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SUMMARY

The prevalence of type 2 diabetes and obesity has risen dramatically for decades and is expected to rise
further, secondary to the growing aging, sedentary population. The strain on global health care is projected
to be colossal. This review explores the latest work and emerging ideas related to genetic and environmental
factors influencing metabolism. Translational research and clinical applications, including the impact of the
COVID-19 pandemic, are highlighted. Looking forward, strategies to personalize all aspects of prevention,
management and care are necessary to improve health outcomes and reduce the impact of these metabolic

diseases.

INTRODUCTION

The COVID-19 pandemic has brought the deleterious health
consequences of obesity and type 2 diabetes into sharp focus.
Individuals with type 2 diabetes and/or obesity are more likely
to have severe disease and to die than are individuals without
diabetes (Barron et al., 2020). Fasting glucose level at the time
of hospital admission predicts 28-day mortality even in those
without a previous diagnosis of diabetes (Wang et al., 2020a).
Glycemic control and body mass index along with older age,
male sex, socio-economic deprivation, non-white ethnicity,
and pre-existing renal and cardiovascular disease all indepen-
dently increase mortality (Holman et al., 2020). COVID-19 is
also a timely reminder that diabetes is not merely a state of
glucose dysregulation but a multi-faceted syndrome driven by
many medical and social risk factors and associated with path-
ophysiological changes throughout the body.

The World Health Organization estimates that worldwide, 422
million people have diabetes, the majority living in low- and mid-
dle-income countries, and most having type 2 diabetes (who.int/
health-topics/diabetes). The prevalence has risen dramatically
for decades, as the population ages and becomes less active
and more overweight (GBD 2019 Risk Factors Collaborators,
2020). Early detection is vital, particularly as long-term complica-
tions, such as referable diabetic retinopathy, may be present at
diagnosis of type 2 diabetes (Kohner et al., 1998). Many devel-
oped countries have systematic screening programs of individ-

1530 Cell 184, March 18, 2021 © 2021 The Author(s). Published by Elsevier Inc.

uals deemed to be at high risk (American Diabetes Association,
2020). However, there is disagreement as to how to define “high
risk” and how to screen (oral glucose tolerance test, fasting
glucose or glycated hemoglobin, HbA1c). Glucose-based tests
and HbA1c each identify slightly different populations. We do
not know if these differences in diagnoses lead to important
clinically different outcomes or if they signal slightly different
pathological metabolic forms of glucose dysregulation (Amer-
ican Diabetes Association, 2020).

The WHO defines overweight and obesity as body mass in-
dexes (BMI) ® 25 and 30 kg/m?, respectively and estimated
that 1.9 billion adults were overweight and 650 million obese
in 2016 (https://www.who.int/news-room/fact-sheets/detail/
obesity-and-overweight). Obesity is now regarded as a chronic,
progressive disease with remissions and relapses (Bray et al.,
2017) and an important driver of the development of diabetes
and many of its associated features (GBD 2019 Risk Factors Col-
laborators, 2020). The deleterious effects of obesity and type 2
diabetes are seen in most, if not all, tissues in the body, with
consequences resulting in significantly increased premature
morbidity and mortality (GBD 2019 Risk Factors Collaborators,
2020). Social and cultural factors are also extremely important
in the development, management, and clinical outcomes of
obesity and type 2 diabetes.

Despite advances in diabetes care over the recent decades,
there remain vast challenges: developing an improved under-
standing of the heterogeneity of obesity and diabetes, how
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Figure 1. Gene-environment interactions regulating disease risk of obesity and type 2 diabetes
Individual genetic predispositions and environmental factors interact to promote or impair molecular processes, such as circadian regulation, thermal tolerance,
and/or chronic inflammation. Accumulation of genetic and environment risk factors eventually leads to the development of complications, reducing both

healthspan and lifespan.

best to assess risk, to screen, to select individualized treatments
and vitally how to engage the relevant populations in these pro-
grams. This review explores the genetic and metabolic aspects
of diabetes and obesity (Figure 1) and discusses some of the lat-
est work and emerging ideas related to basic biological mecha-
nisms, translational research, and clinical applications.

Genetics and metabolism

The current obesogenic environment, favoring high-calorie
foods and physical inactivity, is a major driver of the growing
obesity and diabetes epidemic. However, not everyone exposed
to this environment gains weight or develops type 2 diabetes.
The way people respond to environmental factors is, at least in
part, determined by their genetic predisposition to obesity and
type 2 diabetes. Traditionally, the genetic contribution has
been quantified by the heritability, which is a population-level es-
timate of how much of the variation in disease susceptibility is
attributable to genetic variation. For obesity and type 2 diabetes,
the heritability has been estimated to be moderate-to-high,
ranging between 30% and 70% (Elks et al., 2012; Willemsen
et al., 2015). The search for contributing genes started in the
1990’s with early success largely confined to monogenic forms
of obesity and diabetes. Mutations that segregate in families or
occur de novo were found to cause major disruptions in the func-
tion of genes in which they are located, providing the first insights
in the pathophysiology of body-weight regulation and glucose
metabolism (Hattersley and Patel, 2017; van der Klaauw and Far-
ooqji, 2015). The search for genetic variants that contribute to
common forms of obesity and diabetes began slowly with candi-
date gene and genome-wide linkage studies. However, the

advent of genome-wide association studies (GWASs) in the
mid-2000’s accelerated the pace of gene discovery.

GWASSs have identified thousands of genetic loci that are
robustly associated with complex diseases and traits, including
700 for obesity (Yengo et al., 2018) and at least 400 for type 2 dia-
betes (Mahajan et al., 2018). From the earliest GWAS, tissue
enrichment and pathway analyses for BMlI-associated loci
have suggested that the central nervous system plays a key
role in body weight regulation (Locke et al., 2015). Loci associ-
ated with type 2 diabetes act predominantly through the pertur-
bation of insulin secretion, pointing to the importance of beta cell
function or mass, whereas few loci affect insulin resistance
through an effect on body weight or fat distribution (Barroso
and McCarthy, 2019).

Despite the success of GWASS, pinpointing the causal gene(s)
and variant(s) within each locus remains an ongoing challenge.
So far, about 20% of loci associated with type 2 diabetes and
a handful of loci associated with obesity have been mapped to
the most likely causal variant, whereas the underlying biology
of hundreds of additional loci remain to be elucidated (Larder
etal., 2017; Mahajan et al., 2018; Rathjen et al., 2017). However,
with increasing availability of high-throughput genome-scale
technologies for mapping regulatory elements, comprehensive
multi-omics databases, advanced computational tools, and the
latest genetic engineering and molecular phenotyping ap-
proaches, we are poised to accelerate the translation of GWAS
loci into meaningful biology in the years ahead.

