.; Saika, A. 12-
Hydroxyeicosapentaenoic acid inhibits foam cell formation and ameliorates high-fat diet-induced pathology of atherosclerosis in
mice. Sci. Rep. 2021, 11, 10426. [CrossRef] [PubMed]

Ramos-Ramirez, P.; Malmhill, C.; Tliba, O.; Radinger, M.; Bossios, A. Adiponectin/AdipoR1 Axis Promotes IL-10 Release by
Human Regulatory T Cells. Front. Immunol. 2021, 12, 677550. [CrossRef]

Kobashi, C.; Urakaze, M.; Kishida, M.; Kibayashi, E.; Kobayashi, H.; Kihara, S.; Funahashi, T.; Takata, M.; Temaru, R.; Sato, A.; et al.
Adiponectin Inhibits Endothelial Synthesis of Interleukin-8. Circ. Res. 2005, 97, 1245-1252. [CrossRef]

Tumminia, A.; Vinciguerra, F; Parisi, M.; Graziano, M.; Sciacca, L.; Baratta, R.; Frittitta, L. Adipose Tissue, Obesity and
Adiponectin: Role in Endocrine Cancer Risk. Int. J. Mol. Sci. 2019, 20, 2863. [CrossRef] [PubMed]

Wu, H.; Ballantyne, C.M. Metabolic inflammation and insulin resistance in obesity. Circ. Res. 2020, 126, 1549-1564. [CrossRef]
Karczewski, J.; Sledzinska, E.; Baturo, A.; Joniczyk, 1.; Maleszko, A.; Samborski, P.; Begier-Krasiriska, B.; Dobrowolska, A. Obesity
and inflammation. Eur. Cytokine Netw. 2018, 29, 83-94. [CrossRef]

Rohm, T.V,; Meier, D.T.; Olefsky, ].M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity
2022, 55, 31-55. [CrossRef]

Cox, A.J.; West, N.P,; Cripps, A.W. Obesity, inflammation, and the gut microbiota. Lancet Diabetes Endocrinol. 2015, 3, 207-215.
[CrossRef]

Crovesy, L.; Masterson, D.; Rosado, E.L. Profile of the gut microbiota of adults with obesity: A systematic review. Eur. J. Clin.
Nutr. 2020, 74, 1251-1262. [CrossRef]

Abenavoli, L.; Scarpellini, E.; Colica, C.; Boccuto, L.; Salehi, B.; Sharifi-Rad, J.; Aiello, V.; Romano, B.; De Lorenzo, A.; I1zzo, A.A.
Gut microbiota and obesity: A role for probiotics. Nutrients 2019, 11, 2690. [CrossRef]


http://doi.org/10.1093/cei/uxab028
http://doi.org/10.3389/fphys.2021.650313
http://doi.org/10.1038/s41423-020-00625-0
http://doi.org/10.1111/imcb.12409
http://www.ncbi.nlm.nih.gov/pubmed/32996638
http://doi.org/10.1080/10408398.2020.1854675
http://www.ncbi.nlm.nih.gov/pubmed/33261516
http://doi.org/10.5114/aoms.2016.58928
http://doi.org/10.1152/ajpcell.00379.2020
http://doi.org/10.3390/ijms21103570
http://doi.org/10.1042/CS20200895
http://www.ncbi.nlm.nih.gov/pubmed/33729498
http://doi.org/10.3390/nu12051305
http://www.ncbi.nlm.nih.gov/pubmed/32375231
http://doi.org/10.3390/nu13113843
http://doi.org/10.1016/j.bbrc.2018.03.039
http://www.ncbi.nlm.nih.gov/pubmed/29524411
http://doi.org/10.3390/ijms22157988
http://www.ncbi.nlm.nih.gov/pubmed/34360753
http://doi.org/10.1038/nrrheum.2016.209
http://doi.org/10.3390/nu11092129
http://doi.org/10.18632/oncotarget.19873
http://doi.org/10.12703/P6-73
http://doi.org/10.1590/S0004-27302012000900001
http://doi.org/10.21705/mcbs.v3i2.66
http://doi.org/10.1038/s41598-021-89707-1
http://www.ncbi.nlm.nih.gov/pubmed/34001916
http://doi.org/10.3389/fimmu.2021.677550
http://doi.org/10.1161/01.RES.0000194328.57164.36
http://doi.org/10.3390/ijms20122863
http://www.ncbi.nlm.nih.gov/pubmed/31212761
http://doi.org/10.1161/CIRCRESAHA.119.315896
http://doi.org/10.1684/ecn.2018.0415
http://doi.org/10.1016/j.immuni.2021.12.013
http://doi.org/10.1016/S2213-8587(14)70134-2
http://doi.org/10.1038/s41430-020-0607-6
http://doi.org/10.3390/nu11112690

Nutrients 2022, 14, 3985 13 of 17

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Muscogiuri, G.; Cantone, E.; Cassarano, S.; Tuccinardi, D.; Barrea, L.; Savastano, S.; Colao, A. Gut microbiota: A new path to treat
obesity. Int. J. Obes. Suppl. 2019, 9, 10-19. [CrossRef] [PubMed]

Grochowska, M.; Laskus, T.; Radkowski, M. Gut microbiota in neurological disorders. Arch. Immunol. et Ther. Exp.
2019, 67, 375-383. [CrossRef] [PubMed]

Sun, L.; Ma, L.; Ma, Y,; Zhang, F,; Zhao, C.; Nie, Y. Insights into the role of gut microbiota in obesity: Pathogenesis, mechanisms,
and therapeutic perspectives. Protein Cell 2018, 9, 397-403. [CrossRef] [PubMed]

