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Summary

Obesity is closely associated with cardiovascular diseases and type 2 diabetes, but some obese
individuals, despite having excessive body fat, exhibit metabolic health that is comparable with
that of lean individuals. The ‘healthy obese’ phenotype was described in the 1980s, but major
advancements in its characterization were only made in the past five years. During this time,
several new mechanisms that may be involved in health preservation in obesity were proposed
through the use of transgenic animal models, use of sophisticated imaging techniques and in vivo
measurements of insulin sensitivity. However, the main obstacle in advancing our understanding
of the metabolically healthy obese phenotype and its related long-term health risks is the lack of a
standardized definition. Here, we summarize the proceedings of the 13th Stock Conference of the
International Association of the Study of Obesity. We describe the current research and highlight
the unanswered questions and gaps in the field. Better understanding of metabolic health in
obesity will assist in therapeutic decision-making and help identify therapeutic targets to improve
metabolic health in obesity.
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Introduction

In October 2013, the International Association of the Study of Obesity (now known as the
World Obesity Federation) convened in Punta Cana in the Dominican Republic to discuss
the metabolically healthy and unhealthy obese phenotypes. The 2013 Stock Conference was
the 13th annual conference to honour the contribution of Dr Mike Stock to the field of
obesity research. The meeting was co-chaired by Eric Ravussin and Samuel Klein and
attended by 11 outstanding speakers and invited delegates with diverse clinical and basic
expertise and a common interest in the aetiology of obesity-associated metabolic disease.

Worldwide obesity has nearly doubled since 1980, and World Health Organization data
from 2008 show that over 200 million men and nearly 300 million women are obese.
Overweight and obesity are estimated to contribute to 44% of the diabetes burden and 23%
of the ischaemic heart disease burden (1). But not all obese individuals develop metabolic
disease. In fact, the presence of obesity-related metabolic disturbances varies widely among
obese individuals. While most obese individuals present a range of cardio-metabolic
complications, including diabetes, hypertension, dyslipidaemia and insulin resistance, some
remain free of these abnormalities despite similar fat mass and age. The ‘healthy obese’
phenotype was described as a subtype of obesity in 1982 by Sims (2), after Keyes (3) and
Andres (4) in analyses of epidemiological data concluded that overweight and obesity are
not always associated with cardiovascular disease and mortality (5). Since then, much
research has been devoted to characterizing the metabolically healthy obese (MHO)
phenotype, its associated metabolic disease and mortality risks, and to understanding the
mechanisms that provide protection from metabolic disease in obesity (as reviewed (6-8) ).
This paper is a summary of the body of work presented by the conference speakers and
highlights the major obstacles and unanswered questions in the field.

Dr Rabasa-Lhoret opened the meeting with an overview of the key metabolic characteristics
of the healthy obese individual, who despite having excessive body fat, displays high levels
of insulin sensitivity, no hypertension as well as a favourable lipid, inflammation, hormonal,
liver enzyme and immune profile (6). Two key characteristics have been reported by most
groups (Fig. 1): for a similar total fat mass, MHO individuals present less visceral and
ectopic fat, in particular liver steatosis than patients with metabolic abnormalities (6-8). The
MHO phenotype is also associated with a lower degree of systemic inflammation (e.g. as
measured by lower plasma high-sensitivity C-reactive protein [CRP] (9-11) ) (Fig. 1). Dr
Rabasa-Lhoret indicated that longitudinal data clearly show that not all MHO individuals
remain metabolically healthy over time with up to 30% converting to metabolically
unhealthy obese (MUHO) with cardio-metabolic complications over a 5-10-year time frame
(12-14). Two important risk factors have been suggested to be associated with such
conversion: ageing and additional weight gain; conversely, higher physical activity and
weight loss are associated with a higher likelihood to preserve the MHO status (13).
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Dr Rabasa-Lhoret emphasized that mechanisms that could explain the favourable metabolic
profile of individuals who are MHO are poorly understood, but implied that favourable
abdominal fat mass distribution, as well as preservation of ‘healthy’ subcutaneous adipose
tissue function and structure may explain the improved ability to store the excessive fat mass
without (or with less) associated metabolic complications. The role of healthy adipose tissue
expansion during energy excess in metabolic health in obesity was discussed later in the
meeting by Dr Scherer.

