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Abstract: The obesity epidemic shows no signs of abatement. Genetics and overnutrition together
with a dramatic decline in physical activity are the alleged main causes for this pandemic. While
they undoubtedly represent the main contributors to the obesity problem, they are not able to fully
explain all cases and current trends. In this context, a body of knowledge related to exposure to
as yet underappreciated obesogenic factors, which can be referred to as the “exposome”, merits
detailed analysis. Contrarily to the genome, the “exposome” is subject to a great dynamism and
variability, which unfolds throughout the individual’s lifetime. The development of precise ways
of capturing the full exposure spectrum of a person is extraordinarily demanding. Data derived
from epidemiological studies linking excess weight with elevated ambient temperatures, in utero,
and intergenerational effects as well as epigenetics, microorganisms, microbiota, sleep curtailment,
and endocrine disruptors, among others, suggests the possibility that they may work alone or
synergistically as several alternative putative contributors to this global epidemic. This narrative
review reports the available evidence on as yet underappreciated drivers of the obesity epidemic.
Broadly based interventions are needed to better identify these drivers at the same time as stimulating
reflection on the potential relevance of the “exposome” in the development and perpetuation of the
obesity epidemic.

Keywords: obesogens; “exposome”; environment; epigenetics; microbiota; antibiotics; viral infection;
sleep; endocrine disruptors; brown adipose tissue; thermogenesis

1. Introduction

If practitioners are asked about the current key public health challenges, in addition
to the COVID-19 pandemic, many will mention obesity among the top priorities. The
prevalence of obesity has tripled during the last decades, imposing an enormous burden
not only on people’s health, but also on society at large with obesity increasing world-
wide [1–3]. Risk factor exposure, relative risk, and imputable disease burden have been
addressed in a comprehensive and standardized way by the Global Burden of Diseases,
Injuries, and Risk Factors Study [4]. A rigorous analysis of the trends and specific levels
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of risk factor exposure together with a quantitative assessment of the plausible human
health effects is of utmost importance. In this context, deep knowledge is required about
when current efforts are being inadequate as opposed to when public health initiatives are
showing fruitful effects. Identifying the ecological factors and external drivers of change
that are currently tipping the balance may prove extraordinarily useful. This approach
represents a biomedical challenge and public health need. Thus, it is worthwhile consid-
ering the conceptual basis to better understand alterations at the population level as well
as their potential interaction with the surrounding with an innovative perspective on, as
yet, underappreciated but conceivable factors. A search for original articles and reviews
published between January 1990 and February 2022 focusing on causes and contributors
was performed in PubMed and MEDLINE using the following search terms (or combi-
nation of terms): “obesity”, “epidemic or pandemic”, “comorbidity or comorbidities”,
“outcomes”, “mortality”, “drivers”, “sedentarism”, “physical inactivity”, “environment or
environmental”, “antibiotics”, “microbiota”, “genetics”, “epigenetics”, “viral infection”,
“infectobesity”, “sleep”, “chronobiology”, “obesogens”, “endocrine disrupters”, “thermo-
genesis”, “urban planning”, “climate change” and “exposome”. Only English-language,
full-text articles were included. Additional articles that were identified from the bibliogra-
phies of the retrieved articles were also used, as well as selected very recent references from
March 2022. Articles in journals with explicit policies governing conflicts-of-interest, and
stringent peer-review processes were favored. Data from larger replicated studies with
longer periods of observation, when possible, were systematically chosen to be presented.
More weight was given to randomized controlled trials, prospective case–control studies,
meta-analyses and systematic reviews.

Up-to-date our thinking on the obesity epidemic has focused mainly on direct causes,
such as genetic and behavioral determinants of energy intake and expenditure [5,6]. The
combination of increased sedentarism and life expectancy have contributed to the obesity
epidemic and its comorbidities with people exhibiting a poorer physical function [7–9].
Exercise produces extraordinarily complex physiological responses at the same time as
inducing changes in cellular energy balance, leading to intensity-dependent activation
of AMP-activated protein kinase (AMPK) in skeletal muscle [7,10], via effects on diverse
intramuscular and hormonal factors adaptations to increased physical activity include
amelioration of the cardiorespiratory fitness, as shown by an augmented maximal oxygen
uptake together with an elevated muscle oxidative capacity promoted by an increased mi-
tochondrial biogenesis and angiogenesis. Elicited signals include enhanced catecholamine
signaling, sarcoplasmic calcium release, changes in mechanical stretch and force, metabolic
alterations, disruptions to the redox state and acid–base balance, increased muscle tem-
perature, and increased circulating adrenaline concentrations. These signals operate on
transmembrane receptors, thereby activating downstream signaling pathways, or directly
stimulate the release of exercise-responsive signaling molecules. Interestingly, exercise
stimulates the secretion of metabolites, extracellular vesicles, and myokines that enable
crosstalk with other organs, like adipose tissue, pancreas, liver, heart, gut, and brain as well
as the vascular and immune systems.

When focusing on the time scale, two quite diverse influences can be distinguished
that exert their effects on ingestive behavior, as well as on other aspects of energy home-
ostasis [11]. The evolutionary time frame, on the one hand, determines the selection of
metabolic and behavioral traits embedded within a concrete genome. Famine, as a con-
tinuous peril to survival, has led to the selection of the so-called “thrifty genes”. Within a
given environmental context, this thriftiness can be manifested at different levels, such as
(i) the ‘energy-sparing’ metabolism to increase efficiency (metabolic), (ii) the proclivity to
quick adipose tissue accretion (adipogenic), (iii) the capability to slow down or even switch
off non-essential processes (physiologic), (iv) the propensity to hastily swallow available
food (gluttony), (v) the proneness towards sedentarism to spare or conserve energy (sloth),
and, finally, (vi) behavioural adaptations that can even result in selfish hoarding to warrant
survival (Figure 1).
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Figure 1. Schematic diagram of the factors involved in energy homeostasis. The classical Venn
diagram shows how in obesity the intersection between increased food intake, nutrient absorption,
and fat accumulation, together with decreased energy expenditure, the main factors determining
energy homeostasis, are simultaneously under the broader influence of the environment as well as
genetics and epigenetics.

The life-course time frame, on the other hand, is responsible for determining the
phenotype. The early embryo’s nutritional environment can exert major influences on its
survival as well as on its short- and long-term physiological milieu. Thereafter, fetuses
are still susceptible to nutritional intake, determined via the utero-placental unit and the
maternal energetic supply. Through childhood, the adaptive plasticity is maintained and
continues into adolescence and adulthood. Thereby, satiety and appetite, which encompass
ingestive behavior, underlie a huge array of adaptations aimed first at survival. Thus,
our “thrifty genes”, the “nutrition transition”, and the “technology-driven sedentariness”
have been the main causes blamed, with regard to the obesity epidemic. However, recent
mounting evidence obtained in diverse scientific settings is challenging this view. This
narrative review reports the available evidence on the potential relevance of the “exposome”
and the impact of yet underappreciated drivers of the obesity pandemic.

2. Emerging Evidence Working as Warning Signs

The past half-century has witnessed a particularly rapid increase in obesity, localized
initially in high-income countries and urban settings, but also spreading, subsequently, to
both low- and middle- income countries, as well as rural areas [3,12]. In this context, a
conceptual framework may need to be put forward, focusing on more profound drivers
embedded within society together with their interaction with biological, psychological, and
socioeconomic processes.

2.1. Genetics

Rare, severe, early-onset monogenic obesity is often opposed to common or polygenic
obesity as polarized and quite distinct entities. Studies for both forms of obesity, however,
report shared genetic and biological underpinnings, thereby highlighting the pivotal role
of the brain in body weight control [6]. New insights come from genome-wide association
studies (GWAS) which are characterized by advanced sequencing technology in huge
sample sizes. Moreover, cross-disciplinary post-GWAS approaches, combining novel
analytical techniques and omics technologies, are opening new ways of understanding,
and fostering the translation of genetic loci into meaningful biological pathways.
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Genome-wide association scans for obesity-related traits have shown small size effects
of the implicated genes that can be even reversed by physical activity [13–17]. Additionally,
obesity appears to spread more through social than family ties [18], thereby further de-
creasing the relative relevance of genetics. On the contrary, the human genome is regulated
via epigenetics whereby concrete ecological exposures bear risk for excess weight and
associated comorbidities [19–24]. Given that survival of organisms is determined by the
adequacy of nutrient intake to parallel energy expenditure, excess adiposity originally
emerged as an advantageous developmental plasticity adaptation encompassing both in-
trauterine and intergenerational effects that bear maladaptive consequences in the current
inappropriate scenario. While maternal nutrition and metabolism were well-established
critical determinants of adult offspring health, adverse offspring outcomes are also report-
edly associated with the father’s diet [25,26], thereby indicating non-genetic inheritance of
paternal influence. In this sense, men with moderate obesity display distinct DNA methy-
lation profiles as well as small non-coding RNA expression in sperm [27]. However, it is
unknown to what extent epigenetic influences on gametes impact on the metabolic profile
of the progeny. Moreover, lately, reproductive performance changes have taken place,
including higher fertility among people with elevated fatness and increasing maternal
age [28]. A noteworthy point is that the mother’s age influences excess weight risk via
its impact on birth weight, whereby older women are at risk of delivering either larger
or smaller babies as would be expected according to their gestational age, a circumstance
that, in turn, augments the chances of originating adults with excess weight. In fact, the
pregnant mother’s age and body mass index (BMI), as well as the father’s, together with
the natal weight, the post-natal weight, and fat depot gain profiles reportedly exert an
impact on the offspring’s life [29].

Assortative mating, i.e., the non-random mating of people as regards their phenotype
and cultural factors, may have further contributed to the obesity epidemic [30]. The shift in
the development of obesity earlier in time allows the univocal identification of partners with
a specific phenotype concerning weight already in the late teens and early twenties [31].
Thus, the increase in excess weight evidenced recently in descendants may also relate
to the impact of both simple and complex interactions on the non-random coupling of
people based on BMI. People with high adiposity may go out with people with a similar
phenotype and may be more comfortable as well as be attracted by persons with the same
physical characteristics rather than by those with a normal weight. In addition, sharing the
same sociocultural interests among people with similar BMI may also take place. Whilst
matching of couples with excess body fat may accentuate the genetic susceptibility in the
progeny, the underlying mechanism is still unclear [32]. Interestingly, married couples
formed by people with elevated BMI already at school age have been shown to tend to
increase alongside the excess weight pandemic, that, in turn, can elevate the progeny’s
susceptibility to obesity [32].