Wu, D.; Wang, H.; Xie, L.; Hu, E. Cross-Talk between Gut Microbiota and Adipose Tissues in Obesity and Related Metabolic
Diseases. Front. Endocrinol. 2022, 13, 908868. [CrossRef] [PubMed]

Hassan, A.M.; Mancano, G.; Kashofer, K.; Liebisch, G.; Farzi, A.; Zenz, G.; Claus, S.P.; Holzer, P. Anhedonia induced by high-fat
diet in mice depends on gut microbiota and leptin. Nutr. Neurosci. 2022, 25, 299-312. [CrossRef] [PubMed]

Bagheri, S.; Rahban, M.; Bostanian, F.; Esmaeilzadeh, F.; Bagherabadi, A.; Zolghadri, S.; Stanek, A. Targeting Protein Kinases
and Epigenetic Control as Combinatorial Therapy Options for Advanced Prostate Cancer Treatment. Pharmaceutics 2022, 14, 515.
[CrossRef] [PubMed]

Korsten, S.G.; Peracic, L.; van Groeningen, L.M.; Diks, M.A.; Vromans, H.; Garssen, ].; Willemsen, L.E. Butyrate Prevents Induction
of CXCL10 and Non-Canonical IRF9 Expression by Activated Human Intestinal Epithelial Cells via HDAC Inhibition. Int. . Mol.
Sci. 2022, 23, 3980. [CrossRef] [PubMed]

Modoux, M.; Rolhion, N.; Lefevre, ].H.; Oeuvray, C.; Nadvornik, P.; Illes, P; Emond, P,; Parc, Y.; Mani, S.; Dvorak, Z.; et al.
Butyrate acts through HDAC inhibition to enhance aryl hydrocarbon receptor activation by gut microbiota-derived ligands. Gut
Microbes 2022, 14, 2105637. [CrossRef]

Canfora, E.; Jocken, J.; Blaak, E. Short-chain fatty acids in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol.
2015, 11, 577-591. [CrossRef]

Gabriel, F.C.; Fantuzzi, G. The association of short-chain fatty acids and leptin metabolism: A systematic review. Nutr. Res.
2019, 72, 18-35. [CrossRef] [PubMed]

Yao, H; Fan, C.; Fan, X,; Lu, Y.; Wang, Y.; Wang, R.; Tang, T.; Qi, K. Effects of gut microbiota on leptin expression and body weight
are lessened by high-fat diet in mice. Br. ]. Nutr. 2020, 124, 396-406. [CrossRef] [PubMed]

Tang, D.; Wang, Y.; Kang, W.; Zhou, J.; Dong, R.; Feng, Q. Chitosan attenuates obesity by modifying the intestinal microbiota and
increasing serum leptin levels in mice. . Funct. Foods 2020, 64, 103659. [CrossRef]

Arita, S.; Inagaki-Ohara, K. High-fat-diet-induced modulations of leptin signaling and gastric microbiota drive precancerous
lesions in the stomach. Nutrition 2019, 67-68, 110556. [CrossRef] [PubMed]

Barathikannan, K.; Chelliah, R.; Rubab, M.; Daliri, E.B.-M.; Elahi, F.; Kim, D.-H.; Agastian, P.; Oh, S.-Y.; Oh, D.H. Gut microbiome
modulation based on probiotic application for anti-obesity: A review on efficacy and validation. Microorganisms 2019, 7, 456.
[CrossRef] [PubMed]

Asadi, A.; Shadab Mehr, N.; Mohamadi, M.H.; Shokri, F; Heidary, M.; Sadeghifard, N.; Khoshnood, S. Obesity and gut-
microbiota—brain axis: A narrative review. J. Clin. Lab. Anal. 2022, 36, €24420. [CrossRef] [PubMed]

Torres-Fuentes, C.; Schellekens, H.; Dinan, T.; Cryan, J. The microbiota—gut-brain axis in obesity. Lancet Gastroenterol. Hepatol.
2017, 2, 747-756. [CrossRef]

Duan, M.; Wang, Y.; Zhang, Q.; Zou, R.; Guo, M.; Zheng, H. Characteristics of gut microbiota in people with obesity. PLoS ONE
2021, 16, e0255446. [CrossRef] [PubMed]

Jin, J.; Cheng, R.; Ren, Y.; Shen, X.; Wang, J.; Xue, Y.; Zhang, H.; Jia, X.; Li, T.; He, E; et al. Distinctive Gut Microbiota in
Patients with Overweight and Obesity with Dyslipidemia and its Responses to Long-term Orlistat and Ezetimibe Intervention: A
Randomized Controlled Open-label Trial. Front. Pharmacol. 2021, 12, 2247. [CrossRef]

Palmas, V.; Pisanu, S.; Madau, V.; Casula, E.; Deledda, A.; Cusano, R.; Uva, P,; Vascellari, S.; Loviselli, A.; Manzin, A.; et al. Gut
microbiota markers associated with obesity and overweight in Italian adults. Sci. Rep. 2021, 11, 5532. [CrossRef] [PubMed]

Xu, Z.; Jiang, W.; Huang, W.; Lin, Y.; Chan, EK.L.; Ng, S.C. Gut microbiota in patients with obesity and metabolic disorders—A
systematic review. Genes Nutr. 2022, 17, 2. [CrossRef] [PubMed]

Gao, X,; Jia, R.; Xie, L.; Kuang, L.; Feng, L.; Wan, C. A study of the correlation between obesity and intestinal flora in school-age
children. Sci. Rep. 2018, 8, 14511. [CrossRef] [PubMed]