MHO - inconsistent definition stirs confusion

Dr Rabasa-Lhoret stressed that the main obstacle in advancing our understanding of the
MHO phenotype and its long-term metabolic fate is the inconsistent definition of metabolic
health across studies. The problem is twofold: first, the terminology used to define this
clinical entity is based on either insulin sensitivity (predominantly by the surrogate
homeostasis model assessment of insulin resistance, with subjective cut-offs) or the
metabolic syndrome (MS). Adding to the confusion is the use of different sets of criteria to
define the MS (15), and the inconsistent requirements in different studies to be either free of
or have fewer of the MS features. Defining metabolic health on the basis of different criteria
resulted in a wide range of prevalence reported for the phenotype from less than 10% of the
obese population to almost 50% (6,7). Dr Rabasa-Lhoret and others showed considerable
differences in metabolic characteristics (16) and all-cause mortality (17) for MHO defined
on the basis of different sets of criteria. This, of course, leads to disagreement regarding the
benefit of therapeutic interventions. A recent meta-analysis indicated that a healthier
metabolic obese profile may not translate into a lower risk of mortality (18). Despite the fact
that significant methodological concerns have been raised regarding the analysis, Dr
Rabasa-Lhoret suggested that it probably indicates that patients who are MHO are not
entirely protected from metabolic disease. Nonetheless, the MHO group was at significantly
lower health risk when compared with MUHO (18). Dr Rabasa-Lhoret concluded that
resolution of these uncertainties will only be possible when a consensus about a definition
for a preserved cardio-metabolic health in obesity is reached.

Gene—environment interactions in insulin resistance and metabolic disease

The next presentations by Dr Kahn and Dr Pietildinen focused on gene—environment
interactions in metabolic disease in animal models and humans. Dr Kahn presented
compelling data from his longstanding research in animal models emphasizing the
importance of both genetic disposition and environmental factors in determining insulin
resistance. Both type 2 diabetes and obesity are the result of a complex interaction between
genes and the environment. While the relative importance of these components is very
difficult to sort out in humans, mouse models provide a powerful tool to investigate the
contributions of genetic and environmental factors involved in disease susceptibility. Kahn
and colleagues have previously shown that C57BL/6J (B6J) and 129X1SvJ or 129S1/Svimg
(129J) mice have remarkably different susceptibility to obesity and MS. Thus, on a regular
chow diet, B6J mice gain more weight, have higher levels of insulin and leptin, and show
greater glucose intolerance than 129J mice, and these phenotypic differences are further
exacerbated with high-fat feeding (19). Likewise, genetically induced insulin resistance by
heterozygous deletion of the insulin receptor and insulin receptor substrate 1 lead to more
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than 90% of B6J mice developing diabetes, but only less than 5% of 129J mice (20).
Genome-wide scanning of an intercross between these strains indicated that at least four loci
on three chromosomes are involved in this process, and one of these corresponds to be the
PKCd& gene (19,21). By comparing 129J mice with another closely related substrain of 129
mice from Taconic Farms, Dr Kahn suggested critical roles for diet and gut microbiome
composition in metabolic health and disease, as well. The topic of the microbiome was also
covered in detail by Dr Nieuwdorp.

Dr Pietilainen agreed that metabolically benign obesity in humans results from an
interaction between beneficial genes and healthy lifestyle. Age, sex and cumulative amount
of years exposed to excess weight may also play a role in an individual’s metabolic response
to obesity. Dr Pietildinen suggested that the study of weight-discordant monozygotic (MZ)
twin pairs is a powerful tool to appreciate gene—environment interaction in humans. In this
design, the obesity-discordant twins are fully matched for genes, age and sex, and partially
matched for environmental factors, including intrauterine and childhood family
environment. Thereby, comparison of weight- and obesity-discordant MZ twins allows the
study of long-term metabolic consequences of acquired weight gain within each genotype,
but without the confounding effects of ageing in longitudinal studies. On the other hand,
comparison of pairs with different metabolic responses to weight gain highlight biological
pathways associated with the development of healthy or unhealthy obesity.

Using this approach, Dr Pietildinen and her colleagues made significant contributions to
understanding of metabolic health in obesity. The first set of experiments showed that
overall, a number of pre-diabetic and pre-atherosclerotic changes were observed in the more
obese compared with the less obese co-twins: reduced insulin sensitivity evaluated by the
gold-standard hyperinsulinaemic-euglycaemic clamp, increased fasting insulin, higher liver
lipid, dyslipidaemia, pro-inflammatory serum and differences in adipose tissue lipidomics
profile and arterial and endothelial dysfunction (22-25). In a recent twin collection, Dr
Pietilainen reported that metabolic phenotypes in acquired obesity were polarized to two
distinct groups (26). The average weight difference between the co-twins was 17 kg. Age
(23-36 years), sex distribution and age of onset of obesity (19-20 years) was similar in the
two groups. While in one group, the obese co-twins exhibited a typical response to obesity
with markedly elevated liver fat, insulin resistance, hypertension, dyslipidaemia, and blunted
incretin response, in the other group, the obese co-twins were metabolically healthy as their
lean co-twins (26-28). Remarkably, in the MHO group, the percentage of liver fat was very
low (~1%) and was similar to that of the lean co-twins, highlighting the liver contribution to
the unhealthy obese phenotype.