With GWASSs, genetic susceptibility to disease can be as-
sessed using polygenic scores. A polygenic score represents
an individual’s overall genetic susceptibility to disease and is
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Figure 2. Genetic prediction of
weight—context matters

A 49-year old woman, who eats a balanced diet,
runs 6 miles/day, and commutes by bike to work,
does a direct-to-consumer genetic test with one of
the many online personalized genomics com-
panies. The company claims to provide genetic
insight into her health to make it easier for her to
take action. She provides a saliva sample and
completes numerous questionnaires on her phys-
ical and mental health, family medical history, and
more. Her reported results show that, based on the
genetic variants tested, she carries 376 weight-
lowering variants and 332 weight-increasing vari-
ants, predisposing her to weigh about “average”
or 157 Ibs (71.2 kg, based on the company’s cus-
tomers’ weight of the same age, height, and sex).
However, the woman’s real weight was 120 Ibs
(54.4 kg). A likely reason for why this genetic test
overpredicted the woman’s weight by 30% is
because her lifestyle—even though information
was shared in detail—was not appropriately
incorporated in the prediction models.

body
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will be at a high risk of obesity or type 2
diabetes is still low-to-moderate, and
not ready for use in clinical settings (Udler
et al., 2019). For example, a recent poly-
genic score applied to individuals of Euro-
pean ancestry of the UK Biobank explains
only 8%-9% of the variation in BMI and is

calculated by summing the number of disease-increasing alleles
that were inherited from either parent, weighted by each vari-
ant’s effect size observed in a GWAS. Even though each locus
has a small effect on disease risk and explains only a fraction
of the variation in disease susceptibility, when aggregated in a
polygenic score, their contribution can be substantial. Polygenic
scores are normally distributed, with most individuals having an
average score, and thus an average genetic susceptibility,
whereas individuals at the extremes of the distribution have a
(very) high or low genetic risk of disease. For example, in the
UK Biobank, the average BMI of individuals with a high polygenic
score (top decile) is 2.9 kg/m? (equivalent to 8 kg in body weight)
higher and their odds of severe obesity (BMI 2 40 kg/m?) is 4.2-
fold higher, compared to those with a lower polygenic score (bot-
tom 9 deciles) (Khera et al., 2019). Similarly, individuals with a
very high polygenic score (top 5%) for type 2 diabetes have a
2.75-fold increased risk of disease compared to the remainder
of the population (Udler et al., 2019).

These observations have fueled expectations that genotype
information, including polygenic scores, can soon be used in
clinical care for early diagnosis of high-risk individuals, to tailor
prevention and treatments strategies, and to improve disease
prognostics. In fact, many online direct-to-consumer genomic
companies are already informing customers about their risks
and predispositions for a range of common diseases and traits
based solely on genetic profiling, including for obesity and type
2 diabetes (Figure 2). However, even though the genetic associ-
ations observed in GWASSs are robust, their ability to predict who
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a weak predictor of obesity, with an area
under the receiver operating character-
istic curve (AUCRroc) of 0.64 (Khera et al., 2019). Findings are
similar for polygenic scores for type 2 diabetes, with AUCgoc
of 0.64-0.66 (Udler et al., 2019). The predictive ability of poly-
genic scores are expected to improve as GWASs increase in
sample size and the per-variant effect estimates become more
precise, and as algorithms to aggregate millions of genetic vari-
ants across the genome improve. Nevertheless, given the impor-
tance of socio-demographic, lifestyle and clinical risk factors in
the etiology of obesity and type 2 diabetes, it is unlikely that a
polygenic score on its own will ever be able to accurately predict
obesity or type 2 diabetes. More comprehensive approaches
that include a broad spectrum of genetic, demographic, environ-
mental, clinical, and possibly also molecular markers are needed
to accurately predict who is at risk of gaining weight and/or
developing type 2 diabetes.

The vast amount of new genetic information generated by
GWASSs is being used in sub-typing disease at a population level.
Obesity and type 2 diabetes are highly heterogeneous diseases,
and the diagnosis of these metabolic diseases is unrefined,
based on a single marker (BMI ® 30 kg/m? and hyperglycemia,
respectively). Consequently, individuals with the same diagnosis
may differ considerably in disease pathogenesis, clinical presen-
tation, disease course and response to treatments. Subtypes of
obesity and type 2 diabetes have been typically based on pheno-
typic differences and similarities. As the number of GWAS-iden-
tified loci continues to increase, subtyping of obesity and type 2
diabetes based on genetic information has become possible. In
a recent study, 141 variants previously identified for diabetes
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and diabetes-related traits were clustered in five groups, based
on their association with more than 75 traits (Udler et al., 2018).
Variants with a similar association profile cluster in the same
group, and the group-specific association profile can inform
about the mechanisms underlying a given subtype of type 2 dia-
betes. For example, two of the five groups identified for dia-
betes-related traits represent reduced beta-cell function, of
which one cluster is characterized by high and the other by low
proinsulin levels. The three other groups of variants show fea-
tures of insulin resistance, of which one group represents
obesity-mediated insulin resistance, a second group represents
abnormal body fat distribution (“lipodystrophy-like”), and a third
group represents disrupted liver lipid metabolism. Genetic risk
scores based on variants in each cluster are associated with
distinct clinical outcomes (Udler et al., 2018). Further for obesity,
genotype information has been used to identify individuals who
are predisposed to increased adiposity and, concomitantly, are
protected from cardiometabolic outcomes (representing the
so-called metabolically healthy obesity phenotype) (Ji et al.,
2019). Subtyping of heterogenous diseases, like obesity and
type 2 diabetes, is key to precision medicine. Indeed, these
more homogeneous subgroups are characterized by distinct un-
derlying biological mechanisms, such that diagnosis and prog-
nosis will be more precise and optimization of treatment more
efficient (Chung et al., 2020). As GWASs continue to identify
more loci, additional and possibly better-defined clusters may
be identified to more accurately represent the heterogenous
group of individuals with obesity and type 2 diabetes.