Tokarek, J.; Gadzinowska, ].; Mtynarska, E.; Franczyk, B.; Rysz, ]. What Is the Role of Gut Microbiota in Obesity Prevalence? A
Few Words about Gut Microbiota and Its Association with Obesity and Related Diseases. Microorganisms 2022, 10, 52. [CrossRef]
Topping, D.L.; Clifton, PM. Short-chain fatty acids and human colonic function: Roles of resistant starch and nonstarch
polysaccharides. Physiol. Rev. 2001, 81, 1031-1064. [CrossRef] [PubMed]

Nogal, A.; Valdes, A.M.; Menni, C. The role of short-chain fatty acids in the interplay between gut microbiota and diet in
cardio-metabolic health. Gut Microbes 2021, 13, 1897212. [CrossRef] [PubMed]

Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A. Diversity
of the Human Intestinal Microbial Flora. Science 2005, 308, 1638. [CrossRef]

Koliada, A.; Syzenko, G.; Moseiko, V.; Budovska, L.; Puchkov, K.; Perederiy, V.; Gavalko, Y.; Dorofeyev, A.; Romanenko, M.;
Tkach, S.; et al. Association between body mass index and Firmicutes/Bacteroidetes ratio in an adult Ukrainian population. BMC
Microbiol. 2017, 17, 120. [CrossRef] [PubMed]


http://doi.org/10.1038/s41367-019-0011-7
http://www.ncbi.nlm.nih.gov/pubmed/31391921
http://doi.org/10.1007/s00005-019-00561-6
http://www.ncbi.nlm.nih.gov/pubmed/31578596
http://doi.org/10.1007/s13238-018-0546-3
http://www.ncbi.nlm.nih.gov/pubmed/29725936
http://doi.org/10.3389/fendo.2022.908868
http://www.ncbi.nlm.nih.gov/pubmed/35865314
http://doi.org/10.1080/1028415X.2020.1751508
http://www.ncbi.nlm.nih.gov/pubmed/32290785
http://doi.org/10.3390/pharmaceutics14030515
http://www.ncbi.nlm.nih.gov/pubmed/35335890
http://doi.org/10.3390/ijms23073980
http://www.ncbi.nlm.nih.gov/pubmed/35409339
http://doi.org/10.1080/19490976.2022.2105637
http://doi.org/10.1038/nrendo.2015.128
http://doi.org/10.1016/j.nutres.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31669116
http://doi.org/10.1017/S0007114520001117
http://www.ncbi.nlm.nih.gov/pubmed/32213218
http://doi.org/10.1016/j.jff.2019.103659
http://doi.org/10.1016/j.nut.2019.110556
http://www.ncbi.nlm.nih.gov/pubmed/31554603
http://doi.org/10.3390/microorganisms7100456
http://www.ncbi.nlm.nih.gov/pubmed/31623075
http://doi.org/10.1002/jcla.24420
http://www.ncbi.nlm.nih.gov/pubmed/35421277
http://doi.org/10.1016/S2468-1253(17)30147-4
http://doi.org/10.1371/journal.pone.0255446
http://www.ncbi.nlm.nih.gov/pubmed/34375351
http://doi.org/10.3389/fphar.2021.732541
http://doi.org/10.1038/s41598-021-84928-w
http://www.ncbi.nlm.nih.gov/pubmed/33750881
http://doi.org/10.1186/s12263-021-00703-6
http://www.ncbi.nlm.nih.gov/pubmed/35093025
http://doi.org/10.1038/s41598-018-32730-6
http://www.ncbi.nlm.nih.gov/pubmed/30267022
http://doi.org/10.3390/microorganisms10010052
http://doi.org/10.1152/physrev.2001.81.3.1031
http://www.ncbi.nlm.nih.gov/pubmed/11427691
http://doi.org/10.1080/19490976.2021.1897212
http://www.ncbi.nlm.nih.gov/pubmed/33764858
http://doi.org/10.1126/science.1110591
http://doi.org/10.1186/s12866-017-1027-1
http://www.ncbi.nlm.nih.gov/pubmed/28532414

Nutrients 2022, 14, 3985 14 of 17

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Ley, R.E.; Turnbaugh, PJ.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes associated with obesity. Nature
2006, 444, 1022-1023. [CrossRef]

Turnbaugh, PJ.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A,;
Affourtit, ].P; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 484. [CrossRef] [PubMed]

Duncan, S.H.; Lobley, G.E.; Holtrop, G.; Ince, J.; Johnstone, A.M.; Louis, P; Flint, H.J]. Human colonic microbiota associated with
diet, obesity and weight loss. Int. ]. Obes. 2008, 32, 1720-1724. [CrossRef] [PubMed]

Schwiertz, A.; Taras, D.; Schifer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean and overweight
healthy subjects. Obesity 2010, 18, 190-195. [CrossRef] [PubMed]

Walters, W.A,; Xu, Z.; Knight, R. Meta-analyses of human gut microbes associated with obesity and IBD. FEBS Lett.
2014, 588, 4223-4233. [CrossRef] [PubMed]

Zacarias, M.F,; Collado, M.C.; Gomez-Gallego, C.; Flinck, H.; Aittoniemi, J.; Isolauri, E.; Salminen, S. Pregestational overweight
and obesity are associated with differences in gut microbiota composition and systemic inflammation in the third trimester. PLoS
ONE 2018, 13, €0200305. [CrossRef]

Bisanz, ].E.; Upadhyay, V.; Turnbaugh, J.A.; Ly, K.; Turnbaugh, P.J. Meta-analysis reveals reproducible gut microbiome alterations
in response to a high-fat diet. Cell Host Microbe 2019, 26, 272. [CrossRef]