Dr Pietilainen continued by describing a global transcriptomics analysis of subcutaneous
adipose tissue, where it became evident that the fundamental feature of MHO seemed to be
intact mitochondrial function (26). The role of mitochondria in metabolic health and disease
in obesity was described in detail by Dr Roden later in the meeting. Dr Pietildinen explained
that three energy dissipation pathways, oxidative phosphorylation, fat oxidation and amino
acid catabolism showed preserved pathway activities in subjects who are MHO at a level
similar to their lean counterparts (26). In contrast, these pathways were significantly down-
regulated in adipose samples from obese twins with metabolic disturbances. Another
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potential hallmark of metabolic health, a favourable inflammatory profile of the adipose
tissue was also observed in the MHO twins (26). Also, the fat cells of the MHO twins were
smaller with evidence of more active differentiation processes within the fat tissue. As
multiple mitochondrial pathways are vital in adipocyte differentiation (29), it is possible that
mitochondrial malfunction impairs the development of new fat cells, which in turn results in
an inability of the adipose tissue to expand under conditions of energy excess. This failure of
fat cell proliferation has long been suspected to constitute the framework for ectopic fat
storage, insulin resistance and type 2 diabetes. Based on her twin studies, Dr Pietildinen
suggested that one possible mechanism behind impaired adipocyte differentiation could be
decreased catabolism of branched-chain amino acids (BCAAS) (22,26). Mitochondrial
metabolism of BCAAs, especially that of leucine, stimulates adipocyte growth and
differentiation by activating the mammalian target of rapamycin signalling (30). Therefore,
decreases in BCAA catabolism reduce the building blocks necessary for this signalling
route. The decrease in adipose tissue BCAA catabolism can also lead to increases in plasma
BCAA (31), a phenomenon closely linked to systemic insulin resistance (32) and
development of type 2 diabetes (33). Further, the down-regulation of mitochondrial
biogenesis seemed to coincide with up-regulation of inflammatory pathways in the fat of
MUHO twins, with significantly elevated serum CRP concentrations (26). As discussed
later, the circulating inflammatory environment in itself, could lead to metabolic
disturbances in obesity.

Dr Pietilainen concluded that the contributions of genes vs. environmental factors to the
large metabolic variation in the response to obesity are not known. In the obesity-discordant
MZ twins, the theoretical role of genetic point mutations (heteroplasmy) of mitochondrial
genome to explain the twins’ weight differences have so far been disputed (22). However, it
is not ruled out that genetic factors play a role in the large group differences in the
development of MHO or MUHO. Nonetheless, there was some evidence for the role of
lifestyle in MHO: the MUHO twins were less physically active and tended to increased
alcohol consumption compared with their lean co-twins, patterns not found in the MHO
twins (26). Based on the twin study, no predictive signs of the fate of obesity were found in
lean co-twins. All lean twin pair members were healthy, and the metabolic abnormalities, if
any, only appeared after development of obesity (26).

The next talk, presented by Dr Lin, focused on metabolic disease in China. Dr Lin presented
intriguing data from a population-based cohort of men and women from urban and rural
areas in China. China is facing an epidemic of metabolic disease because of rapid nutrition
and lifestyle transition in the last few decades. The prevalence of overweight and obesity
increased from 23% to 31% and from 7% to 12%, respectively from 2002 to 2010 (34,35).
Similarly, in 1980 less than 1% of adult Chinese had diabetes (36) and estimated prevalence
reached 11.6%, or 113.9 million, in 2012 (37). Dr Lin indicated that compared with
Caucasians, Asians are known to have increased genetic predisposition for type 2 diabetes
and tend to present the metabolically unhealthy phenotype, in particular increased visceral
adiposity at lower body mass index (BMI) (38). Few studies have prospectively investigated
the relationships between environmental factors and genetic variants with obesity and
related metabolic disease in Chinese. Lin and colleagues in a cohort of men and women
aged 50-70 years from urban and rural areas of Beijing and Shanghai, found significant
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north—south and urban-rural differences in the prevalence of the MS and type 2 diabetes.
Specifically, at a given level of overweight/obesity, northern participants had higher risk of
MS and/or type 2 diabetes (39). Ethnical differences in the linkage disequilibrium patterns
and risk allele frequencies of GRK5, RASGRP1 and FTO loci were noticed between
Chinese Hans and White Europeans (40). As an example, the association between FTO and
type 2 diabetes was independent of BMI in Chinese Hans, but not in Caucasians (41).
Interestingly, plasma CRP concentrations in the Chinese population were lower, with
approximately 50% of participants with MS with CRP below ‘low risk’ level according to
the American Heart Association criteria (predominantly generated from data in Caucasian
populations) (42). Similar to studies in Caucasian populations; however (38), larger leg fat
was associated with a better adipokine and inflammatory cytokine profile and with a reduced
risk of MS, in contrast to adverse effects of trunk fat (43,44). Interesting differences were
revealed by gas chromatography analysis of erythrocyte fatty acids between different
geographical areas. Generally, Shanghai or urban participants had significantly higher
concentrations of total and most of n—3 fatty acids compared with their Beijing or rural
counterparts. Also, erythrocyte docosahexaenoic acid, but not eicosapentaenoic was
inversely associated with MS risk (45). A gene variant on FADSL1, an essential desaturase in
polyunsaturated fatty acid metabolism, was associated with lower high-density lipoprotein
cholesterol only when erythrocyte 18:2n-6 or 18:3n—3 were lower (46). Overall, erythrocyte
trans-fatty acids concentrations were lower in Chinese population than those reported in
Western studies. The major trans-fatty acid, trans-18:1 was significantly associated with
dairy products intake (47). Interestingly, increased levels of trans-18:1 isomers and diary
intake were associated with 30-35% reduced 6-year type 2 diabetes incidence, but the
significant association between trans-18:1 isomers and type 2 diabetes risk was abolished by
adjusting for dairy intake, suggesting that trans-18:1 may be a potential biomarker for dairy
intake in this population (48). On the other hand, erythrocyte trans-18:2 levels were
associated with dyslipidaemia (47). In addition, increased erythrocyte 16:1n—7 (palmitoleic
acid) and other de novo lipogenesis-associated fatty acids associated with a high
carbohydrate low fat diet and with an increased 6-year incidence of metabolic disease (49).
Overall, Dr Lin’s work revealed unique relationships between genetic disposition,
environmental factors and metabolic disease in Chinese individuals, and will assist in
guiding future recommendations to improve metabolic health in this population.