2.2. Microbiome

The gut microbiome has also proven to be a key player in energy homeostasis [33,34],
whereby specific gut microbial communities may be contemplated as another plausible
factor for obesity development. Broad modifications in the gut microbiome have been evi-
denced in people with excess weight, which are reactive to changes in body weight [35–38].
Although a huge interindividual variability has been observed, in obesity, an overall reduc-
tion in microbial diversity, together with a particular decreased amount of Bacteroidetes at
the same time as a consequent elevation of Firmicutes, have been reported. More precisely,
observational obesity studies indicate less gut bacterial diversification with augmented
levels of Bacteroides fragilis, Fusobacterium, Lactobacillus reuteri, and Staphylococcus aureus, at
the same time as a lower representation of Lactobacillus plantarum, Methanobrevibacter, Akker-
mansia muciniphila, Dysosmobacter welbionis, and Bifidobacterium animalis in people living
with obesity as compared to non-obese persons [38,39]. Mechanistically, the microbiome of
people living with obesity has been associated with increasing energy-harvesting efficiency
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from the diet and alterations in gut permeability leading to metabolic endotoxemia, as
well as changes in host gene expression that regulate inflammation, insulin resistance, fat
storage, and fatty liver [40–42]. Latest findings indicate that microbiomes obtained from
people with normal weight and obesity are different in how they interact with the host and
its metabolism [43].

2.3. Infectobesity

Infection is getting more attention as a possible cause or inducing factor of obesity.
The supporting findings come from both epidemiological data and the biological plausi-
bility derived from the direct roles of some viral agents on reprogramming of the host’s
metabolism towards adipogenesis. Over the past decades, evidence has been growing
with regard to an increased incidence in children and adults living with obesity of both
nosocomial and community-acquired infections, suggesting that specific infections may
be involved in the development of obesity [44]. More recently, the COVID-19 syndemic
has further shown how people living with obesity are more likely to become infected with
the coronavirus SARS-CoV-2 and exhibit an elevated risk of hospitalization, complications,
and mortality, in probable relation to an altered immune response to infection, a chronic
low-grade inflammation, together with an increased cardiometabolic risk [45–48].

Viral infections, as well as by other microorganisms, have been put forward as a
plausible explanation for the excess weight epidemic with the concept of “infectobesity”
harbouring the possibility that some viruses and microbes may wield an etiological role
in the development of obesity [49–52]. The specific impact of excess weight on the risk
of infections and the immune response triggered by infections has been addressed in a
small number of studies in the population with obesity [44,53,54]. It is noteworthy that
obesity augments the susceptibility to infections via an impaired immune response [55]. In
addition, excess weight can also affect the pharmacokinetics of antimicrobial drugs as well
as the response to vaccines [56,57]. A direct role on the host’s metabolism reprogramming
towards adipogenesis has been put forward as a causative or inducing factor of obesity. The
existence of circulating antibodies against certain infectious agents (e.g., Chlamydia pneu-
moniae and adenovirus-36) has been associated with the suffering of excess weight [58,59].
Viral agents involved in the genesis of obesity can be classified into five main categories
expanding from Adenoviruses and Herpes viruses to phages, slow viruses of transmissible
spongiform encephalopathies, and other encephalitides, as well as hepatitides. Of all the
viruses analyzed, adenovirus-36 (Ad-36) emerged as an appropriate candidate, according
to clinical and modelling data [60]. Although mechanisms by which this adenovirus may
prompt excess weight development need to be fully unraveled, it has been postulated
that weight gain occurs via a direct adipogenic effect, whereby Ad-36 enters adipocytes
modifying enzymatic and transcriptional factors leading to triacylglycerol accretion, in-
creased oxidative stress, inflammation, and differentiation of preadipocytes into mature
adipocytes [61,62]. A potential link between Ad-36 and obesity-related nonalcoholic fatty
liver disease (NAFLD) development relies on leptin gene expression and insulin sensitivity
reduction, glucose uptake increase, lipogenic and pro-inflammatory pathway activation in
adipose tissue, and macrophage chemoattractant protein-1 elevation [63]. The possibility of
the exchange of components of the microbiota, including the virome and virobiota, should
not be discarded. In this context, the gut microbiota reportedly sustains intrinsic interferon
signaling [63].

Of note, under persistent viral infections, the adaptation of the host’s metabolism
and immunity may be jeopardized. In addition to fructose-rich diets, decreased insulin
sensitivity, chronic systemic low-grade inflammation and mitochondrial alterations, and
gastrointestinal microbiota are reportedly involved in the development and worsening
of NAFLD [64–66]. Due to the affected hepatic metabolism, the secretion of organokines
(adipokines, myokines, hepatokines, and osteokines, among others) can be altered [67].
Changes in the secretion pattern of hepatokines can indirectly or directly contribute to
aggravating NAFLD. In particular, reciprocal alterations with a decrease in fibroblast
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growth factor (FGF) 19 and an increase in FGF21 concentrations have been reported in
obesity [68,69]. Plausible organ-specific changes in the reactiveness to the FGFs are charac-
teristic in excess weight with adipose and hepatic changes taking differing directions in
β-Klotho expression.

2.4. Chronobiology

Energy balance conservation constitutes a dynamic process with circadian rhythmicity
acting as a “timekeeper” playing a decisive role in systemic homeostasis [70]. Under
physiological circumstances, clock-primed biological functions synchronize to anticipate
daily demands to warrant survival. Light exposure, physical activity, and sleep patterns, as
well as meal timing and composition are common factors involved in energy homeostasis.
It is noteworthy that the disruption or desynchronization of these factors can favor the
genesis of a wide number of non-communicable diseases (NCDs), among them obesity and
its comorbidities [71]. Chronological features delineate the integration in time of prediction
by clock genes and metabolic and bioenergetics reactions to nutrients, whereby molecular
chronotypes might be further participating in the genesis of obesity.

The internal clock makes the organism ready for regular physiological functions, such
as eating and sleeping, with alterations in clock priming causing disturbances in biological
rhythms and metabolism [72]. The worldwide obesity prevalence increases and metabolism
alterations concur with sleep debt together with an increase in shift work as well as night
exposure to light [73–76]. Sleep curtailment, as well as alterations in the chronobiology,
foster elevations in BMI and sabotage dietary efforts to diminish adiposity [77]. Lack of
sleep was reportedly followed by augmented hunger, elevated circulating ghrelin concen-
trations, and decreased circulating leptin levels, when their energy intake was restricted, as
opposed to when people were in positive energy balance. Moreover, reduced sleep report-
edly impacts on numerous neuroendocrine signals coordinating substrate use such as the
concentrations of catecholamines, thyroid, cortisol, and growth hormone. Sleep privation
and sleep alterations relate to maladaptation of the hypothalamic–pituitary–adrenal axis,
translating into increased production of glucocorticoids [78,79], which can compromise
the immune system [80] and increase abdominal obesity in the long term [81]. It has been
recently shown that people with excess weight curtailing their sleep regularly experienced
a negative energy balance by extending their sleep duration in a real-life scenario [82]. A
better knowledge of the interaction between circadian rhythm disturbance and energy
homeostasis may help to explain the pathophysiological processes fundamental to weight
gain, thereby paving the path towards identifying novel therapeutic approaches.

2.5. Endocrine Disrupters–Obesogens

The hypothesis relating to the evolutionary origination of well-being and sickness
stems from decades ago [83,84]. Subsequently, diverse epidemiological studies evidenced
the relation between maternal obesity while pregnant and the possibility of the progeny to
develop certain chronic adult diseases or NCDs. Among the plausible underlying mecha-
nisms, early developmental insulin resistance stands out. Additional factors include an
increased placental nutrient transfer and fetal exposure to endocrine-disrupting chemicals
(EDCs), which cross the placenta, exhibit diverse tissular bioaccumulation levels, and
show gender-specific vulnerability, with male fetuses being more vulnerable than female
ones [85,86]. In utero environment modifications may also underlie the transmittable epi-
genetic changes that can endure over various generations, thereby supporting the rationale
for disease development later in life. Accumulating evidence shows that EDCs interfere
with endocrine regulation and metabolism, leading to lifestyle-related cardiometabolic risk
factors [87,88].

Interestingly, EDCs are widespread in the environment and our daily life, with expo-
sure encompassing the air and foods, as well as habitual items as close as personal care
products [89]. Whilst the effects of individual compounds have been extensively studied,
the combination of chemicals needs to be analyzed in more detail to better understand
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the realistic landscape of exposure to EDCs. While a dose-response relationship has not
been clearly established and may not always be predictable, accumulating evidence shows
that already low exposures taking place in daily life may exert a notable impact on the
individual’s susceptibility [90]. Moreover, in utero EDCs exposure exerts transgenerational
effects reaching even the F4 generation [23]. EDCs impinge on pre- and postnatal growth,
metabolism, body weight control, thyroid function, sexual development, puberty, and
reproduction, among others. Though the exact mechanisms of how phenotypic features
are transferred from an exposed organism to the progeny remain largely unknown strong
evidence is mounting regarding a variety of epigenetic mechanisms including differential
methylation of both DNA and histones, together with histone retention, non-coding RNAs
expression and deposition, as well as chromatin organization and structure changes [23].

Obesity is positively associated with the exposure to EDCs [87,91]. The hypothesis
of obesogens in the environment purports that pollutants of a chemical nature have the
capacity to induce excess weight modifying metabolism and homeostatic set-points, affect-
ing appetite regulation, altering lipid metabolism to stimulate adipocyte hypertrophy, and
promoting adipogenic pathways aimed at fat cell hyperplasia, thereby predisposing, initiat-
ing or exacerbating weight gain [92,93]. Phthalates, per- and polyfluoroalkyl substances,
polycyclic aromatic hydrocarbons, bisphenol A (BPA), heavy metals (cadmium, arsenic
and mercury), and pesticides are well-known EDCs [94]. Important concepts regarding the
potential impact of EDC include window and duration of exposure, role of combinations or
mixtures, transgenerational effects, and epigenetic mechanisms. EDCs interrupt hormonal
signaling, alter adipocyte differentiation, and interfere with metabolism, in particular
during early developmental stages for several generations [94]. Various EDCs like BPA,
diethylstilbestrol, phthalates and organotins, to mention a few, can interfere with signaling
by targeting pathways of nuclear hormone receptors (glucocorticoid receptors, sex steroid,
retinoid X receptor, and peroxisome proliferator-activated receptor γ) relevant to adipocyte
proliferation and differentiation. At the adipocyte level, this is achieved by disrupting body
weight homeostasis promoting long-term obesogenic changes with the epidemiological
impact that can be multiplied when the interference takes place in moments of particular
sensitivity like the fetal period and childhood. Thus, individuals exposed to obesogens may
be preprogrammed towards an adipogenic fate worsened by socioeconomic circumstances
favoring unhealthy diets as well as insufficient physical activity that promote poor diet and
inadequate exercise and struggle lifelong to maintain a healthy weight. It is of note that
BPA, polybrominated diphenyl ethers, phthalates, together with perfluoro products have
been steadily increasing their levels in humans establishing a specific connection among
adipogenic phenotypes with exposure and transcriptional network control [95].

