
Obesity and global warming : a two-way relationship ?

Obésité et réchauffement climatique : une relation à double sens ?

Abstract
Our modern society has to face several health problems, among which climate change characterized by global warming and increased pollution and obesity epidemic and associated morbidities are prominent ones. Interestingly, several epidemiological studies argue for a close connection between these two health concerns, in fact pointing out a bidirectional relationship. Global warming and its associated exposure to pollutants could contribute to weight gain through different mechanisms, including some endocrine disorders linked to adipocyte dysfunction (“adiposopathy”) and reduced thermogenesis, as well as a reluctance to physical activity in a hot ambient temperature. Conversely, obesity epidemic may play a role in global warming by an increased consumption of energetic ultra-processed foods and an enhanced energy waste for transportation, both leading to increased greenhouse gas emission. Thus, there is an urgent need for greater action to slow the process of global warming also to prevent harmful effects on health linked to obesity epidemic.
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Résumé
Notre société moderne doit faire face à plusieurs problèmes sanitaires, parmi lesquels le changement climatique caractérisé par un réchauffement de la planète avec une augmentation de la pollution et l’épidémie d’obésité avec ses comorbidités sont à l’avant-plan. De façon intéressante, plusieurs études épidémiologiques plaident pour une connexion étroite entre ces deux phénomènes, pointant en fait une relation bidirectionnelle. Le réchauffement climatique et l’exposition à divers polluants peuvent contribuer à la prise de poids par différents mécanismes, dont des désordres endocriniens liés à un dysfonctionnement des adipocytes et une réduction de la thermogenèse ainsi qu’une résistance à pratiquer de l’activité physique dans une ambiance chaude. Inversement, l’épidémie d’obésité peut jouer un rôle dans le réchauffement climatique en raison d’une consommation accrue d’aliments ultra-transformés consommateurs d’énergie et d’un gaspillage énergétique pour les transports, les deux conduisant à une augmentation des gaz à effet de serre. Il existe donc un besoin urgent pour des actions concertées visant à ralentir le processus du réchauffement climatique dans le but de prévenir aussi les effets délétères sur la santé liés à l’épidémie de l’obésité.
Mots-clé : Adipocyte – Climat – Désordres endocriniens –Réchauffement climatique – Obésité – Pollution

Highlights
· Global warming and obesity epidemic are two major health problems that are interconnected.
· Climate change, through both global warming and associated pollution, contributes to obesity as well as diverse endocrinopathies
· In return, obesity contributes to global warming by a greater consumption of   high-energy food and increased fuel use for transportation, thereby procuring more greenhouse gases  
· Adequate strategies should be implemented to tackle both phenomena, by promoting healthy food and physical activity 


Introduction
Over the last decade, the deleterious effects on human health of worsening climate, especially global warming and associated air pollution, has been emphasized in several landmark publications both in the New England Journal of Medicine [1-3] and in the Lancet [4, 5]. Environmental endocrinology is an emerging field of medicine, which encompasses the bidirectional impact of endocrine disorders and the diverse environment changes [6]. Currently, our modern society has to face two major health problems, obesity epidemic and global warming [7, 8]. The secular curves show a parallel increasing pattern, which may suggest a close link between the two phenomena [9, 10] (Figure 1). In fact, the two conditions are interconnected [11]. In a systematic review published in 2018, four relationships were identified : (i) global warming and the obesity epidemic are correlated because of common drivers; (ii) global warming influences the obesity epidemic; (iii) the obesity epidemic influences global warming; and (iv) global warming and the obesity epidemic influence each other [12]. Both dietary and transport strategies should be implemented to simultaneously reduce greenhouse gas (GHG) emission and tackle obesity [13].
The present narrative review is discussing the bidirectional relationship between global warming and obesity, with a special focus on some hormonal dysfunctions (for instance, changes in adipokines and brown adipose tissue) (Figure 2).
Obesity and endocrine disorders
In 2020, the European Society of Endocrinology has published a clinical practice guideline and endocrine work-up in obesity [14]. An increased body mass index (BMI) leads to a number of hormonal changes and concomitant endocrine diseases may be present in patients living with obesity [14]. The relationships between obesity and endocrine disorders are complex and bidirectional: obesity can lead to endocrine disorders (insulin resistance, type 2 diabetes, polycystic ovary syndrome) whereas endocrine disorders can promote obesity. Indeed, several endocrine disorders, including hypothyroidism, Cushing syndrome, gonadal dysfunction (predominantly testosterone deficiency in men and polycystic ovarian syndrome in women), and growth hormone deficiency, are associated with obesity [15]. In a systematic review that included sixty-eight studies and a total of 19.996 patients with obesity, the pooled prevalence of overt (newly diagnosed or already treated) and subclinical hypothyroidism was 14.0% and 14.6%, respectively, whereas pooled prevalence of hypercortisolism was only 0.9% [16]. A highly prevalent complication of obesity is insulin resistance related to low adiponectin levels, especially in presence of visceral adiposity [17]. The ultimate metabolic complication consists of type 2 diabetes closely linked to abdominal obesity [18]. The cellular and physiological mechanisms responsible for the link between obesity and type 2 diabetes are complex and involve adiposity-induced alterations in beta-cell function, adipose tissue dysfunction (”adiposopathy”), and multi-organ insulin resistance [19]. 