As more GWAS loci are being discovered, Mendelian
Randomization (MR) becomes an increasingly powerful
approach to determine causality between an exposure (e.g.,
health-related behaviors, biomarkers [e.qg., lipid levels, metabo-
lites]) and an outcome (e.g., obesity, type 2 diabetes). Genetic
variants that are robustly associated with the exposure are
used to randomize a population in individuals with high exposure
(i-e., carriers of the risk alleles) and those with low exposure (i.e.,
carriers of non-risk alleles). If the same genetic variants also
associate with the disease outcome, through their association
with the exposure, then causality between exposure and disease
is inferred. For example, a large-scale MR study examined the
causal role of a wide range of possible risk factors for type 2 dia-
betes, mostly confirming established risk factors, but also
revealing new ones (e.g., insomnia) (Yuan and Larsson, 2020).
As more GWAS data becomes available for a range of multi-
omics biomarkers, MR analyses may reveal novel disease-
causing biomarkers, broadening insights in the pathogenesis
of obesity and type 2 diabetes.

Epigenetic impact on metabolism

Beyond genetic risk, the genes we inherit and the environmental
factors we are exposed to can interact synergistically to modify
our physiology and risk for obesity and type 2 diabetes through
epigenetic modifications (Figure 3). Epigenetic modifications are
biochemical processes that influence gene activity and expres-
sion, and ultimately modify cellular and whole-body physiology,
without altering the DNA sequence of an organism’s genome
(Barres and Zierath, 2016). Mechanistically, epigenetic modifica-
tions can arise from chemical alterations of nucleosides in the
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DNA molecule itself by methylation or hydroxymethylation, alter-
ations in chromatin structure or post-translational modifications
of histones (i.e., methylation, phosphorylation, acetylation, ubig-
uitylation, and sumoylation) or RNA-associated gene silencing
(Boskovi¢ and Rando, 2018). Although epigenetic modifications
are generally thought to be fixed during development and main-
tained over an organism’s lifetime, there is some degree of plas-
ticity in the epigenome, which engenders organismal adaptation
to rapid environmental changes.

Alterations in nutritional status, food supply, physical activity/
exercise, thermal stress, toxins, or other environmental insults
can ftrigger epigenetic modifications and lead to genomic
changes in somatic cells within an individual that directly disrupt
metabolic homeostasis (Barres and Zierath, 2016; Boskovi¢ and
Rando, 2018). These same factors may also modify the physi-
ology of an organism by transgenerational epigenetic inheri-
tance, whereby paternal or maternal environmental exposure
can influence metabolism and manifest obesity- or type 2 dia-
betes-related traits in the offspring. Prenatal undernutrition af-
fects glucose tolerance and risk of diabetes in the offspring, as
demonstrated by epidemiological studies of several famines
over the past century (Li et al., 2010; Ravelli et al., 1998). In ro-
dents, paternal and maternal diet and exercise influence meta-
bolic and cardiovascular outcomes in offspring over several gen-
erations (de Castro Barbosa et al., 2015; Murashov et al., 2016;
Stanford et al., 2015). Thus, nutritional status in utero during fetal
development may affect the epigenome for several generations,
but the molecular transducers remain to be clarified. Addition-
ally, food restriction during childhood, at different growth phases
around puberty, also leads to epigenetic changes that influence
the risk of cardiovascular and metabolic disease of offspring
over several generations (Kaati et al., 2002). Accordingly, epige-
netic factors passed on by the gametes may contribute to the
global increase in obesity and type 2 diabetes. Thus, an area
of emerging interest is the influence of the environment on epige-
netic mechanisms, and how this modifies metabolic disease risk.

A variety of dietary agents, as well as micronutrients and
metabolites synthesized de novo, can serve as substrates or
co-factors to influence the epigenome and potentially affect
metabolic disease risk in humans, in part by affecting genomic
plasticity (Tiffon, 2018). One-carbon metabolism encompasses
folate and methionine cycles, which transfer one-carbon moi-
eties and methyl groups for nucleotide synthesis, methylation
reactions and reductive metabolism (Newman and Maddocks,
2017). Metabolites including acetyl-coA, AMP, NAD+, and S-ad-
enosylmethionine are required for histone modifications (acety-
lation, phosphorylation) and methylation of DNA and histones.
The extent to which nutritional factors, metabolites, and other
co-factors directly modify the epigenome within a generation re-
mains to be fully substantiated in humans.

While it is important to stress that type 2 diabetes and obesity
are complex multi-factorial, progressive metabolic diseases with
diverse etiology, and not simply “lifestyle disorders,” diet and
exercise regimes can prevent or delay disease progression.
Changes in the concentration of cellular metabolites, nucleo-
tides, or calcium levels in skeletal muscle in response to acute
exercise alter DNA methylation or histone modifications and in-
fluence gene expression through epigenetic mechanisms
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Diet and exercise influence the cellular availability
of nutrients impacting methylation, acetylation and
phosphorylation of chromatin. Paternal or maternal
environmental exposure can therefore influence
metabolism and manifest obesity- or type 2 dia-
betes-related traits in the offspring through trans-
generational epigenetic inheritance.
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receiving cues from the central clock, pe-
ripheral clocks are synchronized by
external zeitgebers, including food intake,
temperature, energetic stressors, and
drive the expression of a broad network
of genes, many of which are involved in
metabolic homeostasis (Gabriel and Zier-
ath, 2019). The precise mechanism by
which circadian clocks coordinate
whole-body homeostatic processes is
an area of emerging interest given the
importance of external zeitgebers and
the regulation of gene programs control-
ling metabolism and development.

One mechanism by which the circadian
machinery influences metabolism is
through the diurnal patterns of hormone
secretion (Gamble et al., 2014). Endocrine
organs release a variety of hormones in
response to diverse environmental fac-

(Barrés and Zierath, 2016). In humans, acute exercise alters DNA
methylation of the promoters of genes involved in metabolic
regulation in skeletal muscle (Barres et al., 2012; Nitert et al.,
2012). Epigenetic modifications have also been observed in skel-
etal muscle and adipose tissue in humans with obesity and
weight loss (Barres et al., 2013; Multhaup et al., 2015). Thus,
the impact of environmental exposures and epigenetic influ-
ences on the risk for metabolic diseases throughout the lifespan
is an important aspect of biology to unravel.