Role of the adipose tissue studies in MHO and MUHO animal models

Dr Scherer focused on the role of the adipose tissue in determining the metabolic fate of
obesity and presented fascinating data generated in obese animal models with a beneficial
metabolic profile that mimic the clinical MHO situation. He opened with an overview of the
processes that take place in adipose tissue in states of energy excess. During the progression
from the lean to the obese state, adipose tissue undergoes hyperplasia as well as hypertrophy
in an attempt to cope with the increased demand for triglyceride storage. This requires a
high degree of plasticity at both the cellular and tissue levels. Even though adipose tissue as
a whole seems to be a relatively static tissue containing many adipocytes that turn over
slowly, these cells are embedded in an environment that can rapidly adapt to the needs of
expanding and newly differentiating adipocytes. The extracellular matrix of adipose tissue
faces unique challenges with respect to adjusting to the need for remodelling and expansion
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(50). In parallel, the vasculature has to adapt to altered requirements for nutrient and oxygen
exchange (51). A decreased plasticity of these processes leads to metabolic dysfunction.
Furthermore, to maintain a healthy, non-inflamed phenotype, complex regulatory
mechanisms are in place to ensure adipocytes and stromal vascular cells efficiently crosstalk
to allow adipose tissue to expand upon increased demand for storage of triglycerides. Dr
Scherer proposed a model of stepwise adipose tissue dysfunction that is initiated by rapid
expansion of existing adipocytes to accommodate triglycerides during excess caloric intake.
This leads very quickly to an acute, and eventually chronic, state of hypoxia in adipose
tissue (52). The Scherer lab hypothesized that vascular endothelial growth factor-A (VEGF-
A)-induced stimulation of angiogenesis enables sustained and sufficient oxygen and nutrient
exchange during fat mass expansion, thereby improving adipose tissue function. Utilizing a
doxycycline-inducible adipocyte-specific VEGF-A overexpression model, they demonstrate
improved vascularization in parallel with *‘browning’ of white adipose tissue, and massive
up-regulation of uncoupling protein 1 and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha, associated with increased energy expenditure and resistance to high-fat
diet-mediated metabolic insults (53). Conversely, inhibition of VEGF-A-induced activation
of vascular endothelial growth factor receptor 2 (VEGFR2) during the early phase of high-
fat diet-induced weight gain, caused systemic insulin resistance. However, the same VEGF-
A-VEGFR2 blockade in ob/ob mice lead to reduced body weight gain, improvement in
insulin sensitivity, decreased inflammation and increased incidence of adipocyte death. The
consequences of modulation of angiogenic activity are therefore context-dependent. Pro-
angiogenic activity during adipose tissue expansion is beneficial, associated with potent
protective effects on metabolism, while anti-angiogenic action in the context of pre-existing
adipose tissue dysfunction leads to improvements in metabolism, an effect likely mediated
by the ablation of dysfunctional pro-inflammatory adipocytes (53).

Dr Scherer proposed that changes during the adipose expansion process also affect
adipocyte-derived secretory factors (adipokines), such as adiponectin (54). Adiponectin
promotes insulin sensitivity, decreases inflammation and promotes cell survival (55), and its
levels are frequently down-regulated in the obese state. Avoiding the obesity-associated
down-regulation of adiponectin by genetic manipulation allows the adipose tissue to further
expand and leads to a ‘healthy’ expansion, with enlarged subcutaneous adipose tissue,
improved vascularization and enhanced adipogenesis. As a result, the Scherer lab showed
that systemic insulin sensitivity improved, that is an overall phenotype reminiscent of
chronic exposure to pharmacological doses of peroxisome proliferator-activated receptor
gamma agonists (56). In a similar fashion, overexpression of the mitochondrial protein
mitoNEET in the adipocyte results in alteration in mitochondrial iron content and a reduced
rate of § oxidation. This results in adiponectin overexpression as well and in an overall
phenotype very similar to what is observed in the adiponectin-overexpressing mouse (57).