Global warming and endocrine disorders
The effects of climate change and associated high temperature exposure on endocrine axis development and function are unclear [20]. Glucocorticoids are known hormones that mediate physiological and behavioural responses to environmental stressors. Thus, they are likely to play a role in how humans respond to global temperature changes. A conceptual framework has been proposed that outlines how global climate change could affect glucocorticoid responses and their phenotypic consequences [21]. However, dedicated studies are needed to explore this hypothesis. 
There is some evidence for a direct effect of temperature and climate on thyroid function [22]. In a retrospective cross-sectional study, researchers have observed an association between outdoor temperature and thyroid hormone levels, with increasing TSH and free T3 during autumn-winter periods and decreasing of these during spring-summer periods [23]. Furthermore, climate changes contribute to the release of pollutants and chemicals into the environment, as nitrates, which could have a negative impact on the thyroid gland [24]. 
 	Climate change involves alterations in critical environmental factors such as temperature, air and water quality, food and water availability, which could have dramatic alterations in the physiology and phenotypes of all organisms. Climate change impacts are also mediated through environmental epigenetics [25].  Epigenetic modification influences the endocrine system and immune response-related pathways. In this regard, epigenetic modification may impact the levels of hormones that are important in regulating growth, development, reproduction, energy balance, and metabolism [26]. Because modifications induced by climate change are not only involved in the direct exposure impacts but can be transmitted to subsequent generations through epigenetic inheritance [21], the short-term and long-term impacts of climate change should also be considered, even if not well studied yet [25].

If hormones can contribute to orchestrating many of phenotypic responses to climate change, little is known about whether mechanisms like hormonal flexibility (reversible changes in hormone concentrations) facilitate or limit the ability of individuals to cope with a changing climate [27]. A call for careful evaluation of the diverse and deleterious effects of climate change on endocrine systems has been published in an editorial of the Journal of Endocrinology and Metabolism in 2021 [28]. As recently pointed out by the South Asian Federation of Endocrine Societies, the inter-connectedness of global warming and endocrine disorders underscores the necessity of international collaboration guided by national endocrine societies to improve endocrine health in the face of climate change [29].