The metabolism of xenobiotics is commonly viewed as a process of detoxification,
but occasionally the metabolites of some compounds, which are usually inert or harmless,
can become biologically active [96]. EDCs, in addition to stimulating adipogenesis and
lipogenesis, can also repress lipolytic signaling, thereby inducing altered phenotypes [97].
Neurohormonal regulation of lipolytic rate classically underlies catecholamine-induced
activation and insulin-stimulated suppression [98]. However, a large number of lipolytic
mediators include mitogen-activated protein kinase, AMP-activated protein kinase, atrial
natriuretic peptides, adipokines, and structural membrane proteins [99–105]. Among the
latter ones, aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10) represent a subfamily
of aquaporins participating in glycerol movement across cell membranes. Due to their
glycerol permeability, aquaglyceroporins are involved in energy balance. Glycerol influx
and efflux control in metabolically relevant organs by aquaglyceroporins plays a pivotal
role with the dysregulation of these glycerol channels being associated with metabolic
diseases, such as obesity, insulin resistance, non-alcoholic fatty liver disease, and cardiac
hypertrophy [106]. In fact, glycerol embodies a key metabolite as a substrate for de novo
synthesis of triacylglycerols and glucose as well as an energy substrate for ATP production
via mitochondrial oxidative phosphorylation. Noteworthy, the control of glycerol release
by aquaglyceroporins in adipocytes plays a pivotal role in energy homeostasis reportedly
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associated with NCDs, such as insulin resistance, and obesity [107]. The potential interfer-
ence of EDCs with a number of lipolytic factors deserves further analysis. Furthermore,
EDCs also disrupt activity of brown and beige fat, the thermogenic adipose tissues [108].

Given the habitual exposure to multiple EDCs, the assessment of public health effects
is complicated. In this respect, special care during pregnancy and childhood would be
desirable. Sound knowledge about plausible mechanistic explanations on how specific
exposures in a given environment translate into making individuals more susceptible to
suffer some diseases like obesity [23]. Adequate determination of the surrounding toxicol-
ogy together with its derived health risks might be achieved via advanced computational
and prediction tools, and investigations of both systematic and integrative approaches
further validating novel reliable metabolic biomarkers. Additionally, integration efforts
aimed at mimicking the surrounding’s specific circumstances are needed in new studies
pursuing the evaluation of the effects of EDCs.

2.6. Urban Planning

Interestingly, urban environment characteristics may also contain upstream drivers
of obesity [109,110]. Nonetheless, consideration of the simultaneous combination of en-
vironmental factors is not normally addressed. When looking at the same time at 86 el-
ements characterizing the urban “exposome” relating to BMI via geocoded exposures
including individual home addresses, traffic noise, air pollution, built environment, and
green-space, as well as neighborhood socio-demographic factors, relevant insight can be
obtained. Exposure-obesity associations were identified after adjustment for individual
socio-demographic characteristics. Associations of BMI with the mean neighborhood house
cost, food facilities within a close reach, oxidation capacity of particulate elements, air
pollution, low-income neighborhoods, and one-person households exhibited the strongest
consistency [109]. BMIs were more elevated in low-income neighborhoods, in people with
lower mean house cost, lower proportion of single-people households, and areas with lower
numbers of healthy food facilities. The holistic analysis of the obesogens of the environment
emphasizes the mounting information as regards the relevance of socioeconomics, urban
planning, and air pollution as regards the neighborhood.

2.7. Climate Change

Global warming is a well-known public health challenge and bidirectional influences
regarding adiposity and global warming have been established [111]. Since 1950, car-
bon emissions worldwide have increased at an exponential rate. Transport, construction,
manufacturing, housing, forestry, and agriculture modifications, together with the world
population increase in important obesity rates, can be considered as principal contributors
to carbon emissions. With increasing atmospheric temperature, less adaptive thermoge-
nesis can be expected in people with obesity who may simultaneously be less physically
active, at the same time as increasing their carbon footprint. Thus, over the last centuries
environmental influences like an increase in ambient temperature in relation to climate
change and global warming together with transportation, temperature insulation of both
edifices, and individuals have decreased the necessity of people to generate energy by
inducing thermogenesis. Therefore, it is important to consider the environmental impact
of the rising obesity rates to learn more about how to tackle the excess weight pandemic,
at the same time as how to minimize energy consumption, food waste, greenhouse gas
emissions, in general, and carbon footprint, in particular. Of note, the Mediterranean diet,
which is characterized by low in meat intake, reportedly reduces by 72% greenhouse gas
emissions, by 58% land use, and by 52% energy consumption [111].

In this context, it is important to consider that human fat consists mainly of white
adipose tissue (WAT) and brown adipose tissue (BAT) [112]. Whereas WAT stores energy
surplus and releases it according to the needs of the organism, BAT converts it to heat
playing a role in body temperature control [113–117]. Patches of brown-like adipocytes
that appear in WAT constitute beige fat [118]. Like BAT, beige fat also represents a further
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thermogenic adipose depot with increased levels of thermogenic genes and respiration
rates. Interestingly, beige adipocytes, also termed brite (derived from the contraction of
“brown-in-white”) cells, resemble white adipocytes in the basal state, but are rich in mito-
chondria and release heat when activated in response to thermogenic stimuli [119]. Thus,
beige or brite adipocytes exhibit a distinct gene expression pattern to that of brown or white
fat cells. The worldwide temperature increase might be also playing a role in the obesity
epidemic via a concomitant reduction in BAT activity [120]. BAT as well as beige fat have
been greatly underestimated in adults. For many years the BAT contribution in adults to
energy expenditure both in terms of amount and effectiveness was presumed to be trivial
due to the presence of only marginal brown fat depots [114]. BAT and beige fat express
uncoupling protein 1 (UCP1), which rapidly generates heat when activated. UCP1 is stimu-
lated by cold-exposure and diet leading to increased activity of the sympathetic nervous
system as well as oxidation of huge quantities of glucose and lipids. The identification of
functional BAT in adult humans that can be stimulated by cold exposure has changed our
understanding of cellular bioenergetics, especially with regard to adaptive thermogenesis
in humans [113–117].

Whilst BAT research has mainly addressed its participation in non-shivering ther-
mogenesis, the identification of its highly dynamic secretory capacity has revealed its
endocrine and paracrine function via the release of “batokines” [121]. These plentiful
BAT-derived molecules impinge on the physiology of diverse cell types and multiple or-
gan systems like adipose tissue, skeletal muscle, liver, and cardiovascular system, among
others [122]. Interestingly, the variety of signaling molecules encompassed by batokines
extends from peptides and lipids to metabolites and microRNAs [123]. Further research
in humans aimed at delineating the role of batokines beyond the BAT-mediated energy
expenditure is required. Among the endocrine batokines peptide factors like adiponectin,
FGF21, interleukin-6, neuregulin-4, myostatin, and phospholipid transfer protein, as well
as some microRNAs like miR-92a and miR-99b, stand out, whereas the lipids include
lipokines, bioactive compounds, derived from adipose tissue, that regulate diverse molec-
ular signaling pathways. Recently, an oxylipin, 12,13-dihydroxy-9Z-octadecenoic acid
(12,13-diHOME), has attracted interest. The elevation in serum 12,13-diHOME has been
associated with improved metabolic health with the action of this molecule appears to
be mediated by brown adipose tissue (BAT). Its circulating concentrations are negatively
correlated with BMI and insulin sensitivity. Exposure to cold and physical exercise result
in an increase in circulating levels of 12,13-diHOME, which promotes browning of WAT
and stimulates fatty acid absorption by BAT via stimulating the translocation of the fatty
acid transporters CD36 and FATP1 to the cell membrane [124,125]. Moreover, the existence
of other as yet unidentified factors involved in energy balance regulation should not be
discarded [126,127].

2.8. Plurality of Obesity Epidemics

A noteworthy, elegant cross-species analysis has clearly shown a plurality of epidemics
of excess weight among domestic mammals, even without the presence of the elements
characteristically conceived as the main predetermining factors of the obesity epidemic via
their impact on lifestyle habits like diet and physical activity [128]. These findings indicate
that excess weight genesis over the last decades depends on the confluence of additional
yet underappreciated environmental influences.

3. The “Exposome” as a Plausible Underlying Mechanism of Action

The word “exposome” stands for the assessment over the whole life of a person of
all the exposures and its relationship to disease. This concept has been fostered by the
success in mapping the human genome [129,130]. Of note, the exposure of a person starts at
conception and in utero, continuing over childhood and adolescence (Figure 2). Job-related
insults as well as influences from leisure time and the environment further accumulate
during adulthood progressing up to senescence. Many single nucleotide polymorphisms
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(SNPs) are genetic variants of low penetrance involved in the control of food intake, body
weight, and lipid metabolism, among others.
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Figure 2. Conventional versus critical window “exposome” views in assessment of health risk in
humans. The comprehensive portrait of an individual’s “exposome” evolves throughout the lifetime
with the possibility of prioritized exposure factors, during specific time-points or critical windows
as opposed to a standard, random or linear exposure. The diagram emphasizes the relevance of
measurements at different time-points (modified from Fang et al. [131]).

Despite their low penetrance, the SNPs’ high prevalence implies a potential substantial
contribution to the disease burden at the population level. This means that in a concrete
exposure scenario the majority of SNPs, although being of low penetrance, will emerge
because of strong environmental influences. While exposures of the surrounding exhibit an
exceedingly relevant protagonism in the development of NCDs, a clear association is not
easy to unravel. The “exposome” will be best deciphered by obtaining deeper knowledge
on how dietary and lifestyle exposures interplay with the individual’s unique genetic,
epigenetic, and physiologic characteristics translate into disease. In this scenario, the
“exposome” can be contemplated from a conventional point of view, in which insults are
randomly distributed along the whole lifecycle, or with the lens of the critical window
exposure, in which insults are non-randomly allocated to specific time-periods during
life [131]. Improvement in disease etiology identification at the population level will come
from complementing the emphasis on genotyping by a detailed analysis of the plentiful en-
vironmental exposures [132,133], with its accurate assessment remaining a formidable and
pending demand in obesity assessment. Moreover, the development of methods that accu-
rately capture both the external environment as well as the internal chemical background of
the individual are urgently needed (Figure 3). In order to complement the “genome” with
its matching “exposome” the same precision for an individual’s environmental exposure as
we have for the subject’s genome should be pursued.
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combined exposures from all external sources that reach the internal chemical environment. Specific
biomarkers or potential signatures of the “exposome” might be detected in the bloodstream.

Need for an Integral Consideration of the Collective Impact of Simultaneously Acting Drivers

Contrarily to the genome, the “exposome” is subject to a great dynamism and variabil-
ity, which unfolds throughout the individual’s lifetime. The development of precise ways
of determination that capture the full exposure spectrum of a person is extraordinarily
demanding. These considerations are particularly relevant for children and adolescents
with obesity, given that the increased exposure is expected to translate into larger adverse
effects than weight gain only during adulthood [134,135]. Furthermore, the concept of
epigenetics comprises the study of changes in the organism caused by alterations in gene
expression rather than modifications of the genetic code itself [136,137]. Interestingly, epi-
genetic marks can be affected by air pollution, organic pollutants, exposure to benzene,
metals, and electromagnetic radiation. Other potential environmental stressors capable of
changing the epigenetic landscape include chemical and xenobiotic compounds present in
the atmosphere or water.