Dr Scherer reasoned that these phenotypes of healthy adipose tissue expansion have a
positive effect on the systemic lipotoxic environment that prevails in the obese state (58).
This may be particularly relevant for sphingolipids that tend to accumulate and prompt a
high level of cytotoxicity under high-fat diet conditions. Adiponectin potently stimulates a
ceramidase activity associated with its two receptors, adipoR1 and adipoR2, and enhances
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ceramide catabolism and formation of its anti-apoptotic metabolite — sphingosine-1-
phosphate, independently of adenosine monophosphate-activated protein kinase (59). These
observations suggest a novel role of adipocyte-derived factors that have beneficial systemic
effects, with sphingolipid metabolism as its core upstream component (60). As the overall
levels of adiponectin are reduced in the obese state, the prevailing increase in ceramides can
lead to a significant increase in insulin resistance, hence contributing to the lipotoxic
environment in a number of different tissues.

Dr Scherer concluded that preserving healthy adipose tissue with the ability to further
expand with proper vascularization and a rate of adipogenesis that keeps pace with the need
for additional fat cells is key to preserving elevated adiponectin levels, reduce cytotoxicity,
giving rise to the MHO phenotype. It was agreed that the data from the preclinical models
presented translate very well into the clinical setting.

Mitochondrial function and metabolic health

The term mitochondrial function comprises different features of the mitochondria such as
oxidative phosphorylation capacity, submaximal adenosine diphosphate (ADP)-stimulated
oxidative phosphorylation and basal as well as insulin-stimulated adenosine triphosphate
((ATP) synthesis). These features of the mitochondria can be quantified in humans using
noninvasive and invasive methods. Dr Roden presented compelling evidence generated by
sophisticated in vivo measurements for the need of a healthy mitochondrial function to
preserve metabolic health. Substrate oxidation in all tissues requires adequate mitochondrial
function. The Roden lab uses in vivo (31) P magnetic resonance spectroscopy to asses
unidirectional flux through ATP synthase from saturation transfer as well as submaximal
ADP-stimulated oxidative phosphorylation from phosphocreatinine recovery upon exercise
(61).

During the last decade, alterations in oxidative metabolism have been described and linked
to impaired insulin-stimulated glucose metabolism in human skeletal muscle and liver.
These alterations frequently occur in parallel with augmented lipid storage suggesting
impaired lipid oxidation capacity. Insulin-resistant states, such as type 2 or long-standing
type 1 diabetes, but also obesity, family history of type 2 diabetes or gestational diabetes,
may exhibit acquired or inherited reductions of oxidative phosphorylation. Severely insulin-
resistant first-degree relatives of patients with type 2 diabetes, for instance, have lower
mitochondrial density/number and function compared with matched persons without family
history of type 2 diabetes (62). Patients with overt type 2 diabetes, however, do not
generally have markedly lower mitochondrial density or function than controls, indicating
that acquired factors also contribute to alteration in energy metabolism (63). Indeed, higher
concentrations of circulating free fatty acids and glucose determine both mitochondrial
function and insulin sensitivity.

Although mitochondrial function can be altered in insulin-resistant states, this does not
necessarily hold true for all tissues or explain all forms of insulin resistance. Roden and
colleagues showed that muscle flux through ATP synthase negatively relates not only to
insulin sensitivity and glycaemia, but particularly to liver fat content (64). Of note, impaired
mitochondrial function can be present in liver of patients with overt type 2 diabetes. On the
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other hand, there is some evidence that the oxidative capacity and production of reactive
oxygen species (ROS) can be even increased in hepatic mitochondria of obese insulin-
resistant humans (65). Thus, hepatic mitochondria are likely able to oxidize excess
intracellular lipids in early stages of obesity, but concomitant production of ROS may
accelerate insulin resistance, fat deposition and impair organ function in the long term (66).

Some lifestyle modifications and pharmacological interventions can enhance mitochondrial
content and function, which is not necessarily related to changes in insulin sensitivity. Dr
Roden gave the example of a gene variant, (G/G single nucleotide polymorphism of the
nicotinamide adenine dinucleotide dehydrogenase [ubiquinone] 1 p sub-complex 6
[NDUFB6] rs540467 gene) that increased the response of muscle ATP synthesis, but not of
insulin sensitivity, to physical exercise training. These findings hint at interaction of
inherited factors with responsiveness to the metabolic effects of lifestyle modifications in
humans (67,68). On the other hand, Dr Roden suggested that even short-term inhibition of
lipolysis with reduction of circulating free fatty acids by acipimox improves insulin
sensitivity and ROS production, but does not affect oxidative capacity in skeletal muscle
(69).