Wei, Y.; Liang, J.; Su, Y,; Wang, J.; Amakye, WK.; Pan, J.; Chu, X,; Ma, B.; Song, Y.; Li, Y.; et al. The associations of the
gut microbiome composition and short-chain fatty acid concentrations with body fat distribution in children. Clin. Nutr.
2021, 40, 3379-3390. [CrossRef] [PubMed]

Miranda, V.P.N.; Dos Santos Amorim, P.R.; Bastos, R.R.; De Faria, E.R.; De Castro Moreira, M.E.; Do Carmo Castro Franceschini, S.;
Do Carmo Gouveia Peluzio, M.; De Luces Fortes Ferreira, C.L.; Priore, S.E. Abundance of Gut Microbiota, Concentration of
Short-Chain Fatty Acids, and Inflammatory Markers Associated with Elevated Body Fat, Overweight, and Obesity in Female
Adolescents. Mediat. Inflamm. 2019, 2019, 7346863. [CrossRef] [PubMed]

Sanchez-Alcoholado, L.; Ordéiez, R.; Otero, A.; Plaza-Andrade, I.; Laborda-Illanes, A.; Medina, J.A.; Ramos-Molina, B.; Gémez-
Millén, J.; Queipo-Ortufio, M.I. Gut Microbiota-Mediated Inflammation and Gut Permeability in Patients with Obesity and
Colorectal Cancer. Int. . Mol. Sci. 2020, 21, 6782. [CrossRef]

Chen, J.; Yang, Y;; Yu, N.; Sun, W.; Yang, Y.; Zhao, M.; Chen, J.; Yang, Y.; Yu, N.; Sun, W.; et al. Relationship between gut
microbiome characteristics and the effect of nutritional therapy on glycemic control in pregnant women with gestational diabetes
mellitus. PLoS ONE 2022, 17, €0267045. [CrossRef]

Marcason, W. What is the anti-inflammatory diet? J. Am. Diet. Assoc. 2010, 110, 1780. [CrossRef] [PubMed]

Cooper, I; Brukner, P; Devlin, B.L.; Reddy, A.].; Fulton, M.; Kemp, J.L.; Culvenor, A.G. An anti-inflammatory diet intervention for
knee osteoarthritis: A feasibility study. BMC Musculoskelet. Disord. 2022, 23, 47. [CrossRef]

Jovanovié, G.K.; Mrakovcic-Sutic, 1.; Zeielj, S.P; Susa, B.; Raheli¢, D.; Majanovi¢, S.K. The Efficacy of an Energy-Restricted
Anti-Inflammatory Diet for the Management of Obesity in Younger Adults. Nutrients 2020, 12, 3583. [CrossRef]
Gholamalizadeh, M.; Ahmadzadeh, M.; BourBour, F.; Vahid, F.; Ajami, M.; Majidi, N.; Hajipour, A.; Doaei, S.; Kalantari, N.;
Alizadeh, A ; et al. Associations between the dietary inflammatory index with obesity and body fat in male adolescents. BMC
Endocr. Disord. 2022, 22, 115. [CrossRef]

Carrera-Quintanar, L.; Roa, R.I.L.; Quintero-Fabian, S.; Sdnchez-Sanchez, M.A.; Vizmanos, B.; Ortufio-Sahagtn, D. Phytochemicals
That Influence Gut Microbiota as Prophylactics and for the Treatment of Obesity and Inflammatory Diseases. Mediat. Inflamm.
2018, 2018, 9734845. [CrossRef]

Lopez-Legarrea, P; Fuller, N.R.; Zulet, M.A_; Martinez, J.A.; Caterson, 1.D. The influence of Mediterranean, carbohydrate and
high protein diets on gut microbiota composition in the treatment of obesity and associated inflammatory state. Asia Pac. J. Clin.
Nutr. 2014, 23, 360-368. [CrossRef]

Caputo, M.; Pigni, S.; Antoniotti, V.; Agosti, E.; Caramaschi, A.; Antonioli, A.; Aimaretti, G.; Manfredi, M.; Bona, E.; Prodam, F.
Targeting microbiota in dietary obesity management: A systematic review on randomized control trials in adults. Crit. Rev. Food
Sci. Nutr. 2022, 1-33. [CrossRef]

Willett, W.C.; Sacks, F,; Trichopoulou, A.; Drescher, G.; Ferro-Luzzi, A.; Helsing, E.; Trichopoulos, D. Mediterranean diet pyramid:
A cultural model for healthy eating. Am. J. Clin. Nutr. 1995, 61, 14025-1406S. [CrossRef] [PubMed]

Mukherjee, M.S.; Han, C.Y.; Sukumaran, S.; Delaney, C.L.; Miller, M.D. Effect of anti-inflammatory diets on inflammation markers
in adult human populations: A systematic review of randomized controlled trials. Nutr. Rev. 2022, nuac045. [CrossRef] [PubMed]
Lotfi, K.; Saneei, P.; Hajhashemy, Z.; Esmaillzadeh, A. Adherence to the Mediterranean Diet, Five-Year Weight Change, and Risk
of Overweight and Obesity: A Systematic Review and Dose-Response Meta-Analysis of Prospective Cohort Studies. Adv. Nutr.
2022, 13, 152-166. [CrossRef]

Chen, T.; Long, W.; Zhang, C.; Liu, S.; Zhao, L.; Hamaker, B.R. Fiber-utilizing capacity varies in Prevotella-versus Bacteroides-
dominated gut microbiota. Sci. Rep. 2017, 7, 2594. [CrossRef] [PubMed]