Moreover, while responses to certain specific exposures are invariable, to other external
insults responses may change (“resposome”), with disparity depending on genome and
epigenome changes (Figure 4). While some alterations reveal chronicity in exposure,
certain cases reveal a latent response, based on “priming” for a late pathogenesis via
epigenetic changes.

Analysis of the current human “exposome” emphasizes the challenges represented
by the concepts of lifelong exposure and the need to compute all environmental factors
in order to obtain the whole real life exposomic scenario [131]. To overcome these limita-
tions and establish the relation between human health and the “exposome” focusing on
critical-window periods can be combined with data- and hypothesis-driven exposomics.
Moreover, analysis of high-throughput and multidimensional data of both internal and
external exposure factors are welcome [131]. Useful tools to analyze the “exposome” and
foster exposomics should comprise different steps, i.e., (i) the development of biomark-
ers capturing exposure effect, susceptibility to exposure, and disease progression; (ii) the
application of advances that integrate systems biology with environmental big data; and
(iii) exploratory data mining to analyze the relationships between exposure effects, and
other factors that ultimately lead to obesity development and thereby provide potential
mechanistic information (Figure 5). Artificial intelligence will broadly reshape medicine,
thereby improving the experiences of both patients and clinicians. In fact, artificial intelli-
gence is already being applied in an ever-increasing number of medical fields moving from
what might have been considered speculation years ago to reality right now. Progress in
data analysis, including image deconvolutions, non-image data sources, unconventional
problem formulations, sophisticated algorithms, and human–artificial intelligence collabo-
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rations, will reduce the gap between research and clinical practice. While these challenges
are being addressed, artificial intelligence will develop exponentially, making healthcare
more accessible, efficient, and accurate for patients worldwide [138].
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Figure 5. Evolution of the individual’s genetic and environmental framework across the lifespan.
Over a lifetime, genetic and environmental influences may change reciprocally with acute and
chronic exposures translating into a specific information with predictive interest as well as effective
biomarkers that may provide mechanistic insight of pragmatic application.

In order to be particularly helpful, “exposome” assessment should combine GWAS
together with epigenome-wide association trials and detailed metabolic-endocrinological
phenotyping of the individuals. Moreover, these combined analyses should be applied at
multiple time-points to establish the potential interaction effect. The large amount of data
on exposures provided by these projects hinders the interpretation of their relationship
with health outcomes and omics. In this regard, similar or parallel databases to genetics
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(OMIN, dbSNP, or TCGA) may be developed for exposomics. Together with handling and
archiving large data volumes, the lack of standard nomenclature, the quality of output
from each analytical platform, or the heterogeneity of data constitute important issues to
be resolved. Given the important public health problem posed by the rise in NCDs like
obesity, the presented proposal of integration of elements that constitute the “exposome”
will strengthen the better comprehension of the intricate underlying mechanisms, thereby
opening pathways to innovative preventive and therapeutic strategies.

4. Conclusions

The more simplistic energy balance model of obesity has been surpassed by epi-
demiological, biological, psychological, and socioeconomic evidence. Far-reaching holistic
modelling of obesity is required in order to establish effective interventions aimed at its
efficient treatment and better prevention. The origins of excess weight are rooted in an
extremely complicated biological network, set within a similarly intricate societal and
environmental organization (Figure 6), which needs to be carefully considered.
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weight development and obesity-associated comorbidities. OSA, obstructive sleep apnea; MAFLD,
metabolic-associated fatty liver disease; T2D, type 2 diabetes; CVD, cardiovascular diseases.

Analysis of alternative and less researched etiologies is needed. The gut microbiome,
circadian rhythms, and infectobesity, to mention only a few, constitute other candidate alter-
nate etiologies. More multidisciplinary, translational research must analyze the intricacies
of such alternate etiologies, as well as develop unprecedented stratagems for fending off a
multifactorial and plurietiological pathology via, for example, prioritization of root cause
interrogation and group risk assessment. Knowledge gaps persist in this relevant area
whereby a comprehensive, leveraged patient-centered research would be welcome. Due
to the struggle in the coming years to override the key factors steering the present excess
weight epidemic, an inclusive, detailed, pro-active, durable program and fresh perspectives
to unravel the whole panoply of causative factors is needed to outline a feasible counter
reply to manage the defiance imposed by the pandemic. A comprehensive understanding
of the causative factors of obesity might provide more effective management approaches.

Author Contributions: Conceptualization and first draft, G.F. Writing and editing, V.C., I.A.-O., A.R.,
S.B., J.A.F.-F., D.K., P.P., J.G.-A., G.F. All authors have read and agreed to the published version of
the manuscript.



Nutrients 2022, 14, 1597 14 of 19

Funding: This work was funded by the Spanish Institute of Health ISCIII (Subdirección General
de Evaluación and Fondos FEDER project PI19/00785, PI19/00990, PI20/00080 and PI20/00927),
and CIBEROBN. Funding sources had no role in manuscript writing or the decision to submit it
for publication.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Finucane, M.M.; Stevens, G.A.; Cowan, M.J.; Danaei, G.; Lin, J.K.; Paciorek, C.J.; Singh, G.M.; Gutierrez, H.R.; Lu, Y.; Bahalim,

A.N.; et al. National, regional, and global trends in body-mass index since 1980: Systematic analysis of health examination
surveys and epidemiological studies with 960 country-years and 9.1 million participants. Lancet 2011, 377, 557–567. [CrossRef]

2. NCD Risk Factor Collaboration. Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016:
A pooled analysis of 2416 population-based measurement studies in 128.9 million children, adolescents, and adults. Lancet 2017,
390, 2627–2642. [CrossRef]

3. NCD Risk Factor Collaboration. Rising rural body-mass index is the main driver of the global obesity epidemic in adults. Nature
2019, 569, 260–264. [CrossRef] [PubMed]

4. Collaborators, G.R.F. Global burden of 87 risk factors in 204 countries and territories, 1990–2019: A systematic analysis for the
Global Burden of Disease Study 2019. Lancet 2020, 396, 1223–1249.

5. Hill, J.O. Understanding and addressing the epidemic of obesity: An energy balance perspective. Endocr. Rev. 2006, 27, 750–761.
[CrossRef]

6. Loos, R.J.F.; Yeo, G.S.H. The genetics of obesity: From discovery to biology. Nat. Rev. Genet. 2022, 23, 120–133. [CrossRef]
7. McGee, S.L.; Hargreaves, M. Exercise adaptations: Molecular mechanisms and potential targets for therapeutic benefit. Nat. Rev.

Endocrinol. 2020, 16, 495–505. [CrossRef]
8. Dixon, B.N.; Ugwoaba, U.A.; Brockmann, A.N.; Ross, K.M. Associations between the built environment and dietary intake,

physical activity, and obesity: A scoping review of reviews. Obes. Rev. 2021, 22, e13171. [CrossRef]
9. Woessner, M.N.; Tacey, A.; Levinger-Limor, A.; Parker, A.G.; Levinger, P.; Levinger, I. The evolution of technology and physical

inactivity: The good, the bad, and the way forward. Front. Public Health 2021, 9, 655491. [CrossRef]
10. Rodríguez, A.; Becerril, S.; Ezquerro, S.; Méndez-Giménez, L.; Frühbeck, G. Crosstalk between adipokines and myokines in fat

browning. Acta. Physiol. 2017, 219, 362–381. [CrossRef]
11. Prentice, A.M. Early influences on human energy regulation: Thrifty genotypes and thrifty phenotypes. Physiol. Behav. 2005, 86,

640–645. [CrossRef] [PubMed]
12. Zukiewicz-Sobczak, W.; Wroblewska, P.; Zwolinski, J.; Chmielewska-Badora, J.; Adamczuk, P.; Krasowska, E.; Zagorski, J.;

Oniszczuk, A.; Piatek, J.; Silny, W. Obesity and poverty paradox in developed countries. Ann. Agric. Environ. Med. 2014, 21,
590–594. [CrossRef] [PubMed]

13. Speliotes, E.K.; Willer, C.J.; Berndt, S.I.; Monda, K.L.; Thorleifsson, G.; Jackson, A.U.; Allen, H.L.; Lindgren, C.M.; Luan, J.; Magi,
R.; et al. Association analyses of 249,796 individuals reveal 18 new loci associated with body mass index. Nat. Genet. 2010, 42,
937–948. [CrossRef]

14. Li, S.; Zhao, J.H.; Luan, J.; Luben, R.N.; Rodwell, S.A.; Khaw, K.T.; Ong, K.K.; Wareham, N.J.; Loos, R.J. Cumulative effects and
predictive value of common obesity-susceptibility variants identified by genome-wide association studies. Am. J. Clin. Nutr. 2010,
91, 184–190. [CrossRef] [PubMed]

15. Bray, M.S.; Loos, R.J.; McCaffery, J.M.; Ling, C.; Franks, P.W.; Weinstock, G.M.; Snyder, M.P.; Vassy, J.L.; Agurs-Collins, T. NIH
working group report-using genomic information to guide weight management: From universal to precision treatment. Obesity
2016, 24, 14–22. [CrossRef]

16. Wahl, S.; Drong, A.; Lehne, B.; Loh, M.; Scott, W.R.; Kunze, S.; Tsai, P.C.; Ried, J.S.; Zhang, W.; Yang, Y.; et al. Epigenome-wide
association study of body mass index, and the adverse outcomes of adiposity. Nature 2017, 541, 81–86. [CrossRef]

17. Graham, S.E.; Clarke, S.L.; Wu, K.H.; Kanoni, S.; Zajac, G.J.M.; Ramdas, S.; Surakka, I.; Ntalla, I.; Vedantam, S.; Winkler, T.W.; et al.
The power of genetic diversity in genome-wide association studies of lipids. Nature 2021, 600, 675–679. [CrossRef]

18. Christakis, N.A.; Fowler, J.H. The spread of obesity in a large social network over 32 years. N. Engl. J. Med. 2007, 357, 370–379.
[CrossRef]

19. Cole, T.J.; Power, C.; Moore, G.E. Intergenerational obesity involves both the father and the mother. Am. J. Clin. Nutr. 2008, 87,
1535–1536. [CrossRef]

20. Pollard, T.M.; Rousham, E.K.; Colls, R. Intergenerational and familial approaches to obesity and related conditions. Ann. Hum.
Biol. 2011, 38, 385–389. [CrossRef]