Dr Roden concluded that mitochondrial function contributes to metabolic health by adapting
to substrate availability under various conditions. States of reduced insulin sensitivity and
inadequate insulin secretion lead to greater lipolysis and increased fluxes of triglycerides
and free fatty acids to the muscles and the liver. Particularly, the liver can adapt its energy
metabolism by increasing mitochondrial oxidation, thereby preventing the accumulation of
hepatic lipids. Inadequate adaptation because of inherited factors and/or long-term exposure
to high lipid and glucose levels will raise cellular ROS production, which activates
inflammatory pathways such as c-Jun N-terminal kinase and nuclear factor kappa-light-
chain-enhancer of activated B cells, and toxic lipid metabolites such as diacylglycerols or
ceramides, which cause insulin resistance. These mechanisms contribute to the development
and progression of non-alcoholic fatty liver disease and to systemic insulin resistance by
modifying the release of tissue-specific cytokines such as hepato-, myo- and adipokines, i.e.
a metabolically unhealthy phenotype.

Dys-regulation of immune system by chronic obesity

During obesity, adipose tissue acquires immunological properties that are exemplified by
increased infiltration of haematopoietic lineage cells such as activated macrophages,
neutrophils, eosinophils, mast cells, innate lymphoid cells, and T and B cells (70,71). Dr
Dixit presented topical data from his lab and others on the involvement of the immune
system in metabolic disease in obesity. New data demonstrate that the reciprocal interactions
between immune and metabolic systems may play physiological roles in adaptation to
chronic energy excess through adipose tissue remodelling, restoration of tissue homeostasis
and potential effects on fuel utilization (72,73). However, an ever-growing body of work
demonstrates that immune—metabolic interactions can also lead to low-grade inflammation
that impairs tissue function and links obesity to chronic disease (70,71). Among several
innate immune sensors that can detect obesity-associated ‘danger signals’, the NLRP3
inflammasome, a multimolecular complex of proteins that controls caspase-1 activation and
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downstream pro-inflammatory cytokines interleukin (IL)-1p and IL-18 appears to play a
major role in the development of metabolic inflammation (74-76). Dr Dixit and others
showed that reduction of NLRP3 inflammasome activity in patients with obesity and type 2
diabetes by metformin (77) as well as weight loss (74) is linked to improved glucose
homeostasis. In addition, genetic inactivation of the NLRP3 in mice protects against
atherosclerosis, type 2 diabetes, gout as well as other sterile inflammatory diseases such as
Alzheimer’s disease (70,75). Notably, multiple new inflammasome complexes including the
NLRP6-, AIM2-, and NLRP12-inflammasomes and non-canonical caspase-11
inflammasomes have recently been described. But their role in the pathogenesis of obesity
remains to be established. Dr Dixit suggested that future investigations that address
stimulatory and inhibitory inflammasome pathways may enhance our understanding of the
aetiology of obesity-associated conditions and aid in the design of novel therapeutics.

In addition, diet-induced obesity in mice impairs CD4 and CD8 T—cell-mediated adaptive
immunity that is manifested by increased severity and death from influenza infections (78—
80). Consistent with this, data from 19 countries during the HLN1 pandemic indicated that
obese individuals had significantly higher morbidity and mortality from H1N1 influenza
(81). In addition to influenza, obesity can also compromise vaccination efficacy against
hepatitis B and tetanus (70). Dr Dixit therefore hypothesized that in a future event of
infectious disease outbreaks, obese individuals may be highly susceptible, and existing
vaccination strategies may not be efficacious in a large segment of the at-risk population;
this should raise public health concern. Studies are therefore needed to identify the
mechanism of obesity-associated reduction in immune surveillance and immune
reconstitution to improve the prevention and treatment strategies against re-emergence of
infectious diseases.

Dr Dixit added that it is now evident that obesity not only impacts innate immune cells such
as macrophages, but also compromises central immunity by impairing generation of new T-
cells from thymus. The genetic obesity driven by lack of leptin or melanocortin 4 receptor
leads to increased damage to thymic stromal cells that leads to reduced production of naive
T-cells from thymus (81). Furthermore, diet-induced chronic obesity accelerates the thymic
atrophy process by inducing lipotoxicity within the thymic microenvironment that leads to
reduced naive T-cell production and restriction of T-cell receptor (TCR) repertoire diversity
(81). The major mechanism of obesity-induced lipotoxicity is by alterations in thymic
epithelial cells, as well as reductions in T-cell progenitors in the thymus and bone marrow
(70,81). The thymus is responsible for the development and selection of T-cells that are
tolerant to self-antigens and possess broad TCR repertoire to generate an immunocompetent
response against foreign antigens. Obesity in humans is also associated with reduced
generation of naive T-cells. Importantly, compared with lean healthy subjects, individuals
who are obese and non-diabetic and diabetic displayed reduced thymic T-cell production,
but no difference was found in naive T-cells between the metabolically healthy and
unhealthy obese individuals in this study (81). Dr Dixit suggested that additional studies
using multi-colour flow cytometry in a large group of people are necessary to fully delineate
effect of metabolically healthy vs. unhealthy obesity on indicators of adaptive immune
responses. In conclusion, Dr Dixit argued that as the obesity epidemic evolves and threatens
to shorten the health span and lifespan, the identification of the immunological processes
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that are sensitive to caloric restriction or caloric excess offers exciting new avenues to
manage chronic diseases.