Global warming contribution to obesity
	Epidemiology
An increasing amount of data derived from epidemiological studies linking excess weight with elevated ambient temperatures and increasing air pollution has to be carefully analyzed. 
A systematic review published in 2018 identified 13 studies (however, some of them being commentaries rather than original works) that concluded global warming influences the obesity epidemic [12]. Another systematic review and meta-analysis of 114 studies from 2000 to 2020 that included 985,971 children from 39 European countries proved global warming has a significant impact on the distribution of obesity and overweight across climate zones [30]. An analysis of the U.S. National Longitudinal Study of Adolescent to Adult Health showed that atmospheric temperature is associated with small but statistically significant increases in body mass index (BMI), overweight, and obesity [31]. By analyzing plausibly exogenous year-to-year temperature fluctuations in 152 countries from 1975 to 2016, it has been found that global warming has significantly increased obesity rates in countries located in temperate zones. The estimates suggest that a 1° C increase in the annual mean temperature would result in a worldwide increase in obese adults of 12.3% [32]. A study that exploited inter-annual variations of the BMI for children and adults in 134 countries over 39 years suggested that mean air temperature is directly associated with, and may have an independent effect on, BMI, especially in females. It has been estimated that in developing countries a uniform increase of 1◦C in ambient temperature would induce a 5% and 2% increase in the BMI of girls and women, respectively [33]. Nevertheless, some discordant results were also published. In a study that used estimators to evaluate cross-sectional dependence, results supported a relationship between economic growth and obesity (the so-called “obesity Kuznets curve hypothesis”), while the role of global warming on obesity was found to be not significant [34]. 
Global warming is intimately and reciprocally associated with ambient pollution  [11, 35-37]. Exposure to as yet underappreciated obesogenic factors, which can be referred to as the "exposome" (as opposite to the genome), certainly merits more detailed analysis [38]. The “obesogen hypothesis” proposes that there are chemicals in our environment termed “obesogens” that can affect individual susceptibility to obesity and thus help explain the recent huge increase in obesity [39].  In a meta-analysis of twelve studies (most of them being cross-sectional), air pollution (both gaseous and particular air pollutants) was shown to be a potential risk factor for body weight status in adults [40]. A systematic review and meta-analysis of eight studies that investigated the effects of air pollutant characteristics on body weight in children showed that air pollution is correlated with a substantially increased risk of childhood obesity [41]. Of special interest, prenatal exposure to increased concentrations of pollutants in ambient air has been shown to increase the risk of obesity in children [42].  A recent umbrella review of 7 studies, including 5 meta-analyses and 2 systematic reviews, provided compelling evidence that exposure to air pollution had a positive association with the risk of obesity in children, adolescents and adults [43]. Thus, overall, available data support the theory that pollution exposure (both outdoor and indoor air pollution) is one of the factors that increases the risk of obesity, especially in children [44]. If it is very important to consider the role of persistent organic pollutants in obesity, pediatricians should recognize a lack of studies that specifically consider their levels in relation to childhood obesity [45]. 
Obesity is closely linked to type 2 diabetes and global warming has also been found to be associated with an increase prevalence of type 2 diabetes as well as disease-related complications [46, 47]. As for obesity (Figure 2), a bidirectional relationship, leading to a vicious cycle, between diabetes and climate change has been emphasized in a 2023 editorial [48]. This specific, yet important, topic will not be discussed further in the present review focusing on obesity rather than on type 2 diabetes.
	
Underlying mechanisms
Studies on climate change and the influence of environmental pollutants on energy homeostasis and obesity have drawn increasing attention [49]. The specific effects of global warming should be differentiated from those triggered by pollution [50] (Figure 3). 
	Global warming
The reciprocal relationship between increasing adiposity and increasing temperature implies reduced adaptive thermogenesis, decreased physical activity, and increased carbon footprint production [49].
Over the last century, environmental influences like an increase in ambient temperature in relation to climate warming together with more efficient domestic heating have decreased the necessity of people to generate energy by inducing thermogenesis [38]. One may hypothesize that increased time spent in the thermal comfort zone decreases energy expenditure and has potential obesogenic consequences [49]. Long-term exposure
to the thermal comfort zone can lead to a reduction of brown adipose tissue activity with an impact on energy expenditure and thermogenesis [51]. Thus, the worldwide temperature increase might be playing a role in the obesity epidemic via a concomitant reduction in brown adipose tissue activity [52].  Indeed, brown adipose tissue is positively associated with an increased resistance to obesity, due to its thermogenic function resulting from the presence of uncoupled protein 1 [49]. A downregulated adipose tissue expression of browning genes has been reported with increased environmental temperatures [53]. Experimental studies identified the epigenomic and transcriptional bases of cellular plasticity in response to environmental signals: when warmed, both beige and brown adipocytes exhibit morphological "whitening", with a conversion from a brown to a white chromatin state of beige adipocytes [54]. 
One may also anticipate that hot weather will reduce physical activity, thus contributing to weight gain. A mini umbrella review highlighted the importance of better understanding the relationships between climate change, movement behaviours, and health [55]. One review that included only two studies suggested the unfavourable impact of climate change on sedentary behaviour [56]; however, the evidence was limited. In investigating the impacts of climate change on physical activity, a systematic review revealed that rising temperatures are linked to a net increase in active commuting and leisure-time physical activity worldwide. However, this trend may decline once a specific temperature threshold is surpassed [57]. Another recent umbrella review summarized the existing evidence regarding the intricate relationships between physical activity and climate change : climate conditions can impact physical activity patterns, and conversely, physical activity can impact climate change (essentially via increased transportation) [58]. 
In another systematic review of six studies that related the effects of rising temperature on sleep, most of them reported diminished total sleep times and increased sleep disruption [59]. This effect might also contribute to weight gain as the contribution of poor and short sleep on obesity risk is well known [60].