21. Adamo, K.B.; Ferraro, Z.M.; Brett, K.E. Can we modify the intrauterine environment to halt the intergenerational cycle of obesity?
Int. J. Environ. Res. Public Health 2012, 9, 1263–1307. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(10)62037-5
http://doi.org/10.1016/S0140-6736(17)32129-3
http://doi.org/10.1038/s41586-019-1171-x
http://www.ncbi.nlm.nih.gov/pubmed/31068725
http://doi.org/10.1210/er.2006-0032
http://doi.org/10.1038/s41576-021-00414-z
http://doi.org/10.1038/s41574-020-0377-1
http://doi.org/10.1111/obr.13171
http://doi.org/10.3389/fpubh.2021.655491
http://doi.org/10.1111/apha.12686
http://doi.org/10.1016/j.physbeh.2005.08.055
http://www.ncbi.nlm.nih.gov/pubmed/16260008
http://doi.org/10.5604/12321966.1120608
http://www.ncbi.nlm.nih.gov/pubmed/25292135
http://doi.org/10.1038/ng.686
http://doi.org/10.3945/ajcn.2009.28403
http://www.ncbi.nlm.nih.gov/pubmed/19812171
http://doi.org/10.1002/oby.21381
http://doi.org/10.1038/nature20784
http://doi.org/10.1038/s41586-021-04064-3
http://doi.org/10.1056/NEJMsa066082
http://doi.org/10.1093/ajcn/87.5.1535
http://doi.org/10.3109/03014460.2011.591658
http://doi.org/10.3390/ijerph9041263
http://www.ncbi.nlm.nih.gov/pubmed/22690193


Nutrients 2022, 14, 1597 15 of 19

22. Johnson, P.C.; Logue, J.; McConnachie, A.; Abu-Rmeileh, N.M.; Hart, C.; Upton, M.N.; Lean, M.; Sattar, N.; Watt, G. Intergenera-
tional change and familial aggregation of body mass index. Eur. J. Epidemiol. 2012, 27, 53–61. [CrossRef] [PubMed]

23. Mohajer, N.; Joloya, E.M.; Seo, J.; Shioda, T.; Blumberg, B. Epigenetic transgenerational inheritance of the effects of obesogen
exposure. Front. Endocrinol. 2021, 12, 787580. [CrossRef]

24. Ling, C.; Rönn, T. Epigenetics in human obesity and type 2 diabetes. Cell Metab. 2019, 29, 1028–1044. [CrossRef] [PubMed]
25. Ng, S.-F.; Lin, R.C.Y.; Laybutt, D.R.; Barres, R.; Owens, J.A.; Morris, M.J. Chronic high-fat diet in fathers programs b-cell

dysfunction in female rat offspring. Nature 2010, 467, 963–966. [CrossRef] [PubMed]
26. Carone, B.R.; Fauquier, L.; Habib, N.; Shea, J.M.; Hart, C.E.; Li, R.; Bock, C.; Li, C.; Gu, H.; Zamore, P.D.; et al. Paternally induced

transgenerational environmental reprogramming of metabolic gene expression in mammals. Cell 2010, 143, 1084–1096. [CrossRef]
[PubMed]

27. Donkin, I.; Versteyhe, S.; Ingerslev, L.R.; Qian, K.; Mechta, M.; Nordkap, L.; Mortensen, B.; Appel, E.V.; Jorgensen, N.; Kristiansen,
V.B.; et al. Obesity and bariatric surgery drive epigenetic variation of spermatozoa in humans. Cell Metab. 2016, 23, 369–378.
[CrossRef]

28. McAllister, E.J.; Dhurandhar, N.V.; Keith, S.W.; Aronne, L.J.; Barger, J.; Baskin, M.; Benca, R.M.; Biggio, J.; Boggiano, M.M.;
Eisenmann, J.C.; et al. Ten putative contributors to the obesity epidemic. Crit. Rev. Food Sci. Nutr. 2009, 49, 868–913. [CrossRef]

29. Faienza, M.F.; Wang, D.Q.; Frühbeck, G.; Garruti, G.; Portincasa, P. The dangerous link between childhood and adulthood
predictors of obesity and metabolic syndrome. Intern. Emerg. Med. 2016, 11, 175–182. [CrossRef]

30. Heitmann, B.L.; Westerterp, K.R.; Loos, R.J.; Sørensen, T.I.; O’Dea, K.; McLean, P.; Jensen, T.K.; Eisenmann, J.; Speakman, J.R.;
Simpson, S.J.; et al. Obesity: Lessons from evolution and the environment. Obes. Rev. 2012, 13, 910–922. [CrossRef]

31. Speakman, J.R.; Djafarian, K.; Stewart, J.; Jackson, D.M. Assortative mating for obesity. Am. J. Clin. Nutr. 2007, 86, 316–323.
[CrossRef] [PubMed]

32. Ajslev, T.A.; Angquist, L.; Silventoinen, K.; Gamborg, M.; Allison, D.B.; Baker, J.L.; Sorensen, T.I. Assortative marriages by body
mass index have increased simultaneously with the obesity epidemic. Front. Genet. 2012, 3, 125. [CrossRef] [PubMed]

33. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027–1131. [CrossRef] [PubMed]

34. Pinart, M.; Dötsch, A.; Schlicht, K.; Laudes, M.; Bouwman, J.; Forslund, S.K.; Pischon, T.; Nimptsch, K. Gut microbiome
composition in obese and non-obese persons: A systematic review and meta-analysis. Nutrients 2021, 14, 12. [CrossRef]

35. Furet, J.P.; Kong, L.C.; Tap, J.; Poitou, C.; Basdevant, A.; Bouillot, J.L.; Mariat, D.; Corthier, G.; Dore, J.; Henegar, C.; et al.
Differential adaptation of human gut microbiota to bariatric surgery-induced weight loss. Links with metabolic and low-grade
inflammation markers. Diabetes 2010, 59, 3049–3057. [CrossRef]

36. Liou, A.P.; Paziuk, M.; Luevano, J.M., Jr.; Machineni, S.; Turnbaugh, P.J.; Kaplan, L.M. Conserved shifts in the gut microbiota due
to gastric bypass reduce host weight and adiposity. Sci. Transl. Med. 2013, 5, 178ra141. [CrossRef]

37. Ciobarca, D.; Catoi, A.F.; Copaescu, C.; Miere, D.; Crisan, G. Bariatric surgery in obesity: Effects on gut microbiota and
micronutrient status. Nutrients 2020, 12, 235. [CrossRef]

38. Michels, N.; Zouiouich, S.; Vanderbauwhede, B.; Vanacker, J.; Indave Ruiz, B.I.; Huybrechts, I. Human microbiome and metabolic
health: An overview of systematic reviews. Obes. Rev. 2022, 3, e13409. [CrossRef]

39. Le Roy, T.; Moens de Hase, E.; Van Hul, M.; Paquot, A.; Pelicaen, R.; Régnier, M.; Depommier, C.; Druart, C.; Everard, A.;
Maiter, D.; et al. Dysosmobacter welbionis is a newly isolated human commensal bacterium preventing diet-induced obesity and
metabolic disorders in mice. Gut 2022, 71, 534–543. [CrossRef]

40. Snedeker, S.M.; Hay, A.G. Do interactions between gut ecology and environmental chemicals contribute to obesity and diabetes?
Environ. Health Perspect. 2012, 120, 332–339. [CrossRef] [PubMed]

41. Henao-Mejia, J.; Elinav, E.; Jin, C.; Hao, L.; Mehal, W.Z.; Strowig, T.; Thaiss, C.A.; Kau, A.L.; Eisenbarth, S.C.; Jurczak, M.J.; et al.
Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature 2012, 482, 179–185. [CrossRef] [PubMed]

42. Portincasa, P.; Bonfrate, L.; Khalil, M.; Angelis, M.; Calabrese, F.M.; D’Amato, M.; Wang, D.Q.; Di Ciaula, A. Intestinal barrier and
permeability in health, obesity and NAFLD. Biomedicines 2021, 10, 83. [CrossRef] [PubMed]

43. Greenblum, S.; Turnbaugh, P.J.; Borenstein, E. Metagenomic systems biology of the human gut microbiome reveals topological
shifts associated with obesity and inflammatory bowel disease. Proc. Natl. Acad. Sci. USA 2012, 109, 594–599. [CrossRef]
[PubMed]

44. Genoni, G.; Prodam, F.; Marolda, A.; Giglione, E.; Demarchi, I.; Bellone, S.; Bona, G. Obesity and infection: Two sides of one coin.
Eur. J. Pediatr. 2014, 173, 25–32. [CrossRef] [PubMed]

45. Green, W.D.; Beck, M.A. Obesity altered T cell metabolism and the response to infection. Curr. Opin. Immunol. 2017, 46, 1–7.
[CrossRef] [PubMed]

46. Frühbeck, G.; Baker, J.L.; Busetto, L.; Dicker, D.; Goossens, G.H.; Halford, J.C.G.; Handjieva-Darlenska, T.; Hassapidou, M.;
Holm, J.C.; Lehtinen-Jacks, S.; et al. European Association for the Study of Obesity Position Statement on the Global COVID-19
Pandemic. Obes. Facts 2020, 13, 292–296. [CrossRef] [PubMed]

47. Gao, M.; Piernas, C.; Astbury, N.M.; Hippisley-Cox, J.; O’Rahilly, S.; Aveyard, P.; Jebb, S.A. Associations between body-mass
index and COVID-19 severity in 6·9 million people in England: A prospective, community-based, cohort study. Lancet Diabetes
Endocrinol. 2021, 9, 350–359. [CrossRef]

http://doi.org/10.1007/s10654-011-9639-5
http://www.ncbi.nlm.nih.gov/pubmed/22187263
http://doi.org/10.3389/fendo.2021.787580
http://doi.org/10.1016/j.cmet.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/30982733
http://doi.org/10.1038/nature09491
http://www.ncbi.nlm.nih.gov/pubmed/20962845
http://doi.org/10.1016/j.cell.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21183072
http://doi.org/10.1016/j.cmet.2015.11.004
http://doi.org/10.1080/10408390903372599
http://doi.org/10.1007/s11739-015-1382-6
http://doi.org/10.1111/j.1467-789X.2012.01007.x
http://doi.org/10.1093/ajcn/86.2.316
http://www.ncbi.nlm.nih.gov/pubmed/17684200
http://doi.org/10.3389/fgene.2012.00125
http://www.ncbi.nlm.nih.gov/pubmed/23056005
http://doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://doi.org/10.3390/nu14010012
http://doi.org/10.2337/db10-0253
http://doi.org/10.1126/scitranslmed.3005687
http://doi.org/10.3390/nu12010235
http://doi.org/10.1111/obr.13409
http://doi.org/10.1136/gutjnl-2020-323778
http://doi.org/10.1289/ehp.1104204
http://www.ncbi.nlm.nih.gov/pubmed/22042266
http://doi.org/10.1038/nature10809
http://www.ncbi.nlm.nih.gov/pubmed/22297845
http://doi.org/10.3390/biomedicines10010083
http://www.ncbi.nlm.nih.gov/pubmed/35052763
http://doi.org/10.1073/pnas.1116053109
http://www.ncbi.nlm.nih.gov/pubmed/22184244
http://doi.org/10.1007/s00431-013-2178-1
http://www.ncbi.nlm.nih.gov/pubmed/24146165
http://doi.org/10.1016/j.coi.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28359913
http://doi.org/10.1159/000508082
http://www.ncbi.nlm.nih.gov/pubmed/32340020
http://doi.org/10.1016/S2213-8587(21)00089-9


Nutrients 2022, 14, 1597 16 of 19

48. Di Ciaula, A.; Krawczyk, M.; Filipiak, K.J.; Geier, A.; Bonfrate, L.; Portincasa, P. Noncommunicable diseases, climate change and
iniquities: What COVID-19 has taught us about syndemic. Eur. J. Clin. Investig. 2021, 51, e13682. [CrossRef]

49. Dhurandhar, N.V. Infectobesity: Obesity of infectious origin. J. Nutr. 2001, 131, 2794S–2797S. [CrossRef]
50. Pasarica, M.; Dhurandhar, N.V. Infectobesity: Obesity of infectious origin. Adv. Food Nutr. Res. 2007, 52, 61–102.
51. van Ginneken, V.; Sitnyakowsky, L.; Jeffery, J.E. Infectobesity: Viral infections (especially with human adenovirus-36: Ad-36) may

be a cause of obesity. Med. Hypotheses 2009, 72, 383–388. [CrossRef]
52. Voss, J.D.; Dhurandhar, N.V. Viral infections and obesity. Curr. Obes. Rep. 2017, 6, 28–37. [CrossRef] [PubMed]
53. Kanneganti, T.D.; Dixit, V.D. Immunological complications of obesity. Nat. Immunol. 2012, 13, 707–712. [CrossRef] [PubMed]
54. Dhurandhar, N.V.; Bailey, D.; Thomas, D. Interaction of obesity and infections. Obes. Rev. 2015, 16, 1017–1029. [CrossRef]

[PubMed]
55. Honce, R.; Schultz-Cherry, S. Impact of Obesity on Influenza A Virus Pathogenesis, Immune Response, and Evolution. Front.