Specific T-cell signature in adipose tissue in individuals who are MHO

Building on Dr Dixit’s presentation, Dr Klein, in the first part of his talk, presented clinical
data supporting the involvement of a specific immune cell signature in metabolic disease in
obesity. Reduced adipose tissue inflammation has long been suggested to partly explain
insulin sensitivity in obesity in humans (82-86). In the last decade, a growing body of work
demonstrated that obesity is associated with macrophage infiltration into adipose tissue
(87,88) in conjunction with a switch from anti- to pro- inflammatory macrophage phenotype
(89). Recently, studies in Dr Klein’s laboratory and others (90,91) have extended the
evidence for an immune system involvement in obesity-related metabolic disease in humans
to specific T-cell signature in adipose tissue. Individuals with obesity who are insulin-
sensitive had decreased proportions of IL-22 and IL-17 producing cells in CD4* T-cells
expanded from subcutaneous adipose tissue, similar to lean controls (90). This was related to
decreases in plasma IL-6, the IL that stimulates lymphocyte polarization towards the Th17/
Th22 phenotype. Further, Klein and colleagues have demonstrated that insulin action was
inhibited in IL-17- and IL-22-treated rat soleus muscle strips and primary human
hepatocytes in vitro, suggesting a link between circulating IL-17 and IL-22 and peripheral
insulin resistance (90). Furthermore, others have reported that the percentage of anti-
inflammatory regulatory T-cells in visceral adipose tissue was increased in MHO, similar to
levels observed in lean healthy individuals (91). Altogether, these findings suggest a unique
T-cell signature in adipose tissue that may be involved in preserving metabolic health in
obesity in humans. The second part of Dr Klein’s talk focused on lessons from body weight
alterations in humans (see ‘Metabolically healthy obesity — Lessons from weight loss and
gain studies’).

Role of microbiota in metabolic health

Dr Nieuwdorp focused on the involvement of gut micro-biota in determining metabolic
health, presenting fascinating data from his group and others. A multitude of microbial cells
reside in the human intestinal tract and their association with human health and disease is
now well recognized (92). The beneficial impact of the gut’s microbes on human
metabolism has been discovered only recently and alterations in gut microbiota have been
described in human obesity, type 2 diabetes and insulin resistance (as reviewed (93)). Causal
relationships between certain intestinal micro-organisms and obesity were established when
colonization of germ-free mice with ‘obese microbiota’ resulted in significant increases in
body fat compared with colonization with ‘lean microbiota’ (94). The human intestinal
microbiota is extremely complex and includes thousands of species with close to 5 million
genes, termed the metagenome (92). High-throughput sequencing of the metagenome from
stool samples is now regularly used to analyse the intestinal microbiota. Metagenomic data
combined with clinical information give rise to metagenome-wide association study
(MGWAS). Karlsson and colleagues (95) and Qin and colleagues (96) in MGWAS studies
in European and Chinese populations, respectively reported highly significant correlations of
specific intestinal microbes and their genes in type 2 diabetes. Strikingly, similar type 2
diabetes metagenomic signatures were reported in the European and Chinese individuals.
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Specifically, fewer Clostridiales bacteria that produce the short-chain fatty acid butyrate was
highly discriminant of type 2 diabetes (92), underscoring the well-established role of
butyrate producing bacteria as regulators of glucose and lipid metabolism (93). The
Nieuwdorp lab, in a breakthrough study has recently showed that faecal transplantation from
lean insulin-sensitive donors in male insulin-resistant recipients improved peripheral and
hepatic insulin-sensitivity 6 weeks post transplantation (97). This was associated with
increased gut microbiota diversity and in particular, increases in specific butyrate producing
bacterial species (97). Dr Nieuwdorp suggested that these findings may translate to exciting
therapeutic avenues for metabolic disease, but whether preserved metabolic health in obesity
is associated with a favourable metagenomic signature remains to be established.