		Pollution
There is epidemiological evidence for a correlation between exposure to various outdoor and indoor air pollutants (mainly particulate matter (PM2.5), nitrogen oxides, ozone, and polycyclic aromatic hydrocarbons), and overweight and obesity outcomes in recent years. In adults from the National Health and Nutrition Examination Survey (NHANES), exposure to volatile organic compounds was strongly associated with visceral obesity indicators [61]. The potential mechanisms underlying the increased risk of obesity caused by air pollution included inflammation, oxidative stress, metabolic imbalance, intestinal flora disorders and epigenetic modifications [44]. As recently discussed [62], an important body of evidence shows a positive association between pollution, stress response, and obesity. Pollution stimulates the hypothalamic-pituitary-adrenal axis by activating the glucocorticoid receptor signaling and transcriptional factors responsible for adipocyte differentiation, hyperphagia, and obesity. Endocrine-disrupting chemicals also alter the Peroxisome Proliferator-activated Receptor gamma pathway to promote adipocyte hyperplasia and hypertrophy [62].  Combined exposure to a high-fat diet and fine particulate matter (PM2.5) amplifies body weight gain, oxidative stress, and metabolic dysfunction, suggesting a synergistic interaction with significant implications for metabolic health [63]. An interaction between air pollutants (PM2.5 concentration) and socioeconomic status was also observed in the context of obesity risk [64]. However, while there is evidence that air pollution can contribute to the obesity epidemic through an increase in oxidative stress and inflammation of adipose tissue, the impact of air pollution on body weight at a population level is less conclusive [65], including in a pediatric population [45].
In the U.S. Study of Women's Health Across the Nation, exposure to air pollutant mixtures showed negative associations with high molecular weight adiponectin and positive associations with leptin levels [66]. Another U.S. study showed that exposure to near-roadway air pollution may increase serum leptin levels in obese young adults, and this association may be promoted in a pro-inflammatory immune cell environment in blood and adipose tissue [67]. These data confirmed findings in a study carried out in Beijing, China in which air pollutant exposure was associated with a greater decrease in adiponectin level and a weaker change in leptin level among participants with high insulin resistance levels [68]. Chronic exposure to high levels of particulate matter increases oxidative stress and inflammation, and the increased inflammatory and dysfunctional phenotype of adipose tissue suppresses the metabolic activity of brown adipocytes, promoting the whitening [69].
Just as there have been 20th century changes in our "macroecology," including global warming, there have also been alterations in our "microecology," involving the microbial populations that colonize the human body [70]. The crucial role of microbiota in obesity has gained much interest in the last two decades [71]. It has been hypothesized that global warming and changes in agriculture and lifestock procedures (for instance large use of antibiotics in farm animals) may lead to changes in microbiota, which could contribute to the obesity epidemic [72]. Furthermore, common toxicants (i.e., persistent organic pollutants, pesticides, and fungicides) and food additives (emulsifiers and artificial sweeteners) found in our food supply can alter the gut microbiota and promote metabolic disease development, including obesity [73].
A role of chemical exposure in impeding the effectiveness of weight management programs has been suggested but needs to be better understood to provide suitable support to people living with obesity and type 2 diabetes [74].