Circadian control of metabolism

An evolutionarily conserved mechanism by which environmental
factors can impact whole-body physiology is through internal
biological clocks and the control of circadian rhythms (Young,
2018). Circadian rhythms are driven by cell-autonomous intrinsic
clocks that anticipate day/night cycles in order to optimize the
physiology and behavior of organisms. Circadian programs are
regulated at both the central and peripheral level with the master
clock, located in the suprachiasmatic nucleus region of the hy-
pothalamus, acting as conductor to synchronize and direct pe-
ripheral oscillators (Young, 2018). Synchronization of these
intrinsic circadian clocks can be achieved in response to photic
and non-photic zeitgebers (time-givers). The most powerful zeit-
geber is light, which synchronizes the central clock. In addition to
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tors including diurnal cycles of light/

dark, fasting/feeding, and temperature
changes. For example, there are diurnal or circadian patterns
of secretion of cortisol, growth hormone, prolactin, thyroid hor-
mone, gonadal steroids, and melatonin related to sleep/wake
cycles, whereas metabolic hormones including insulin, leptin,
ghrelin, and glucagon vary in response to nutritional cues related
to fasting/feeding cycles (Gamble et al., 2014). Many of these
hormones including insulin, insulin-like growth factor 1, and glu-
cocorticoids can act as zeitgebers to reset or fine tune the clock
(Balsalobre et al., 2000; Crosby et al., 2019). Thus, an intimate
relationship between circadian clocks and endocrine systems
exists. This relationship is clinically relevant since disruption of
the circadian clock is linked to metabolic disease.

In humans, long duration of shift work is associated with an
increased risk of type 2 diabetes, which is only partly explained
by lifestyle factors and BMI (Vimalananda et al., 2015). Epidemi-
ological studies show that disruption of the sleep/wake cycle
through extended periods of rotating night shift work is associ-
ated with obesity and increased risk of type 2 diabetes (Lin
et al., 2009; Pan et al., 2011). Chronic jet lag in mouse models
disrupts exergy homeostasis and leptin signaling and leads to
circadian dysfunction-induced obesity (Kettner et al., 2015).
Similarly, a population-based cohort study indicates that social
jet lag, defined as the discrepancy between circadian and social
clocks, is associated with increased risk of metabolic syndrome
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Mitochondrial function, substrate utilization, insulin sensitivity, and glycemic control exhibit diurnal rhythms that are influenced by a variety of factors including
energetic stressors such as diet, exercise, and metabolic disease, as well as intrinsic clocks. The molecular circadian clock is composed of transcriptional
activators, circadian locomotor output cycles kaput (CLOCK), and brain and muscle ARNTL-like protein 1 (BMAL1), and their target genes period (PER),
cryptochrome (CRY), NR1D1 (which encodes REV-ERBa) and DBP, which rhythmically accumulate and form a repressor complex that interacts with CLOCK and
BMAL1 to inhibit transcriptional activity. Energetic stressors influence the circadian program and metabolism. AMPK-mediated phosphorylation of CRY and PER
promotes their destabilization and degradation, while mTOR activation induces CRY1 expression. PER2 inhibits mTOR complex activity via the tuberous
sclerosis complex 1. HIF1a regulates PER2 transcription and interacts with BMAL1 at the chromatin level. CRY1 reduces HIF 1« half-life by interacting with its

basic-helix-loop-helix domain.

and diabetes/prediabetes (Koopman et al., 2017). Thus, chrono-
biology has implications for obesity and type 2 diabetes patho-
genesis.

A basic paradigm of circadian regulation of metabolism is that
oscillations of gene expression generate daily rhythms in cellular
metabolism (Kim and Lazar, 2020). At the molecular level, circa-
dian rhythms are generated by a cell autonomous and self-sus-
tained transcriptional auto-regulatory feedback loop that is
composed of transcriptional activators and their target genes,
which rhythmically accumulate and form a repressor complex
to inhibit transcriptional activity (Figure 4). Energy, nutrient, and
oxygen sensors interact with the circadian clock machinery to
control metabolic outputs including mitochondrial function, sub-
strate utilization, insulin sensitivity, and glycemic control (Lamia
et al., 2009; Peek et al., 2017; Sato et al., 2019). These sensors
monitor oxygen availability and energy stress via hypoxia-induc-
ible factor-1 alpha (HIF1a) and AMP-activated protein kinase
(AMPK), respectively. Cells also integrate signals from nutrients
and growth factors via mammalian target of rapamycin
(MTOR). These energetic sensors not only exhibit circadian
rhythmicity, but also regulate components of the core clock ma-
chinery through epigenetic modifications, mainly involving his-
tone modifications (Kim and Lazar, 2020). Thus, cross-talk exists
between the circadian clock and epigenetic factors that influ-
ence the genomic plasticity of organs controlling metabolic ho-
meostasis. In rodents, dysregulation of the intrinsic molecular
clock in a variety of tissues leads to obesity, insulin resistance,
and altered glucose homeostasis (Rudic et al., 2004; Turek
etal., 2005). Nevertheless, the mechanisms underlying disrupted
circadian rhythmicity in people with type 2 diabetes are un-
known. There is potential to coordinate behavioral changes

with the body’s daily rhythm to improve metabolic homeostasis.
Timing of exercise training bouts or meals and distribution of cal-
ories throughout the day may lead to improved outcomes for
people with obesity or type 2 diabetes (Lundell et al., 2020; Savikj
et al., 2019).

Impact of energetic stressors on the control of
metabolism

Obesity, diabetes, exercise, and food restriction are energetic
stressors that represent major challenges to organismal homeo-
stasis, triggering wide-ranging responses in numerous cells and
tissues controlling glucose and energy metabolism. An essential
component of an organism’s survival is the ability to sense en-
ergy availability and to adapt accordingly. Metabolic flexibility,
the ability to shift between fat and glucose oxidation with fasting
and feeding, is reduced in individuals with metabolic diseases
and contributes to the overall insulin resistance phenotype (Kel-
ley et al., 1992). Skeletal muscle exhibits metabolic flexibility in
fuel preference, likely due to its crucial role in hunting and surviv-
ing predation, situations requiring movement even if nutrient
availability is not optimal (Freese et al., 2017). A body of literature
supports the idea that metabolic flexibility can be directly influ-
enced by physical activity, independent of changes in energy
balance (Rynders et al., 2018). Physical exercise enhances skel-
etal muscle insulin sensitivity and improves whole-body glucose
metabolism in people with type 2 diabetes (Savikj and Zierath,
2020). However, recent findings, based on stable-isotope tracer
and liquid chromatography tandem mass spectrometry, demon-
strate that skeletal muscle mitochondrial substrate preference
is not altered in insulin resistant rodents and humans, calling
into question the central role of metabolic flexibility in the
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pathogenesis of metabolic diseases (Song et al., 2020). Never-
theless, there is growing appreciation that insulin resistance,
obesity, and type 2 diabetes can be avoided or at least delayed
by lifestyle intervention strategies, including diet and exercise,
which initiate diverse homeostatic responses across multiple or-
gans (Savikj and Zierath, 2020).