MHO - lessons from weight loss and gain studies

Dr Leibel, Dr Ravussin and Dr Klein talks focused on data gathered in experimental caloric
restriction or excess interventions in humans. It is well known that weight loss achieved
through caloric restriction improves cardiovascular disease risk and insulin sensitivity in
overweight and obese subjects (98-100). This is clearly the case for individuals who are
MUHO. However, MHO individuals present better cardio-metabolic profile at baseline and
whether further improvement in metabolic health is achieved with weight loss is unclear.
For a comparable weight loss through caloric restriction and exercise, MUHO consistently
correct cardio-metabolic risk profile, while findings in MHO remain controversial, with
either increase (101), no change (102,103) or decrease (104) in insulin sensitivity. An
overall reduced metabolic benefit of caloric restriction in the more healthy obese population
may reflect their initial improved health, but further study in large cohorts is required to
guide clinical recommendations. Bariatric surgery with dramatic weight loss in severely
obese individuals corrects oral glucose tolerance, insulin sensitivity and p-cell function
(105), and with comparable weight loss both MHO and MUHO exhibit improvements in
blood pressure, lipid profile and fasting glucose 6-12 months post-surgery (106,107). While
these findings suggest that bariatric surgery is effective in correcting cardio-metabolic risk
profile irrespective of metabolic health in the short-term, a recent long-term follow-up of
approximately 14 years reported that obese individuals with higher baseline fasting insulin
showed a greater relative treatment benefit in cardiovascular events (108). No such
differences in relative treatment benefits were noted when the cohort was stratified based on
BMI, waist or waist-hip ratio. Overall, these findings support the addition of markers of
insulin sensitivity to better guide selection for treatment in severely obese individuals, but
further study with other disease and mortality end points is required.

Overfeeding and weight gain, on the other hand increases insulin resistance in healthy
individuals (109,110). Dr Ravussin suggested that similar to studies in animal models,
experimental short-term overfeeding challenge is employed as means to trace the temporal
order of events leading to metabolic disturbances in humans. Using this approach, work in
the Ravussin lab and others have demonstrated that short-term experimental overfeeding for
4-8 weeks with 4-10% weight gain increases abdominal subcutaneous and visceral fat
depots, without increases in subcutaneous adipose tissue inflammation (110-112). Adipose
tissue extracellular matrix remodelling genes, however, are dramatically induced by short-
term overfeeding in healthy individuals (110,112). To the surprise of the Ravussin lab, 8
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weeks overfeeding with 10% weight gain resulted in a dramatic up-regulation of
extracellular matrix remodelling and inflammation-associated genes in skeletal muscle in
healthy young men. These findings add dysfunctional extracellular matrix remodelling in
skeletal muscle to the pathogenic milieu associated with energy excess and obesity. Overall,
data in humans and time course analysis in high—fat-fed animal models (113,114) are
consistent with a secondary role of adipose tissue inflammation in metabolic disturbances,
while abnormal adipose extracellular matrix development and fibrosis are early
consequences of weight gain (114). These data may support the hypothesis that prolonged
repeated bouts of energy excess are necessary to reach a critical threshold from which low-
grade inflammation in adipose tissue is maintained (89). Indeed, weight cycling in mice
enhances adipose tissue and systemic inflammation, which may contribute to metabolic
dysfunction (115,116). Dr Ravussin hypothesized that less weight cycling and maintenance
of stable body weight may explain health preservation in obesity, but this requires further
study. Also, it remains to be established whether individuals who are MHO are protected
from the adverse effects of overfeeding.

Concluding remarks

Despite the uncertainty about the exact degree of protection related to the metabolically
healthy or insulin-sensitive obese status, identifying underlying factors and mechanisms
associated with this phenotype will eventually be invaluable in helping the scientific and
medical community understand factors that predispose, delay or protect obese individuals
from metabolic disturbances. It is essential to underscore that the MHO concept presently
only address the cardio-metabolic risks associated with obesity; it is therefore important that
patients who are MHO are still very likely to present many other obesity-related
complications such as altered physical and/or physiological functional status, sleep
problems, articulation and postural problems, stigma, etc. Importantly, the MHO concept
supports the fact that classification based on excess adiposity per se (e.g. BMI or body
composition if available) should be supplemented with obesity-related comorbidities, e.g.
with fasting insulin (108) as proposed by the Edmonton obesity classification system (117).
A greater understanding of the MHO phenotype has important implications for therapeutic
decision-making, characterization of subjects in research protocols and medical education.
Patients who are MHO need medical attention, but the most appropriate care for these
patients remains to be established. Above all, because of all the other associated disorders
associated with obesity, it is imperative to also enrol patients who are MHO in weight
management therapy.
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Proposed features of preserved metabolic health in obese humans. One of the most
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consistent characteristics of metabolic health in obesity across studies in humans is reduced
liver lipid. This is likely the consequence of increased capacity for storing fat coupled with
improved mitochondrial function in adipose tissue and decreased de novo lipogenesis in
liver. This can also result in decreased deposition of lipids, including bioactive species, in
skeletal muscle. Decreased adipose tissue inflammation with decreased macrophages and a
unique T-cell signature with an anti-inflammatory circulating milieu were also suggested to
characterize metabolic health in obesity. Anecdotal data support a possible role for healthier
lifestyle, including increased level of physical activity and healthier diet. It remains to be
established whether a favourable metagenomic signature is a characteristic of metabolic

health in obesity. Reprinted and adapted from Samocha-Bonet et al., ‘Insulin-sensitive

obesity in humans — a “favourable fat” phenotype?’ Trends Endocrinol Metab (2012), with

permission from Wiley.
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