Feng, Y.; Duan, Y.; Xu, Z; Lyu, N.; Liu, E; Liang, S.; Zhu, B. An examination of data from the American Gut Project reveals that the
dominance of the genus Bifidobacterium is associated with the diversity and robustness of the gut microbiota. MicrobiologyOpen
2019, 8, €939. [CrossRef]


http://doi.org/10.1038/4441022a
http://doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
http://doi.org/10.1038/ijo.2008.155
http://www.ncbi.nlm.nih.gov/pubmed/18779823
http://doi.org/10.1038/oby.2009.167
http://www.ncbi.nlm.nih.gov/pubmed/19498350
http://doi.org/10.1016/j.febslet.2014.09.039
http://www.ncbi.nlm.nih.gov/pubmed/25307765
http://doi.org/10.1371/JOURNAL.PONE.0200305
http://doi.org/10.1016/j.chom.2019.06.013
http://doi.org/10.1016/j.clnu.2020.11.014
http://www.ncbi.nlm.nih.gov/pubmed/33277072
http://doi.org/10.1155/2019/7346863
http://www.ncbi.nlm.nih.gov/pubmed/31933541
http://doi.org/10.3390/ijms21186782
http://doi.org/10.1371/journal.pone.0267045
http://doi.org/10.1016/j.jada.2010.09.024
http://www.ncbi.nlm.nih.gov/pubmed/21034890
http://doi.org/10.1186/s12891-022-05003-7
http://doi.org/10.3390/nu12113583
http://doi.org/10.1186/s12902-022-01001-x
http://doi.org/10.1155/2018/9734845
http://doi.org/10.6133/APJCN.2014.23.3.16
http://doi.org/10.1080/10408398.2022.2087593
http://doi.org/10.1093/ajcn/61.6.1402S
http://www.ncbi.nlm.nih.gov/pubmed/7754995
http://doi.org/10.1093/nutrit/nuac045
http://www.ncbi.nlm.nih.gov/pubmed/35831971
http://doi.org/10.1093/advances/nmab092
http://doi.org/10.1038/s41598-017-02995-4
http://www.ncbi.nlm.nih.gov/pubmed/28572676
http://doi.org/10.1002/mbo3.939

Nutrients 2022, 14, 3985 15 0f 17

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Iversen, K.N.; Dicksved, J.; Zoki, C.; Fristedt, R; Pelve, E.A.; Langton, M.; Landberg, R. The Effects of High Fiber Rye, Compared
to Refined Wheat, on Gut Microbiota Composition, Plasma Short Chain Fatty Acids, and Implications for Weight Loss and
Metabolic Risk Factors (the RyeWeight Study). Nutrients 2022, 14, 1669. [CrossRef] [PubMed]

Munch Roager, H.; Vogt, ] K.; Kristensen, M.; Hansen, L.B.S.; Ibrtigger, S.; Maerkedahl, R.B.; Bahl, M.L; Lind, M.V.; Nielsen, R.L.;
Frokiaer, H.; et al. Whole grain-rich diet reduces body weight and systemic low-grade inflammation without inducing major
changes of the gut microbiome: A randomised cross-over trial. Gut 2019, 68, 83-93. [CrossRef] [PubMed]

Vitaglione, P.; Mennella, I.; Ferracane, R.; Rivellese, A.A.; Giacco, R.; Ercolini, D.; Gibbons, S.M.; La Storia, A.; Gilbert, ].A,;
Jonnalagadda, S.; et al. Whole-grain wheat consumption reduces inflammation in a randomized controlled trial on overweight
and obese subjects with unhealthy dietary and lifestyle behaviors: Role of polyphenols bound to cereal dietary fiber. Am. J. Clin.
Nutr. 2015, 101, 251-261. [CrossRef] [PubMed]

Garcia-Mantrana, I.; Selma-Royo, M.; Alcantara, C.; Collado, M.C. Shifts on Gut Microbiota Associated to Mediterranean Diet
Adherence and Specific Dietary Intakes on General Adult Population. Front. Microbiol. 2018, 9, 890. [CrossRef]

Aslam, H.; Marx, W.; Rocks, T.; Loughman, A.; Chandrasekaran, V.; Ruusunen, A.; Dawson, S.L.; West, M.; Mullarkey, E.;
Pasco, J.A.; et al. The effects of dairy and dairy derivatives on the gut microbiota: A systematic literature review. Gut Microbes
2020, 12, 1799533. [CrossRef]

Rosés, C.; Cuevas-Sierra, A.; Quintana, S.; Riezu-Boj, ].I.; Alfredo Martinez, ].; Milagro, E1.; Barcel6, A. Gut Microbiota Bacterial
Species Associated with Mediterranean Diet-Related Food Groups in a Northern Spanish Population. Nutrients 2021, 13, 636.
[CrossRef]

Kimble, R.; Gouinguenet, P.; Ashor, A.; Stewart, C.; Deighton, K.; Matu, J.; Griffiths, A.; Malcomson, EC.; Joel, A,;
Houghton, D.; et al. Effects of a mediterranean diet on the gut microbiota and microbial metabolites: A systematic review of
randomized controlled trials and observational studies. Crit. Rev. Food Sci. Nutr. 2022, 1-22. [CrossRef]

Waddell, LS.; Orfila, C. Dietary fiber in the prevention of obesity and obesity-related chronic diseases: From epidemiological
evidence to potential molecular mechanisms. Crit Rev. Food Sci. Nutr 2022, 1-16. [CrossRef]