The concept of “time-restricted feeding” has gained traction
as a dietary means to restore metabolic homeostasis, enhance
insulin sensitivity, and curb obesity. Time-restricted feeding re-
fers to restricting daily food intake to a few hours, without caloric
restriction (Chaix et al., 2014). In rodents, time-restricted feeding
synchronizes the feeding/fasting cycle with the central clock,
thereby promoting robust circadian and metabolic cycles, which
mitigates obesity and metabolic dysfunction (Hatori et al., 2012).
Thus, timing of food intake with the molecular circadian clock
may fine-tune metabolism. In humans, time-restricted feeding
paradigms improve cardiometabolic health in people with
obesity or metabolic disease (Cienfuegos et al., 2020; Wilkinson
et al., 2020). Short-term time-restricted feeding schedules in
men with obesity modulate the diurnal rhythm of lipid and amino
acid metabolism, without affecting core clock gene expression in
skeletal muscle (Lundell et al., 2020). Furthermore, the timing
and type of nutritional intake throughout a day influences carbo-
hydrate metabolism and protein synthesis (Areta et al., 2013).
Whether this is dependent upon the release of hormones, me-
tabolites, or thermogenesis warrants further investigation. More-
over, the weight and cardiometabolic benefits achieved with
time-restricted feeding schedules may be related to reductions
in calorie intake, rather than meal timing. Concordantly, a pro-
spective randomized clinical trial including 116 men and women
with overweight or obesity found that modest reductions in
weight loss and energy intake from time-restricted eating did
not differ from the control group (Lowe et al., 2020), hinting at
the possibility that benefits of time-restricted feeding programs
are mainly due to reductions in calorie intake.

Diet and exercise have a synergistic effect on insulin sensi-
tivity, which may be influenced by altering the timing of the
meal or an exercise bout throughout the day. In rodents, there
is a time-of-day-dependent effect of acute exercise on the
diurnal oscillations of skeletal muscle metabolites and tran-
scripts, with a greater reliance on glycolytic metabolism when
exercise is performed during the early active phase of the day
(Sato et al., 2019). Moreover, in a preliminary clinical investiga-
tion comparing the time-of-day impact of high intensity exercise
in men with type 2 diabetes, greater blood glucose control was
achieved with afternoon versus morning exercise (Savikj
et al., 2019).

The oxygen-sensitive transcription factor HIF 1. links time-of-
day-specific effects of exercise on gene expression and carbo-
hydrate metabolism in mice models (Peek et al., 2017; Sato
et al., 2019). This finding has clinical relevance, since intense ex-
ercise acutely increases skeletal muscle protein abundance and
DNA binding activity of HIF1a in humans (Ameln et al., 2005).
Moreover, energetic stressors, such as exercise and hypoxia, in-
crease skeletal muscle glucose uptake in healthy and insulin
resistant humans and rodents (Ranheim et al., 1997; Ryder
et al., 2000). Thus, perturbing energy, nutrient, and/or oxygen
sensors may have a varied response on cellular metabolism de-
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pending on the time of day. Collectively, these studies provide
evidence that the timing of exercise bouts throughout the day
is clinically relevant for the diurnal control of glycemia or sys-
temic metabolism. Adjusting the timing of external cues (i.e.,
meal/exercise timing) may sustain or amplify circadian clock sig-
nals to prevent or mitigate metabolic disease.

Thermal tolerance

Excess energy can be dissipated in the form of heat, a process
that occurs in brown adipose tissue and is stimulated by food
intake and cold exposure (Chouchani et al., 2019). Feedback
loops involving temperature sensors, thermogenesis, sweating,
and the control of blood circulation are tightly regulated to main-
tain body temperature in humans at ~37°C. Alterations in
ambient temperature trigger acute and chronic changes in
whole-body physiology, making climate a major environmental
stressor that affects all individuals on the planet. Acute exposure
to cold triggers shivering in skeletal muscle, where ATP is used to
generate movement and its associated production of heat.
Chronic adaptation to cold involves different mechanisms, the
main one being activation of brown adipose tissue thermogene-
sis (Chouchani et al., 2019). Uncoupling protein 1 dissipates the
proton gradient in the mitochondria to generate heat instead of
ATP. Consequently, oxidative phosphorylation increases to
maintain mitochondrial membrane potential. Therefore, expo-
sure to cold temperatures increases the metabolic rate during
sleep cycles, as well as diet-induced thermogenesis, thereby
increasing total energy expenditure (Chouchani et al., 2019). A
rise in ambient temperature above thermoneutrality also in-
creases metabolism by promoting heat dissipation (Chouchani
et al., 2019).

The processes involved in heat acclimation have been exten-
sively studied in humans and involve an increase in total body
water, increased sweat volume and decreased sweat concen-
tration, as well as adaptations of heart rate and skin blood flow
(Périard et al., 2015). Mechanisms involved in heat acclimation
and associated cardiovascular events are related to increased
central heat production and dehydration and the ensuing delete-
rious consequences on blood pressure and cardiovascular func-
tion (Meade et al., 2020).

Acute exposure to extreme ambient temperatures, often
referred to as “cold stress” or “heat stress,” is associated with
an increased risk of cardio-pulmonary mortality (Achebak
et al., 2019). In this context, age, weight, obesity, and type 2 dia-
betes are major risk factors (Hajat et al., 2017; Huang et al,,
2012). The mechanisms for increased risk of cardiovascular
events secondary to extreme temperatures in people with meta-
bolic diseases are poorly understood. Reduced heat tolerance in
obesity might be due to impairments in blood flow and sweat
production (Vroman et al., 1983). The reduced sweating ability
is possibly linked to a decreased body surface area-to-body
mass ratio in a person with obesity as compared to a leaner per-
son. Individuals with type 2 diabetes also exhibit reduced skin
blood flow in response to local and whole-body heating, likely
due to impaired endothelial function (Meade et al., 2020). How-
ever, chronic exposure to mild electrical stimulation with heat
shock improves visceral adiposity, glucose homeostasis, and in-
sulin sensitivity in people with type 2 diabetes (Kondo et al,
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2014). This paradox suggests that increasing heat tolerance by
repeated acute exposures to heat might mitigate heat-induced
cardiovascular events in individuals with metabolic diseases.
Heat stress from both exercise and environmental factors can
increase thermal strain in unacclimated individuals (Figure 5).
Acute exercise increases core body temperature and high-inten-
sity exercise can lead to heat illness consisting of symptoms
ranging from minor cramps and syncope to major heat stroke,
even in highly trained athletes (Charlot et al., 2017). The capacity
to dissipate an exercise-induced elevation in body temperature
is reduced in people with type 2 diabetes, but this can be over-
come by regular exercise training, which is associated with
improved heat tolerance (Kenny et al., 2016). Regular exercise
training also reduces cardiovascular mortality and improves
glucose control in people with type 2 diabetes (Savikj and Zier-
ath, 2020). At a molecular level, exercise training increases
heat shock protein abundance, a process that could contribute
to the beneficial effects of exercise to enhance insulin sensitivity
(Archer et al., 2018). Individuals with obesity or type 2 diabetes
exhibit decreased levels of heat shock proteins in skeletal mus-
cle (Chung et al., 2008). This decrease is reversible, and induc-
tion of heat shock proteins by mild electrical stimulation with
heat shock improves visceral adiposity as well as plasma
glucose and insulin levels (Kondo et al., 2014). Regular exposure
to thermal stressors, such as exercise or environmental temper-