Immunol. 2019, 10, 1071. [CrossRef]
56. Sheridan, P.A.; Paich, H.A.; Handy, J.; Karlsson, E.A.; Hudgens, M.G.; Sammon, A.B.; Holland, L.A.; Weir, S.; Noah, T.L.; Beck,

M.A. Obesity is associated with impaired immune response to influenza vaccination in humans. Int. J. Obes. 2012, 36, 1072–1077.
[CrossRef] [PubMed]

57. Dicker, D.; Golan, R.; Baker, J.L.; Busetto, L.; Frühbeck, G.; Goossens, G.H.; Halford, J.C.G.; Holm, J.C.; Woodward, E.; Farpour-
Lambert, N.J. Vaccinating people with obesity for COVID-19: EASO call for action. Obes. Facts 2021, 14, 334–335. [CrossRef]
[PubMed]

58. Lajunen, T.; Bloigu, A.; Paldanius, M.; Pouta, A.; Laitinen, J.; Ruokonen, A.; Hartikainen, A.L.; Savolainen, M.; Herzig, K.H.;
Leinonen, M.; et al. The association of body mass index, waist and hip circumference, and waist-hip ratio with Chlamydia
pneumoniae IgG antibodies and high-sensitive C-reactive protein at 31 years of age in Northern Finland Birth Cohort 1966. Int. J.
Obes. 2011, 35, 1470–1478. [CrossRef]

59. Rubicz, R.; Leach, C.T.; Kraig, E.; Dhurandhar, N.V.; Grubbs, B.; Blangero, J.; Yolken, R.; Göring, H.H. Seroprevalence of 13
common pathogens in a rapidly growing U.S. minority population: Mexican Americans from San Antonio, TX. BMC Res. Notes
2011, 4, 433. [CrossRef]

60. Dhurandhar, N.V. A framework for identification of infections that contribute to human obesity. Lancet Infect. Dis. 2011, 11,
963–969. [CrossRef]

61. Na, H.N.; Nam, J.H. Adenovirus 36 as an obesity agent maintains the obesity state by increasing MCP-1 and inducing inflamma-
tion. J. Infect. Dis. 2012, 205, 914–922. [CrossRef] [PubMed]

62. Na, H.N.; Kim, H.; Nam, J.H. Novel genes and cellular pathways related to infection with adenovirus-36 as an obesity agent in
human mesenchymal stem cells. Int. J. Obes. 2012, 36, 195–200. [CrossRef]

63. Tarantino, G.; Citro, V.; Cataldi, M. Findings from studies are congruent with obesity having a viral origin, but what about
obesity-related NAFLD? Viruses 2021, 13, 1285. [CrossRef] [PubMed]

64. Di Ciaula, A.; Calamita, G.; Shanmugam, H.; Khalil, M.; Bonfrate, L.; Wang, D.Q.; Baffy, G.; Portincasa, P. Mitochondria matter:
Systemic aspects of nonalcoholic fatty liver disease (NAFLD) and diagnostic assessment of liver function by stable isotope
dynamic breath tests. Int. J. Mol. Sci. 2021, 22, 7702. [CrossRef] [PubMed]

65. Di Ciaula, A.; Passarella, S.; Shanmugam, H.; Noviello, M.; Bonfrate, L.; Wang, D.Q.; Portincasa, P. Nonalcoholic fatty liver
disease (NAFLD). Mitochondria as players and targets of therapies? Int. J. Mol. Sci. 2021, 22, 5375. [CrossRef] [PubMed]

66. Baldini, F.; Fabbri, R.; Eberhagen, C.; Voci, A.; Portincasa, P.; Zischka, H.; Vergani, L. Adipocyte hypertrophy parallels alterations
of mitochondrial status in a cell model for adipose tissue dysfunction in obesity. Life Sci. 2021, 15, 118812. [CrossRef]

67. Santos, J.P.M.D.; Maio, M.C.; Lemes, M.A.; Laurindo, L.F.; Haber, J.F.D.S.; Bechara, M.D.; Prado, P.S.D.J.; Rauen, E.C.; Costa, F.;
Pereira, B.C.A.; et al. Non-alcoholic steatohepatitis (NASH) and organokines: What is now and what will be in the future. Int. J.
Mol. Sci. 2022, 23, 498. [CrossRef]

68. Gallego-Escuredo, J.M.; Gómez-Ambrosi, J.; Catalán, V.; Domingo, P.; Giralt, M.; Frühbeck, G.; Villarroya, F. Opposite alterations
in FGF21 and FGF19 levels and disturbed expression of the receptor machinery for endocrine FGFs in obese patients. Int. J. Obes.
2015, 39, 121–129. [CrossRef]

69. Gomez-Ambrosi, J.; Gallego-Escuredo, J.M.; Catalan, V.; Rodriguez, A.; Domingo, P.; Moncada, R.; Valenti, V.; Salvador, J.; Giralt,
M.; Villarroya, F.; et al. FGF19 and FGF21 serum concentrations in human obesity and type 2 diabetes behave differently after
diet- or surgically-induced weight loss. Clin. Nutr. 2017, 36, 861–868. [CrossRef]

70. Basolo, A.; Bechi Genzano, S.; Piaggi, P.; Krakoff, J.; Santini, F. Energy balance and control of body weight: Possible effects of meal
timing and circadian rhythm dysregulation. Nutrients 2021, 13, 3276. [CrossRef]

71. Fatima, N.; Rana, S. Metabolic implications of circadian disruption. Pflug. Arch. 2020, 472, 513–526. [CrossRef] [PubMed]
72. Karatsoreos, I.N.; Bhagat, S.; Bloss, E.B.; Morrison, J.H.; McEwen, B.S. Disruption of circadian clocks has ramifications for

metabolism, brain, and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 1657–1662. [CrossRef] [PubMed]
73. Spiegel, K.; Tasali, E.; Leproult, R.; Van Cauter, E. Effects of poor and short sleep on glucose metabolism and obesity risk. Nat. Rev.

Endocrinol. 2009, 9, 253–261. [CrossRef]
74. Tasali, E.; Leproult, R.; Spiegel, K. Reduced sleep duration or quality: Relationships with insulin resistance and type 2 diabetes.

Prog. Cardiovasc. Dis. 2009, 51, 381–391. [CrossRef] [PubMed]

http://doi.org/10.1111/eci.13682
http://doi.org/10.1093/jn/131.10.2794S
http://doi.org/10.1016/j.mehy.2008.11.034
http://doi.org/10.1007/s13679-017-0251-1
http://www.ncbi.nlm.nih.gov/pubmed/28290153
http://doi.org/10.1038/ni.2343
http://www.ncbi.nlm.nih.gov/pubmed/22814340
http://doi.org/10.1111/obr.12320
http://www.ncbi.nlm.nih.gov/pubmed/26354800
http://doi.org/10.3389/fimmu.2019.01071
http://doi.org/10.1038/ijo.2011.208
http://www.ncbi.nlm.nih.gov/pubmed/22024641
http://doi.org/10.1159/000516524
http://www.ncbi.nlm.nih.gov/pubmed/33915546
http://doi.org/10.1038/ijo.2011.21
http://doi.org/10.1186/1756-0500-4-433
http://doi.org/10.1016/S1473-3099(11)70274-2
http://doi.org/10.1093/infdis/jir864
http://www.ncbi.nlm.nih.gov/pubmed/22275403
http://doi.org/10.1038/ijo.2011.89
http://doi.org/10.3390/v13071285
http://www.ncbi.nlm.nih.gov/pubmed/34372491
http://doi.org/10.3390/ijms22147702
http://www.ncbi.nlm.nih.gov/pubmed/34299321
http://doi.org/10.3390/ijms22105375
http://www.ncbi.nlm.nih.gov/pubmed/34065331
http://doi.org/10.1016/j.lfs.2020.118812
http://doi.org/10.3390/ijms23010498
http://doi.org/10.1038/ijo.2014.76
http://doi.org/10.1016/j.clnu.2016.04.027
http://doi.org/10.3390/nu13093276
http://doi.org/10.1007/s00424-020-02381-6
http://www.ncbi.nlm.nih.gov/pubmed/32363530
http://doi.org/10.1073/pnas.1018375108
http://www.ncbi.nlm.nih.gov/pubmed/21220317
http://doi.org/10.1038/nrendo.2009.23
http://doi.org/10.1016/j.pcad.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19249444


Nutrients 2022, 14, 1597 17 of 19

75. Fonken, L.K.; Workman, J.L.; Walton, J.C.; Weil, Z.M.; Morris, J.S.; Haim, A.; Nelson, R.J. Light at night increases body mass by
shifting the time of food intake. Proc. Natl. Acad. Sci. USA 2010, 107, 18664–18669. [CrossRef]

76. Spiegel, K.; Tasali, E.; Leproult, R.; Scherberg, N.; Van Cauter, E. Twenty-four-hour profiles of acylated and total ghrelin:
Relationship with glucose levels and impact of time of day and sleep. J. Clin. Endocrinol. Metab. 2011, 96, 486–493. [CrossRef]

77. Nedeltcheva, A.V.; Kilkus, J.M.; Imperial, J.; Schoeller, D.A.; Penev, P.D. Insufficient sleep undermines dietary efforts to reduce
adiposity. Ann. Intern. Med. 2010, 153, 435–441. [CrossRef]

78. Vgontzas, A.N.; Zoumakis, M.; Bixler, E.O.; Lin, H.M.; Prolo, P.; Vela-Bueno, A.; Kales, A.; Chrousos, G.P. Impaired nighttime
sleep in healthy old versus young adults is associated with elevated plasma interleukin-6 and cortisol levels: Physiologic and
therapeutic implications. J. Clin. Endocrinol. Metab. 2003, 88, 2087–2095. [CrossRef]