Jovanovski, E.; Mazhar, N.; Komishon, A.; Khayyat, R.; Li, D.; Blanco Mejia, S.; Khan, T.; Jenkins, A.L.; Smircic-Duvnjak, L.;
Sievenpiper, J.L. Effect of viscous fiber supplementation on obesity indicators in individuals consuming calorie-restricted diets: A
systematic review and meta-analysis of randomized controlled trials. Eur. J. Nutr. 2021, 60, 101-112. [CrossRef]

Chen, J.-P; Chen, G.-C.; Wang, X.-P; Qin, L.; Bai, Y. Dietary fiber and metabolic syndrome: A meta-analysis and review of related
mechanisms. Nutrients 2017, 10, 24. [CrossRef]

David, L.A.; Maurice, C.F,; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y,;
Fischbach, M.A. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559-563. [CrossRef] [PubMed]
Chambers, E.S.; Byrne, C.S.; Morrison, D.J.; Murphy, K.G.; Preston, T.; Tedford, C.; Garcia-Perez, I.; Fountana, S.; Serrano-
Contreras, ].I.; Holmes, E. Dietary supplementation with inulin-propionate ester or inulin improves insulin sensitivity in adults
with overweight and obesity with distinct effects on the gut microbiota, plasma metabolome and systemic inflammatory responses:
A randomised cross-over trial. Gut 2019, 68, 1430-1438. [PubMed]

Reynolds, A.; Mann, J.; Cummings, J.; Winter, N.; Mete, E.; Te Morenga, L. Carbohydrate quality and human health: A series of
systematic reviews and meta-analyses. Lancet 2019, 393, 434-445. [CrossRef]

Flint, H.J.; Scott, K.P; Duncan, S.H.; Louis, P.; Forano, E. Microbial degradation of complex carbohydrates in the gut. Gut Microbes
2012, 3, 289-306. [CrossRef]

Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 2003, 62, 67-72. [CrossRef]
[PubMed]

Gill, PA.; van Zelm, M.C.; Ffrench, R.A.; Muir, J.G.; Gibson, PR. Successful elevation of circulating acetate and propionate
by dietary modulation does not alter T-regulatory cell or cytokine profiles in healthy humans: A pilot study. Eur. |. Nutr.
2020, 59, 2651-2661. [CrossRef]

Dugas, L.R.; Bernabé, B.P,; Priyadarshini, M.; Fei, N.; Park, S.J.; Brown, L.; Plange-Rhule, J.; Nelson, D.; Toh, E.C.; Gao, X.; et al.
Decreased microbial co-occurrence network stability and SCFA receptor level correlates with obesity in African-origin women.
Sci. Rep. 2018, 8,17135. [CrossRef]

Wang, X.; Qi, Y.; Zheng, H. Dietary Polyphenol, Gut Microbiota, and Health Benefits. Antioxidants 2022, 11, 1212. [CrossRef]
Ma, G.; Chen, Y. Polyphenol supplementation benefits human health via gut microbiota: A systematic review via meta-analysis. .
Funct. Foods 2020, 66, 103829. [CrossRef]

Xie, L.; Tang, Q.; Yao, D.; Gu, Q.; Zheng, H.; Wang, X.; Yu, Z.; Shen, X. Effect of Decaffeinated Green Tea Polyphenols on Body Fat
and Precocious Puberty in Obese Girls: A Randomized Controlled Trial. Front. Endocrinol. 2021, 12, 1288. [CrossRef]

Romain, C.; Chung, L.H.; Marin-Cascales, E.; Rubio-Arias, J.A ; Gaillet, S.; Laurent, C.; Morillas-Ruiz, ].M.; Martinez-Rodriguez, A.;
Alcaraz, PE.; Cases, |. Sixteen Weeks of Supplementation with a Nutritional Quantity of a Diversity of Polyphenols from Foodstuff
Extracts Improves the Health-Related Quality of Life of Overweight and Obese Volunteers: A Randomized, Double-Blind,
Parallel Clinical Trial. Nutrients 2021, 13, 492. [CrossRef] [PubMed]

Lima, A.C.D,; Cecatti, C.; Fidélix, M.P.; Adorno, M.A.T.; Sakamoto, L.K.; Cesar, T.B.; Sivieri, K. Effect of Daily Consumption of
Orange Juice on the Levels of Blood Glucose, Lipids, and Gut Microbiota Metabolites: Controlled Clinical Trials. J. Med. Food
2019, 22, 202-210. [CrossRef] [PubMed]


http://doi.org/10.3390/nu14081669
http://www.ncbi.nlm.nih.gov/pubmed/35458231
http://doi.org/10.1136/gutjnl-2017-314786
http://www.ncbi.nlm.nih.gov/pubmed/29097438
http://doi.org/10.3945/ajcn.114.088120
http://www.ncbi.nlm.nih.gov/pubmed/25646321
http://doi.org/10.3389/fmicb.2018.00890
http://doi.org/10.1080/19490976.2020.1799533
http://doi.org/10.3390/nu13020636
http://doi.org/10.1080/10408398.2022.2057416
http://doi.org/10.1080/10408398.2022.2061909
http://doi.org/10.1007/s00394-020-02224-1
http://doi.org/10.3390/nu10010024
http://doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
http://www.ncbi.nlm.nih.gov/pubmed/30971437
http://doi.org/10.1016/S0140-6736(18)31809-9
http://doi.org/10.4161/gmic.19897
http://doi.org/10.1079/PNS2002207
http://www.ncbi.nlm.nih.gov/pubmed/12740060
http://doi.org/10.1007/s00394-019-02113-2
http://doi.org/10.1038/s41598-018-35230-9
http://doi.org/10.3390/antiox11061212
http://doi.org/10.1016/j.jff.2020.103829
http://doi.org/10.3389/fendo.2021.736724
http://doi.org/10.3390/nu13020492
http://www.ncbi.nlm.nih.gov/pubmed/33540841
http://doi.org/10.1089/jmf.2018.0080
http://www.ncbi.nlm.nih.gov/pubmed/30638420