our prolonged exposure to cold environ-
ments, may contribute to the worldwide
rise in obesity, although this is difficult to
firmly establish. However, there is a clear link between thermal
regulation, metabolic diseases, and associated complications.
Most of the temperature-related cardio-pulmonary events occur
on moderately hot and moderately cold days (Gasparrini et al.,
2015), suggesting that steady increases in the average global
temperature has the potential to impact the numbers of these
events worldwide. The combination of an epidemic of obesity
and type 2 diabetes, juxtaposed with an aging population and
climate change, may potentially lead to a dramatic increase in
cardio-vascular morbimortality. Understanding the molecular
basis of heat intolerance in people with obesity or type 2 dia-
betes could open novel preventative and therapeutic per-
spectives.

Inflammatory responses

The stress that temperature, obesity, diabetes, exercise, and
food exert on organismal homeostasis triggers activation of the
immune system and different states of metabolic inflammation.
The immune system is composed of specialized cells present
in every organ that protect against a wide variety of insults,
including infections, mechanical injuries, and a variety of dis-
eases. The immune response comes in waves, starting with a
pro-inflammatory activation and finishing with a resolving anti-in-
flammatory phase (Feehan and Gilroy, 2019). When the immune
system fails to recover after an insult, a chronic inflammatory
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state occurs, leading to long-term deleterious consequences.
This typically happens in obesity, where immune cells infiltrate
tissues and lead to chronic low-grade inflammation, associated
with increased risk of cardiovascular complications. The associ-
ation of inflammation with type 2 diabetes and obesity has been
extensively studied, as evidenced by the rapid development of
the field of “immunometabolism,” which includes the analysis
of the complex interactions between metabolic and inflamma-
tory pathways inimmune and metabolic tissues (Lee et al., 2018).

Obesity and type 2 diabetes are associated with an accumu-
lation of immune cells in key tissues involved in metabolic ho-
meostasis. A link between metabolic diseases and immunology
emerged with the detection of macrophage infiltration in adipose
tissue, followed by the discovery that lymphocytes, neutrophils,
and other specific subtypes of immune cells accumulate not only
in adipose tissue but also in skeletal muscle and liver (Hotamisli-
gil, 2017). Even neuroinflammation is part of the systemic inflam-
matory syndrome in metabolic diseases (Cai, 2013). The accu-
mulation of triglycerides in adipocytes increases adipocyte size
(hypertrophy) and number (hyperplasia), resulting in the rapid
expansion of adipose tissue, which triggers hypoxia and the pro-
duction of soluble mediators likely responsible for the attraction
of immune cells. The first immune cells reaching adipose tissue
are likely attracted to support tissue remodeling in a beneficial
manner, but the chronic increase in adipose tissue volume and
the establishment of a new obese steady-state leads to
increasing lipolysis and circulating free fatty acids, which acti-
vate immune cells toward a pro-inflammatory phenotype and
promote the establishment of chronic inflammation (Lee et al.,
2018). Immune cells also respond to metabolic changes and
are susceptible to the deleterious effects of an excessive lipid
or glucose accumulation (i.e., “lipotoxicity” or “glucotoxicity™),
as well as other metabolism-related danger signals that are
released by tissues during metabolic stress (Wang et al.,
2020b). The composition and phenotype of circulating immune
cells is altered in blood of individuals with obesity, with an in-
crease in CD16+ monocytes, and immune cell activation in
response to high concentrations of glucose or fatty acids (Pillon
et al., 2016). These findings suggest that the immune system is
profoundly affected by whole-body glucose and lipid homeo-
stasis.

The mechanisms by which non-adipose tissues establish a
state of inflammation is unclear. However, lipotoxicity, including
the excessive accumulation of toxic lipid mediators such as ce-
ramides, diacylglycerol, or acylcarnitine, and increased levels of
circulating free fatty acids likely play a role. In addition, activated
immune cells primed to respond to metabolism-related danger
signals can impair whole-body metabolism. There is ample evi-
dence to suggest that inflammation is associated with the devel-
opment of metabolic diseases and the ensuing complications,
but pharmacological targeting of pathways controlling immuno-
metabolism has shown limited benefits for the treatment of
metabolic diseases (Palsson-McDermott and O’Neill, 2020).
Perhaps the key to successful clinical intervention will be to iden-
tify relevant patient groups early, before the manifestation of a
chronic low-grade inflammatory state.

Acute exercise, especially intense and/or eccentric exercise,
triggers an acute inflammatory response, which is necessary
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for skeletal muscle repair and adaptations to exercise training.
Exercise training has beneficial anti-inflammatory effects (Glee-
son et al., 2011). Thus, repeated peaks of inflammation triggered
by acute bouts of moderate intensity exercise may be beneficial
to reduce long-term basal concentrations of pro-inflammatory
mediators. In severely obese individuals, combining exercise
and dietary interventions can reduce macrophage infiltration
and pro-inflammatory polarization in adipose tissue (Bruun
et al., 2006). The anti-inflammatory effects of exercise could be
secondary to an increased capacity for fatty acid utilization, as
exercise training in people with obesity or type 2 diabetes re-
duces the level of deleterious lipid species such as DAG, acetyl-
carnitines, and ceramides in skeletal muscle (Lancaster and Feb-
braio, 2014). However, exercise training in healthy individuals
also improves insulin sensitivity without changes in these lipid
species, making the role of intramyocellular lipids on insulin
sensitivity ambiguous and perhaps more relevant in an obesity
context (Reidy et al., 2020).