79. Kritikou, I.; Basta, M.; Tappouni, R.; Pejovic, S.; Fernandez-Mendoza, J.; Nazir, R.; Shaffer, M.; Liao, D.; Bixler, E.; Chrousos,
G.; et al. Sleep apnoea and visceral adiposity in middle-aged males and females. Eur. Respir. J. 2013, 41, 601–609. [CrossRef]

80. Lorton, D.; Lubahn, C.L.; Estus, C.; Millar, B.A.; Carter, J.L.; Wood, C.A.; Bellinger, D.L. Bidirectional communication between the
brain and the immune system: Implications for physiological sleep and disorders with disrupted sleep. Neuroimmunomodulation
2006, 13, 357–374. [CrossRef]

81. van der Valk, E.S.; Savas, M.; van Rossum, E.F.C. Stress and obesity: Are there more susceptible individuals? Curr. Obes. Rep.
2018, 7, 193–203. [CrossRef] [PubMed]

82. Tasali, E.; Wroblewski, K.; Kahn, E.; Kilkus, J.; Schoeller, D.A. Effect of sleep extension on objectively assessed energy intake
among adults with overweight in real-life settings: A randomized clinical trial. JAMA Intern. Med. 2022, 182, 365–374. [CrossRef]
[PubMed]

83. Plagemann, A. Perinatal programming and functional teratogenesis: Impact on body weight regulation and obesity. Physiol.
Behav. 2005, 86, 661–668. [CrossRef] [PubMed]

84. Lindblom, R.; Ververis, K.; Tortorella, S.M.; Karagiannis, T.C. The early life origin theory in the development of cardiovascular
disease and type 2 diabetes. Mol. Biol. Rep. 2015, 42, 791–797. [CrossRef] [PubMed]

85. Heindel, J.J.; Newbold, R.; Schug, T.T. Endocrine disruptors and obesity. Nat. Rev. Endocrinol. 2015, 11, 653–661. [CrossRef]
[PubMed]

86. Azoulay, L.; Bouvattier, C.; Christin-Maitre, S. Impact of intra-uterine life on future health. Ann. Endocrinol. 2022, 83, 54–58.
[CrossRef]

87. Di Ciaula, A.; Portincasa, P. Fat, epigenome and pancreatic diseases. Interplay and common pathways from a toxic and obesogenic
environment. Eur. J. Intern. Med. 2014, 25, 865–873. [CrossRef]

88. Haverinen, E.; Fernandez, M.F.; Mustieles, V.; Tolonen, H. Metabolic syndrome and endocrine disrupting chemicals: An overview
of exposure and health effects. Int. J. Environ. Res. Public Health 2021, 18, 13047. [CrossRef]

89. Heindel, J.J.; Blumberg, B. Environmental obesogens: Mechanisms and controversies. Annu. Rev. Pharmacol. Toxicol. 2019, 59,
89–106. [CrossRef]

90. Sun, J.; Fang, R.; Wang, H.; Xu, D.X.; Yang, J.; Huang, X.; Cozzolino, D.; Fang, M.; Huang, Y. A review of environmental
metabolism disrupting chemicals and effect biomarkers associating disease risks: Where exposomics meets metabolomics.
Environ. Int. 2022, 158, 106941. [CrossRef]

91. Di Ciaula, A.; Portincasa, P. Diet and contaminants: Driving the rise to obesity epidemics? Curr Med Chem 2019, 26, 3471–3482.
[CrossRef] [PubMed]

92. Grun, F.; Blumberg, B. Endocrine disrupters as obesogens. Mol. Cell. Endocrinol. 2009, 304, 19–29. [CrossRef] [PubMed]
93. Grun, F.; Blumberg, B. Minireview: The case for obesogens. Mol. Endocrinol. 2009, 23, 1127–1134. [CrossRef] [PubMed]
94. Boudalia, S.; Bousbia, A.; Boumaaza, B.; Oudir, M.; Canivenc Lavier, M.C. Relationship between endocrine disruptors and obesity

with a focus on bisphenol A: A narrative review. Bioimpacts 2021, 11, 289–300. [CrossRef]
95. Elobeid, M.A.; Padilla, M.A.; Brock, D.W.; Ruden, D.M.; Allison, D.B. Endocrine disruptors and obesity: An examination of

selected persistent organic pollutants in the NHANES 1999–2002 data. Int. J. Environ. Res. Public Health 2010, 7, 2988–3005.
[CrossRef]

96. Brulport, A.; Le Corre, L.; Chagnon, M.C. Chronic exposure of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induces an obesogenic
effect in C57BL/6J mice fed a high fat diet. Toxicology 2017, 390, 43–52. [CrossRef]

97. Guo, J.; Ito, S.; Nguyen, H.T.; Yamamoto, K.; Tanoue, R.; Kunisue, T.; Iwata, H. Effects of prenatal exposure to triclosan on the
liver transcriptome in chicken embryos. Toxicol. Appl. Pharmacol. 2018, 347, 23–32. [CrossRef]

98. Frühbeck, G.; Méndez-Giménez, L.; Fernández-Formoso, J.A.; Fernández, S.; Rodríguez, A. Regulation of adipocyte lipolysis.
Nutr. Res. Rev. 2014, 27, 63–93. [CrossRef]

99. Frühbeck, G.; Gómez Ambrosi, J.; Salvador, J. Leptin-induced lipolysis opposes the tonic inhibition of endogenous adenosine in
white adipocytes. FASEB J. 2001, 15, 333–340. [CrossRef]

100. Frühbeck, G.; Gómez-Ambrosi, J. Modulation of the leptin-induced white adipose tissue lipolysis by nitric oxide. Cell Signal.
2001, 13, 827–833. [CrossRef]

101. Muruzábal, F.J.; Frühbeck, G.; Gómez-Ambrosi, J.; Archanco, M.; Burrell, M.A. Immunocytochemical detection of leptin in
non-mammalian vertebrate stomach. Gen. Comp. Endocrinol. 2002, 128, 149–152. [CrossRef]

http://doi.org/10.1073/pnas.1008734107
http://doi.org/10.1210/jc.2010-1978
http://doi.org/10.7326/0003-4819-153-7-201010050-00006
http://doi.org/10.1210/jc.2002-021176
http://doi.org/10.1183/09031936.00183411
http://doi.org/10.1159/000104864
http://doi.org/10.1007/s13679-018-0306-y
http://www.ncbi.nlm.nih.gov/pubmed/29663153
http://doi.org/10.1001/jamainternmed.2021.8098
http://www.ncbi.nlm.nih.gov/pubmed/35129580
http://doi.org/10.1016/j.physbeh.2005.08.065
http://www.ncbi.nlm.nih.gov/pubmed/16280141
http://doi.org/10.1007/s11033-014-3766-5
http://www.ncbi.nlm.nih.gov/pubmed/25270249
http://doi.org/10.1038/nrendo.2015.163
http://www.ncbi.nlm.nih.gov/pubmed/26391979
http://doi.org/10.1016/j.ando.2021.11.010
http://doi.org/10.1016/j.ejim.2014.10.012
http://doi.org/10.3390/ijerph182413047
http://doi.org/10.1146/annurev-pharmtox-010818-021304
http://doi.org/10.1016/j.envint.2021.106941
http://doi.org/10.2174/0929867324666170518095736
http://www.ncbi.nlm.nih.gov/pubmed/28521687
http://doi.org/10.1016/j.mce.2009.02.018
http://www.ncbi.nlm.nih.gov/pubmed/19433244
http://doi.org/10.1210/me.2008-0485
http://www.ncbi.nlm.nih.gov/pubmed/19372238
http://doi.org/10.34172/bi.2021.33
http://doi.org/10.3390/ijerph7072988
http://doi.org/10.1016/j.tox.2017.07.017
http://doi.org/10.1016/j.taap.2018.03.026
http://doi.org/10.1017/S095442241400002X
http://doi.org/10.1096/fj.00-0249com
http://doi.org/10.1016/S0898-6568(01)00211-X
http://doi.org/10.1016/S0016-6480(02)00072-2


Nutrients 2022, 14, 1597 18 of 19

102. Moreno-Navarrete, J.M.; Martínez-Barricarte, R.; Catalán, V.; Sabater, M.; Gómez-Ambrosi, J.; Ortega, F.J.; Ricart, W.; Blüher, M.;
Frühbeck, G.; de Córdoba, S.R.; et al. Complement Factor H is expressed in adipose tissue in association with insulin resistance.
Diabetes 2010, 59, 200–209. [CrossRef] [PubMed]

103. Pulido, M.R.; Diaz-Ruiz, A.; Jimenez-Gomez, Y.; Garcia-Navarro, S.; Gracia-Navarro, F.; Tinahones, F.; Lopez-Miranda, J.;
Frühbeck, G.; Vazquez-Martinez, R.; Malagon, M.M. Rab18 dynamics in adipocytes in relation to lipogenesis, lipolysis and obesity.
PLoS ONE 2011, 6, e22931. [CrossRef] [PubMed]

104. Catalán, V.; Gómez-Ambrosi, J.; Rodríguez, A.; Ramírez, B.; Rotellar, F.; Valentí, V.; Silva, C.; Gil, M.J.; Fernández-Real, J.M.;
Salvador, J.; et al. Increased levels of calprotectin in obesity are related to macrophage content: Impact on inflammation and effect
of weight loss. Mol. Med. 2011, 17, 1157–1167. [CrossRef] [PubMed]

105. Rodríguez, A.; Gómez-Ambrosi, J.; Catalán, V.; Rotellar, F.; Valentí, V.; Silva, C.; Mugueta, C.; Pulido, M.R.; Vázquez, R.; Salvador,
J.; et al. The ghrelin O-acyltransferase-ghrelin system reduces TNF-a-induced apoptosis and autophagy in human visceral
adipocytes. Diabetologia 2012, 55, 3038–3050. [CrossRef] [PubMed]

106. Calamita, G.; Delporte, C. Involvement of aquaglyceroporins in energy metabolism in health and disease. Biochimie 2021, 188,
20–34. [CrossRef] [PubMed]

107. Frühbeck, G. Obesity: Aquaporin enters the picture. Nature 2005, 438, 436–437. [CrossRef]
108. Francis, C.E.; Allee, L.; Nguyen, H.; Grindstaff, R.D.; Miller, C.N.; Rayalam, S. Endocrine disrupting chemicals: Friend or foe to

brown and beige adipose tissue? Toxicology 2021, 463, 152972. [CrossRef]
109. Ohanyan, H.; Portengen, L.; Huss, A.; Traini, E.; Beulens, J.W.J.; Hoek, G.; Lakerveld, J.; Vermeulen, R. Machine learning

approaches to characterize the obesogenic urban exposome. Environ. Int. 2022, 158, 107015. [CrossRef]
110. Guo, B.; Guo, Y.; Nima, Q.; Feng, Y.; Wang, Z.; Lu, R.; Baimayangji; Ma, Y.; Zhou, J.; Xu, H.; et al. Exposure to air pollution is

associated with an increased risk of metabolic dysfunction-associated fatty liver disease. J. Hepatol. 2022, 76, 518–525. [CrossRef]
111. Koch, C.A.; Sharda, P.; Patel, J.; Gubbi, S.; Bansal, R.; Bartel, M.J. Climate change and obesity. Horm. Metab. Res. 2021, 53, 575–587.