Nutrients 2022, 14, 3985 16 of 17

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Guevara-Cruz, M.; Godinez-Salas, E.T.; Sanchez-Tapia, M.; Torres-Villalobos, G.; Pichardo-Ontiveros, E.; Guizar-Heredia, R.;
Arteaga-Sanchez, L.; Gamba, G.; Mojica-Espinosa, R.; Schcolnik-Cabrera, A.; et al. Genistein stimulates insulin sensitivity through
gut microbiota reshaping and skeletal muscle AMPK activation in obese subjects. BM] Open Diabetes Res. Care 2020, 8, €000948.
[CrossRef] [PubMed]

Mena, P,; Bresciani, L. Dietary fibre modifies gut microbiota: What’s the role of (poly)phenols? Int. ]. Food Sci. Nutr.
2020, 71, 783-784. [CrossRef]

Medina-Vera, I.; Sanchez-Tapia, M.; Noriega-Lépez, L.; Granados-Portillo, O.; Guevara-Cruz, M.; Flores-Lopez, A.; Avila-Nava, A;
Fernandez, M.L.; Tovar, A.R.; Torres, N. A dietary intervention with functional foods reduces metabolic endotoxaemia and atten-
uates biochemical abnormalities by modifying faecal microbiota in people with type 2 diabetes. Diabetes Metab. 2019, 45, 122-131.
[CrossRef]

Conterno, L.; Martinelli, F.; Tamburini, M.; Fava, F.; Mancini, A.; Sordo, M.; Pindo, M.; Martens, S.; Masuero, D.; Vrhovsek, U.; et al.
Measuring the impact of olive pomace enriched biscuits on the gut microbiota and its metabolic activity in mildly hypercholes-
terolaemic subjects. Eur. |. Nutr. 2019, 58, 63-81. [CrossRef]

Vetrani, C.; Maukonen, J.; Bozzetto, L.; Della Pepa, G.; Vitale, M.; Costabile, G.; Riccardi, G.; Rivellese, A.A.; Saarela, M.;
Annuzzi, G. Diets naturally rich in polyphenols and/or long-chain n-3 polyunsaturated fatty acids differently affect microbiota
composition in high-cardiometabolic-risk individuals. Acta Diabetol. 2020, 57, 853-860. [CrossRef]

Abedi, E.; Sahari, M.A. Long-chain polyunsaturated fatty acid sources and evaluation of their nutritional and functional properties.
Food Sci. Nutr. 2014, 2, 463. [CrossRef]

Zhang, Y.Y.; Liu, W.; Zhao, T.Y.; Tian, H.M. Efficacy of Omega-3 Polyunsaturated Fatty Acids Supplementation in Managing
Overweight and Obesity: A Meta-Analysis of Randomized Clinical Trials. J. Nutr. Health Aging 2017, 21, 187-192. [CrossRef]
Amirani, E.; Asemi, Z.; Asbaghi, O.; Milajerdi, A.; Reiner, 7.; Mansournia, MLA.; Hallajzadeh, J.; Moazzami, B.; Chaichian, S. The
effects of omega-3 fatty acids supplementation on metabolic status in pregnant women: A systematic review and meta-analysis
of randomized controlled trials. J. Diabetes Metab. Disord. 2020, 19, 1685-1699. [CrossRef]

Noriega, B.S.; Sanchez-Gonzalez, M. A ; Salyakina, D.; Coffman, J. Understanding the Impact of Omega-3 Rich Diet on the Gut
Microbiota. Case Rep. Med. 2016, 2016, 3089303. [CrossRef] [PubMed]

Watson, H.; Mitra, S.; Croden, EC.; Taylor, M.; Wood, H.M.; Perry, S.L.; Spencer, J.A.; Quirke, P; Toogood, G.J.; Lawton, C.L.; et al.
A randomised trial of the effect of omega-3 polyunsaturated fatty acid supplements on the human intestinal microbiota. Gut
2018, 67, 1974-1983. [CrossRef] [PubMed]

Djuric, Z.; Bassis, C.M.; Plegue, M.A.; Sen, A.; Turgeon, D.K.; Herman, K.; Young, V.B.; Brenner, D.E.; Ruffin, M.T. Increases in
Colonic Bacterial Diversity after w-3 Fatty Acid Supplementation Predict Decreased Colonic Prostaglandin E2 Concentrations in
Healthy Adults. J. Nutr. 2019, 149, 1170-1179. [CrossRef] [PubMed]

Lim, R.R.X,; Park, M.A.; Wong, L.H.; Haldar, S.; Lim, K.J.; Nagarajan, N.; Henry, C.J.; Jiang, Y.R.; Moskvin, O.V. Gut microbiome
responses to dietary intervention with hypocholesterolemic vegetable oils. NP] Biofilms Microbiomes 2022, 8, 24. [CrossRef]
Ohland, C.L.; MacNaughton, W.K. Probiotic bacteria and intestinal epithelial barrier function. Am. J. Physiol.-Gastrointest. Liver
Physiol. 2010, 298, 807-819. [CrossRef]

Hibberd, A.A.; Yde, C.C.; Ziegler, M.L.; Honoré, A.H.; Saarinen, M.T.; Lahtinen, S.; Stahl, B.; Jensen, H.M.; Stenman, L.K. Probiotic
or synbiotic alters the gut microbiota and metabolism in a randomised controlled trial of weight management in overweight
adults. Benef. Microbes 2019, 10, 121-135. [CrossRef]