Unsuspected causes

Currently known genetic, lifestyle, and environmental risk factors
only partly explain the development of obesity and diabetes.
Other yet unknown factors must be at play. A recent example
of potential novel causes of diabetes is the high prevalence of
extreme hyperglycemia/ketoacidosis in patients not known to
have diabetes admitted to hospital with COVID-19 (Rubino
et al., 2020). This seems both more common and more severe
than has been seen with other infections/serious illnesses, so it
may not represent “stress hyperglycemia” or unmasking of
pre-existing, undiagnosed diabetes. Instead, these observations
may suggest a specific pathological entity. The SARS-CoV-2
spike protein penetrates cell membranes by binding to the
angiotensin converting enzyme (ACE) 2 receptor. This receptor
is present on pancreatic beta cells (Hamming et al., 2004). Infec-
tion may result in acute loss of insulin secretory capacity and/or
beta cell destruction (Apicella et al., 2020). ACE2 receptor is also
present on adipocytes so that SARS-CoV-2 may also exacer-
bate chronic inflammation in adipose tissue (Kassir, 2020).

The mechanisms whereby widely accepted risk factors such
as obesity result in disease may have novel aspects. It is gener-
ally assumed that individuals with type 2 diabetes who are not
obese have a different pathophysiological cause unrelated to
weight. However, this belief has been challenged recently. The
concept of a “personal fat threshold” arose from observations
that the median BMI in the UK Prospective Diabetes Study
was only 28 kg/m? (Taylor and Holman, 2015) and that reversal
of type 2 diabetes by weight loss could be achieved equally suc-
cessfully in individuals with higher and lower BMI (Lim et al.,
2011). The underlying mechanism appears to be lipotoxicity,
an individual’s propensity to accumulate liver and pancreas fat,
and their susceptibility to the adverse effects of fat accumula-
tion. At any given body weight or BMI, at-risk individuals will
accumulate more liver fat and be more susceptible to developing
hepatic insulin resistance at any given liver fat content. The sub-
sequent increase in VLDL-TG export from the liver drives fat
accumulation in the pancreas and declining insulin secretion,
both also dependent on the individual’s susceptibility. Remission
of type 2 diabetes by weight loss is accompanied by reduction in
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liver and pancreatic fat, decreased hepatic VLDL export, and
increased insulin secretion (Al-Mrabeh et al., 2020). Conversely,
weight re-gain leading to re-emergence of diabetes is associ-
ated with increased liver fat export and pancreatic fat, with
recurrent pancreatic dysfunction. The importance of these ob-
servations underscores the usefulness of weight loss in the man-
agement of diabetic individuals even of normal weight. However,
diabetes does not remit in everyone following substantial weight
loss, so weight loss is not a universal panacea. Further work is
needed to establish if this relates to longer duration diabetes,
perhaps with irreversible beta cell damage, or to different path-
ological mechanisms of disease.

Bending the curve

Weight loss is clearly the key to reducing rates of obesity and
type 2 diabetes, with considerable individual and societal bene-
fits. There is a continuum of action required in prevention of
obesity and diabetes, and management and care if they develop
(Chan et al., 2020). Many intervention programs have demon-
strated successful short-term weight loss and reversal of dia-
betes, but perhaps the bigger challenge is in preventing weight
re-gain (Forouhi et al., 2018). There may be a weight “set-point,”
at which compensatory hormonal, metabolic and neurochemical
mechanisms prevent further weight loss and drive weight regain
(Bluher, 2019). However, a significant proportion of individuals
who lose a substantial amount of weight, whether by diet or bar-
iatric surgery, do not regain weight over years and maintain the
metabolic benefits of the initial weight loss. Thus, weight loss
programs must have two parts: an initial phase of weight loss,
followed by a weight maintenance program. Obviously, reduc-
tion in energy intake by some means is essential for weight
loss. Exactly how this is achieved is probably less important
than an individual’s ability to adhere to the program long term
(Johnston et al., 2014). The benefits of one regimen over another
have been debated (Forouhi et al., 2018), but no one size fits all,
and many different approaches are needed.

Understanding the influence of social and cultural aspects in
the development and management of obesity and diabetes is
also crucial (Bluher, 2019). Individuals from socially deprived
backgrounds are more likely to be at high risk to develop obesity
and type 2 diabetes, to have poorer glycemic control, to develop
more complications, and to have a greater reduction in life ex-
pectancy (Chan et al., 2020). Identifying and overcoming barriers
to participation in screening and prevention programs and in dia-
betes and obesity care are vital. Most programs do not reach in-
dividuals from ethnic minorities or low socioeconomic class, who
are most at need (Timpel et al., 2019). Involving overweight and
obese individuals from a wide diversity of backgrounds in the
identification of barriers to adherence and then in the design of
weight loss and diabetes prevention/reversal programs is essen-
tial to improve engagement.

Personalized medicine

Although we talk about type 2 diabetes as one disease, this
“blanket” diagnosis covers important heterogeneity (Ahlqvist
etal., 2018). Only rarely is the heterogeneity obvious and explain-
able: slim rather than obese, or young age at presentation with a
striking family history in monogenic diabetes. On many occa-
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sions, individuals with apparently similar phenotypes have very
different clinical courses and respond quite differently to glucose
lowering agents. Dissecting out particular forms of “type 2 dia-
betes,” whether by genetic analyses and risk scores or by
improving our understanding of the underlying pathophysiolog-
ical bases to dysglycemia, is currently possible at the population
level but remains extremely difficult at an individual level. As a
result, the selection of glucose-lowering agents for individuals
is a “best guess” approach, far removed from personalized
medicine.

Personalized medicine is defined simply as the right treatment
for the right person at the right time. The recent American Dia-
betes Association/European Association for the Study of Dia-
betes consensus report describes the ambition to personalize
all aspects of an individual’s diabetes, including precision diag-
nosis, lifestyle and pharmacological management, and prog-
nosis (Chung et al., 2020). Currently, for a very small number of
individuals (for example, those with congenital leptin deficiency
[Montague et al., 1997] and GCK-MODY [MODY 2] [Froguel
et al,, 1992; Hattersley et al., 1992]), precision diagnosis is
possible. However, there are major challenges in precision diag-
nosis for individuals with the polygenic common forms of obesity
and type 2 diabetes. Likewise, there are only a small number of
examples of precision therapeutics (for example, leptin for man-
agement of severe obesity in congenital leptin deficiency [Far-
ooqi et al., 2002] and sulphonylureas rather than insulin for indi-
viduals with neonatal diabetes due to mutations in the genes
encoding the potassium channel [KCNJ11 and ABCC8] [Pearson
et al., 2006]). For many individuals with obesity and type 2 dia-
betes, we have extremely blunt “precision” tools. For example,
analysis of data from participants in the RECORD and ADOPT tri-
als demonstrated that individuals with insulin resistance have a
greater sustained fall in HbA1c on thiazolidenediones compared
to sulphonylureas (Dennis et al., 2018). Additionally, there are
benefits of SGLT2 inhibitors in individuals with high cardiovascu-
lar risk and/or renal disease (Lo et al., 2020). Work is beginning to
examine possibilities for personalization of lifestyle measures.