[CrossRef] [PubMed]
112. Cypess, A.M. Reassessing human adipose tissue. N. Engl. J. Med. 2022, 386, 768–779. [CrossRef] [PubMed]
113. Cypess, A.M.; Lehman, S.; Williams, G.; Tal, I.; Rodman, D.; Goldfine, A.B.; Kuo, F.C.; Palmer, E.L.; Tseng, Y.H.; Doria, A.;

et al. Identification and importance of brown adipose tissue in adult humans. N. Engl. J. Med. 2009, 360, 1509–1517. [CrossRef]
[PubMed]

114. Frühbeck, G.; Becerril, S.; Sáinz, N.; Garrastachu, P.; García-Velloso, M.J. BAT: A new target for human obesity? Trends Pharmacol.
Sci. 2009, 30, 387–396. [CrossRef]

115. Tseng, Y.-H.; Cypess, A.M.; Kahn, C.R. Cellular bioenergetics as a target for obesity therapy. Nat. Rev. Drug. Discov. 2010, 9,
465–481. [CrossRef]

116. Xue, R.; Lynes, M.D.; Dreyfuss, J.M.; Shamsi, F.; Schulz, T.J.; Zhang, H.; Huang, T.L.; Townsend, K.L.; Li, Y.; Takahashi,
H.; et al. Clonal analyses and gene profiling identify genetic biomarkers of the thermogenic potential of human brown and white
preadipocytes. Nat. Med. 2015, 21, 760–768. [CrossRef]

117. Shinoda, K.; Luijten, I.H.; Hasegawa, Y.; Hong, H.; Sonne, S.B.; Kim, M.; Xue, R.; Chondronikola, M.; Cypess, A.M.; Tseng,
Y.H.; et al. Genetic and functional characterization of clonally derived adult human brown adipocytes. Nat. Med. 2015, 21,
389–394. [CrossRef]

118. Sakers, A.; De Siqueira, M.K.; Seale, P.; Villanueva, C.J. Adipose-tissue plasticity in health and disease. Cell 2022, 185, 419–446.
[CrossRef]

119. Shamsi, F.; Wang, C.H.; Tseng, Y.H. The evolving view of thermogenic adipocytes—ontogeny, niche and function. Nat. Rev.
Endocrinol. 2021, 17, 726–744. [CrossRef]

120. Symonds, M.E.; Farhat, G.; Aldiss, P.; Pope, M.; Budge, H. Brown adipose tissue and glucose homeostasis—the link between
climate change and the global rise in obesity and diabetes. Adipocyte 2019, 8, 46–50. [CrossRef]

121. Gaspar, R.C.; Pauli, J.R.; Shulman, G.I.; Muñoz, V.R. An update on brown adipose tissue biology: A discussion of recent findings.
Am. J. Physiol. Endocrinol. Metab. 2021, 320, E488–E495. [CrossRef] [PubMed]

122. Yang, F.T.; Stanford, K.I. Batokines: Mediators of inter-tissue communication (a mini-review). Curr. Obes. Rep. 2022. online ahead
of print. [CrossRef]

123. Gavaldà-Navarro, A.; Villarroya, J.; Cereijo, R.; Giralt, M.; Villarroya, F. The endocrine role of brown adipose tissue: An update on
actors and actions. Rev. Endocr. Metab. Disord. 2022, 23, 31–41. [CrossRef] [PubMed]

124. Lynes, M.D.; Leiria, L.O.; Lundh, M.; Bartelt, A.; Shamsi, F.; Huang, T.L.; Takahashi, H.; Hirshman, M.F.; Schlein, C.; Lee, A.; et al.
The cold-induced lipokine 12,13-diHOME promotes fatty acid transport into brown adipose tissue. Nat. Med. 2017, 23, 631–637.
[CrossRef] [PubMed]

125. Macedo, A.P.A.; Munoz, V.R.; Cintra, D.E.; Pauli, J.R. 12,13-diHOME as a new therapeutic target for metabolic diseases. Life Sci.
2022, 290, 120229. [CrossRef] [PubMed]

126. Frühbeck, G.; Gómez Ambrosi, J. Rationale for the existence of additional adipostatic hormones. FASEB J. 2001, 15, 1996–2006.
[CrossRef] [PubMed]

127. Landecho, M.F.; Tuero, C.; Valentí, V.; Bilbao, I.; de la Higuera, M.; Frühbeck, G. Relevance of leptin and other adipokines in
obesity-associated cardiovascular risk. Nutrients 2019, 11, 2664. [CrossRef]

http://doi.org/10.2337/db09-0700
http://www.ncbi.nlm.nih.gov/pubmed/19833879
http://doi.org/10.1371/journal.pone.0022931
http://www.ncbi.nlm.nih.gov/pubmed/21829560
http://doi.org/10.2119/molmed.2011.00144
http://www.ncbi.nlm.nih.gov/pubmed/21738950
http://doi.org/10.1007/s00125-012-2671-5
http://www.ncbi.nlm.nih.gov/pubmed/22869322
http://doi.org/10.1016/j.biochi.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/33689852
http://doi.org/10.1038/438436b
http://doi.org/10.1016/j.tox.2021.152972
http://doi.org/10.1016/j.envint.2021.107015
http://doi.org/10.1016/j.jhep.2021.10.016
http://doi.org/10.1055/a-1533-2861
http://www.ncbi.nlm.nih.gov/pubmed/34496408
http://doi.org/10.1056/NEJMra2032804
http://www.ncbi.nlm.nih.gov/pubmed/35196429
http://doi.org/10.1056/NEJMoa0810780
http://www.ncbi.nlm.nih.gov/pubmed/19357406
http://doi.org/10.1016/j.tips.2009.05.003
http://doi.org/10.1038/nrd3138
http://doi.org/10.1038/nm.3881
http://doi.org/10.1038/nm.3819
http://doi.org/10.1016/j.cell.2021.12.016
http://doi.org/10.1038/s41574-021-00562-6
http://doi.org/10.1080/21623945.2018.1551689
http://doi.org/10.1152/ajpendo.00310.2020
http://www.ncbi.nlm.nih.gov/pubmed/33459179
http://doi.org/10.1007/s13679-021-00465-7
http://doi.org/10.1007/s11154-021-09640-6
http://www.ncbi.nlm.nih.gov/pubmed/33712997
http://doi.org/10.1038/nm.4297
http://www.ncbi.nlm.nih.gov/pubmed/28346411
http://doi.org/10.1016/j.lfs.2021.120229
http://www.ncbi.nlm.nih.gov/pubmed/34914931
http://doi.org/10.1096/fj.00-0829hyp
http://www.ncbi.nlm.nih.gov/pubmed/11532980
http://doi.org/10.3390/nu11112664


Nutrients 2022, 14, 1597 19 of 19

128. Klimentidis, Y.C.; Beasley, T.M.; Lin, H.Y.; Murati, G.; Glass, G.E.; Guyton, M.; Newton, W.; Jorgensen, M.; Heymsfield, S.B.;
Kemnitz, J.; et al. Canaries in the coal mine: A cross-species analysis of the plurality of obesity epidemics. Proc. Biol. Sci. 2011,
278, 1626–1632. [CrossRef]

129. Rappaport, S.M.; Smith, M.T. Epidemiology. Environment and disease risks. Science 2010, 330, 460–461. [CrossRef]
130. Zhang, P.; Carlsten, C.; Chaleckis, R.; Hanhineva, K.; Huang, M.; Isobe, T.; Koistinen, V.M.; Meister, I.; Papazian, S.; Sdougkou, K.;

et al. Defining the scope of exposome studies and research needs from a multidisciplinary perspective. Environ. Sci. Technol. Lett.
2021, 8, 839–852. [CrossRef]

131. Fang, M.; Hu, L.; Chen, D.; Guo, Y.; Liu, J.; Lan, C.; Gong, J.; Wang, B. Exposome in human health: Utopia or wonderland?
Innovation 2021, 2, 100172. [CrossRef]

132. Wild, C.P. Complementing the genome with an "exposome": The outstanding challenge of environmental exposure measurement
in molecular epidemiology. Cancer Epidemiol. Biomarks Prev. 2005, 14, 1847–1850. [CrossRef] [PubMed]

133. Wild, C.P. The exposome: From concept to utility. Int. J. Epidemiol. 2012, 41, 24–32. [CrossRef] [PubMed]
134. The, N.S.; Suchindran, C.; North, K.E.; Popkin, B.M.; Gordon-Larsen, P. Association of adolescent obesity with risk of severe

obesity in adulthood. JAMA 2010, 304, 2042–2047. [CrossRef] [PubMed]
135. Golding, J.; Gregory, S.; Northstone, K.; Iles-Caven, Y.; Ellis, G.; Pembrey, M. Investigating possible trans/intergenerational

associations with obesity in young adults using an exposome approach. Front. Genet. 2019, 10, 314. [CrossRef] [PubMed]
136. Wu, Y.; Perng, W.; Peterson, K.E. Precision Nutrition and Childhood Obesity: A Scoping Review. Metabolites 2020, 10, 235.

[CrossRef]
137. Mahmoud, A.M. An overview of epigenetics in obesity: The role of lifestyle and therapeutic interventions. Int. J. Mol. Sci. 2022,

23, 1341. [CrossRef]
138. Rajpurkar, P.; Chen, E.; Banerjee, O.; Topol, E.J. AI in health and medicine. Nat. Med. 2022, 28, 31–38. [CrossRef]

http://doi.org/10.1098/rspb.2010.1890
http://doi.org/10.1126/science.1192603
http://doi.org/10.1021/acs.estlett.1c00648
http://doi.org/10.1016/j.xinn.2021.100172
http://doi.org/10.1158/1055-9965.EPI-05-0456
http://www.ncbi.nlm.nih.gov/pubmed/16103423
http://doi.org/10.1093/ije/dyr236
http://www.ncbi.nlm.nih.gov/pubmed/22296988
http://doi.org/10.1001/jama.2010.1635
http://www.ncbi.nlm.nih.gov/pubmed/21063014
http://doi.org/10.3389/fgene.2019.00314
http://www.ncbi.nlm.nih.gov/pubmed/31024624
http://doi.org/10.3390/metabo10060235
http://doi.org/10.3390/ijms23031341
http://doi.org/10.1038/s41591-021-01614-0

	Introduction 
	Emerging Evidence Working as Warning Signs 
	Genetics 
	Microbiome 
	Infectobesity 
	Chronobiology 
	Endocrine Disrupters–Obesogens 
	Urban Planning 
	Climate Change 
	Plurality of Obesity Epidemics 

	The “Exposome” as a Plausible Underlying Mechanism of Action 
	Conclusions 
	References