Stenman, L.K.; Lehtinen, M.].; Meland, N.; Christensen, J.E.; Yeung, N.; Saarinen, M.T.; Courtney, M.; Burcelin, R.; Ldhdeaho,
M.L,; Linros, J.; et al. Probiotic With or Without Fiber Controls Body Fat Mass, Associated With Serum Zonulin, in Overweight
and Obese Adults-Randomized Controlled Trial. EBioMedicine 2016, 13, 190-200. [CrossRef]

Shadnoush, M.; Hosseini, R.S.; Mehrabi, Y.; Delpisheh, A.; Alipoor, E.; Faghfoori, Z.; Mohammadpour, N.; Moghadam, J.Z.
Probiotic yogurt Affects Pro- and Anti-inflammatory Factors in Patients with Inflammatory Bowel Disease. Iran. |. Pharm. Res.
IJPR 2013, 12, 929.

Crovesy, L.; El-Bacha, T.; Rosado, E.L. Modulation of the gut microbiota by probiotics and symbiotics is associated with changes
in serum metabolite profile related to a decrease in inflammation and overall benefits to metabolic health: A double-blind
randomized controlled clinical trial in women with obesity. Food Funct. 2021, 12, 2161-2170. [CrossRef]

Swanson, K.S.; Gibson, G.R.; Hutkins, R.; Reimer, R.A.; Reid, G.; Verbeke, K.; Scott, K.P,; Holscher, H.D.; Azad, M.B,;
Delzenne, N.M.; et al. The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the
definition and scope of synbiotics. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 687-701. [CrossRef]

Wang, C.; Li, S.; Xue, P; Yu, L.; Tian, F; Zhao, J.; Chen, W.; Xue, Y.; Zhai, Q. The effect of probiotic supplementation on lipid
profiles in adults with overweight or obesity: A meta-analysis of randomized controlled trials. J. Funct. Foods 2021, 86, 104711.
[CrossRef]

Chaiyasut, C.; Sivamaruthi, B.S.; Lailerd, N.; Sirilun, S.; Khongtan, S.; Fukngoen, P.; Peerajan, S.; Saelee, M.; Chaiyasut, K;
Kesika, P.; et al. Probiotics Supplementation Improves Intestinal Permeability, Obesity Index and Metabolic Biomarkers in Elderly
Thai Subjects: A Randomized Controlled Trial. Foods 2022, 11, 268. [CrossRef] [PubMed]

Kaczmarczyk, M.; Szuliriska, M.; Loniewski, I.; Kregielska-Narozna, M.; Skonieczna-Zydecka, K.; Kosciolek, T.; Bezshapkin, V;
Bogdanski, P. Treatment With Multi-Species Probiotics Changes the Functions, Not the Composition of Gut Microbiota in


http://doi.org/10.1136/BMJDRC-2019-000948
http://www.ncbi.nlm.nih.gov/pubmed/32152146
http://doi.org/10.1080/09637486.2020.1826913
http://doi.org/10.1016/j.diabet.2018.09.004
http://doi.org/10.1007/s00394-017-1572-2
http://doi.org/10.1007/s00592-020-01494-9
http://doi.org/10.1002/fsn3.121
http://doi.org/10.1007/s12603-016-0755-5
http://doi.org/10.1007/s40200-020-00558-5
http://doi.org/10.1155/2016/3089303
http://www.ncbi.nlm.nih.gov/pubmed/27065349
http://doi.org/10.1136/gutjnl-2017-314968
http://www.ncbi.nlm.nih.gov/pubmed/28951525
http://doi.org/10.1093/jn/nxy255
http://www.ncbi.nlm.nih.gov/pubmed/31051496
http://doi.org/10.1038/s41522-022-00287-y
http://doi.org/10.1152/ajpgi.00243.2009
http://doi.org/10.3920/BM2018.0028
http://doi.org/10.1016/j.ebiom.2016.10.036
http://doi.org/10.1039/D0FO02748K
http://doi.org/10.1038/s41575-020-0344-2
http://doi.org/10.1016/j.jff.2021.104711
http://doi.org/10.3390/foods11030268
http://www.ncbi.nlm.nih.gov/pubmed/35159419

Nutrients 2022, 14, 3985 17 of 17

Postmenopausal Women With Obesity: A Randomized, Double-Blind, Placebo-Controlled Study. Front. Cell. Infect. Microbiol.
2022, 12, 213. [CrossRef] [PubMed]

144. Pellegrini, M.; Ippolito, M.; Monge, T.; Violi, R.; Cappello, P.; Ferrocino, I.; Cocolin, L.S.; De Francesco, A.; Bo, S.; Finocchiaro, C.
Gut microbiota composition after diet and probiotics in overweight breast cancer survivors: A randomized open-label pilot
intervention trial. Nutrition 2020, 74, 110749. [CrossRef] [PubMed]


http://doi.org/10.3389/fcimb.2022.815798
http://www.ncbi.nlm.nih.gov/pubmed/35360106
http://doi.org/10.1016/j.nut.2020.110749
http://www.ncbi.nlm.nih.gov/pubmed/32234652

	Introduction 
	Methods 
	Relationships between Gut Microbiota and Inflammation 
	Obesity and Inflammation 
	Obesity and Gut Microbiota 
	The Interplay of the Gut Microbiota, Inflammation, and Obesity 
	Influence of Anti-Inflammatory Diet on Gut Microbiota, Insulin Signaling, and Obesity 
	Mediterranean Diet 
	Dietary Fiber 
	Polyphenols 
	Omega-3-Rich Diet 
	Probiotics 

	Conclusions 
	References