Grand challenges

Prevention of obesity is probably the most important factor in
reducing the prevalence of obesity and related metabolic dis-
eases. This will require action at an individual and societal level
(Chan et al., 2020). Societal action is necessary in many areas,
including changes to road, rail, and cycling transport plans to
encourage increased physical activity, as well as negotiations
with the food industry (Chan et al., 2020). Governments also
need effective communication plans that reach all sections of so-
ciety (Timpel et al., 2019). Moreover, different strategies are
required for different life stages. The lifestyles of almost everyone
must change radically, and this must be facilitated by appro-
priate action by governments and many branches of industry.
The challenges to overcome the status quo and vested interests
are considerable.

There is abundant evidence that many individuals with obesity
at high risk of metabolic disease can lose substantial amounts of
weight, reversing pre-diabetes and diabetes. A significant pro-
portion then maintain the weight loss and improved metabolic
status for years. Weight loss programs are projected to be
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more effective per quality-adjusted life year and cost-saving over
a lifetime compared to standard care in individuals with type 2
diabetes (Xin et al., 2020). The challenge then is to expand and
adapt these successful programs so that all individuals can ac-
cess them and be supported through them. We must work
with individuals who find current programs inappropriate for
them, identifying barriers to participation and working together
to develop practical solutions. Most current weight loss pro-
grams center on improving basic diet, with or without advice
on exercise (Forouhi et al., 2018). Further incremental benefit
may well be obtained by incorporating additional “personalized”
measures, perhaps based on genes, occupation, and inflamma-
tory status, such as advice on specific micronutrients, timing of
food intake and exercise, and light exposure. However, the chal-
lenge will be to ensure that the message does not become so
complex that adherence falls.

There is a particular challenge for young people (Chan
et al., 2020). The WHO estimated in 2016 that world-wide,
340 million children and adolescents aged 5-19 years were
overweight or obese and, in 2019, that 38 million children
aged <5 years were overweight/obese (https://www.who.int/
news-room/fact-sheets/detail/obesity-and-overweight). Associ-
ated with this, type 2 diabetes is increasingly diagnosed in
children, adolescents, and young adults (IDF Diabetes Atlas 9™
edition 2019, www.diabetesatlas.org). A recent meta-analysis
has demonstrated the greater impact of type 2 diabetes present-
ing at younger age: each one-year increase in age at diabetes
diagnosis was associated with a 4%, 3%, and 5% decreased
risk of all-cause mortality, macrovascular, and microvascular
disease respectively (Nanayakkara et al., 2020). These changes
underscore the need to prevent obesity and/or manage it appro-
priately in young people.

Paralleling the rise in obesity in younger people is the rise in the
number of women with hyperglycemia during pregnancy. The
IDF estimated that, in 2017, 16% of women with live births had
some form of hyperglycemia during pregnancy, and that 86%
of them had gestational diabetes (IDF Diabetes Atlas 9™ edition
2019, www.diabetesatlas.org). In addition to the immediate
maternal and fetal adverse effects of hyperglycemia during preg-
nancy, many of these women will develop type 2 diabetes in the
subsequent 5-10 years. There are also longer-term conse-
quences to the offspring of increased risk of obesity, type 2 dia-
betes, hypertension, and cardiovascular disease (Catalano and
Shankar, 2017). Some of these adverse consequences are
now being reported over several generations of offspring, impli-
cating an epigenetic influence (Catalano and Shankar, 2017).
Thus, in addition to the immediate management of the index
pregnancy, it is extremely important that further studies of the in-
dex in women, their children, and potentially subsequent gener-
ations are conducted urgently.

Low levels of fitness are a risk factor for hospitalizations and
all-cause mortality, and predict morbidity after surgical interven-
tions (West et al., 2016). During the COVID-19 pandemic, public
health recommendations regarding confinement and closure of
recreation areas decreased daily activity in the general popula-
tion (Sanchez-Sanchez et al., 2020), aggravating already high
levels of inactivity in most countries (https://www.who.int/
news-room/fact-sheets/detail/physical-activity). In young adults
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who only developed mild symptoms, COVID-19 decreased the
predicted maximal aerobic capacity (Crameri et al., 2020), while
persons more severely infected with SARS-CoV-2 exhibited
anorexia and skeletal muscle loss, aggravated by long hospital
stays, raising the question of whether COVID-19 could be a ma-
jor cause of cachexia and sarcopenia (Morley et al., 2020). As
obesity and type 2 diabetes are risk factors for COVID-19 com-
plications, the underlying inflammatory conditions in combina-
tion with impaired skeletal muscle function may contribute to
worse outcomes after infection (Guisado-Vasco et al., 2020).
Whether exercise can protect against viral infection or influence
disease severity is unclear, but the benefits of physical activity
to prevent skeletal muscle wasting are important factors for pre-
vention and rehabilitation of people in risks groups. Understand-
ing the molecular mechanisms underlying the beneficial effects
of physical exercise as an inflammatory modulator could thus
potentially prevent or mitigate complications due to unexpected
infections (da Silveira et al., 2021; Krause et al., 2020).

On the horizon

How do we move forward? Progress will only come if we tackle
the problems at both a population and an individual level. Putting
into practice what we already know will benefit many individuals
(Chan et al., 2020). Incorporating the newer evidence described
above—for example, around the timing of eating and exercise—
and light exposure, in ways that do not overwhelm people, will
bring added benefits. Better personalization of all aspects of pre-
vention, management, and care should help adherence. In-
depth large-scale analysis of genetic and environmental factors
may help clarify why people respond differently to the whole
gamut of care, allow stratification into refined sub-groups
with specific risk factors and genetic predispositions, and poten-
tially thus optimize the efficacy of both lifestyle and pharmaco-
logical interventions. Ongoing initiatives like the Innovative
Medicines Initiative (www.imi.europa.eu) have demonstrated
that combining large databases from multiple public and private
organizations is possible, generating power to tackle relevant
genetic and biomarker questions. Such initiatives, bringing
together diverse stakeholders with people with obesity or dia-
betes, are essential in our efforts to provide personalized, timely,
affordable, and equitable access to high-quality health interven-
tions, with the aim of improving health outcomes for all.
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