Obesity contribution to global warming

There are numerous observations indicating that high rates of obesity around the world are causing, directly and indirectly, through increased food production and transportation, an increase in greenhouse gas (GHG) emissions, thus contributing to global warming and air pollution (Figure 4) [11]. Food production is affected by climate change, and, in turn, food production is responsible for 20-30% of GHG [75].
Compared with a normal population distribution of BMI, a population with 40% obese individuals requires 19% more food energy for its total energy expenditure [76]. In 2005, global adult human biomass (total biomass was estimated as the product of the number of people in the group and their average body mass) was approximately 287 million tons, of which 15 million tons were due to overweight (BMI > 25 kg/m²) (roughly 5% of global human biomass). Biomass due to obesity was estimated to be around 3.5 million tons (almost 1.2% of human biomass) [77]. A more recent study published in 2020 estimated that obesity is associated with ~20% greater GHG emissions compared with the normal-weight state. This is the result from oxidative metabolism due to greater metabolic demands, from food production processes due to increased food intake, and from automobile and air transportation due to greater body weight. On a global scale, the total impact of obesity may be extra emissions of ~700 megatons per year of CO2 equivalent, which is about 1.6% of worldwide GHG emissions [78]. A study estimated that a 10 kg weight loss of all obese and overweight people would result in a decrease of 49.560 megatons of CO2 per year, which would equal to 0.2% of the CO2 emitted globally in 2007 [79]. Another study published in 2014 estimated that reverting to the obesity rates of the year 2000 across the entire United States could decrease GHG emissions by about two percent, representing more than 136 million metric tons of CO2 equivalent [80].
Overall, the obesity epidemic increases the environmental degradation in two ways. First, the obesity epidemic is related to increased consumption of processed foods from fast-food and multinational supermarket chains and multinational food corporations. The increase in food production will positively impact fossil fuel energy consumption. Second, obesity reduces physical and outdoor activities, increasing the intensive use of motorised transportation, home appliances, and screen-viewing leisure activities, consequently increasing energy consumption from non-renewable energy sources [81]. Thus, if obesogenic behaviours are influenced by factors at individual, social, physical and environmental levels, unhealthy food patterns and limited physical activity should be targeted as key objectives [82].
Obesogenic behaviours associated with food

Obesogenic behaviour related to food consumption is often correlated with food that is unhealthy, especially ultra-processed foods (UPF). Food outlets which sell mostly unhealthy products and UPF were associated with higher levels of obesity, while fruit and vegetable availability in supermarkets, which enable healthier food access, were related to lower levels of obesity [83]. UPF are ubiquitous in the modern-society food supply. Cross-sectional studies among different populations worldwide showed a positive association between UPF consumption and obesity. These observations were confirmed in longitudinal studies, a finding that suggests a potential causal impact of UPF consumption on obesity risk [84]. UPFs are responsible for significant diet-related environmental impacts. UPF production uses significant finite environmental resources and is responsible for significant environmental degradation. A review estimated that UPFs accounted for between 17 and 39% of total diet-related energy use, 36–45% of total diet-related biodiversity loss, up to one-third of total diet-related GHG emissions, land use and food waste and up to one-quarter of total diet-related water-use in a range of high-income countries [85]. It has been estimated that the global food system, from production to consumption, including processing, transport and packaging. represents 34% of total GHG emissions, the largest contribution coming from agriculture and land-use change activities [86]. Data from 443 991 participants in the European Prospective Investigation into Cancer and Nutrition (EPIC) study indicated that shifts towards universally sustainable diets could lead to co-benefits, such as minimizing diet-related GHG emissions and land use, reducing the environmental footprint, aiding in climate change mitigation, while limiting the risk of obesity and improving population health [87]
The waste of resources and the unnecessary ecological cost due to an excessive consumption of foods leading to obesity have been largely ignored so far. It has been proposed that metabolic food waste corresponds to the amount of food leading to excess body fat and its impact on the environment, A study provided evidence of the enormous amount of food lost through obesity and its ecological impact in different regions of the Food and Agriculture Organization of the United Nations. Reducing metabolic food waste associated with obesity will contribute in reducing the ecological impact of unbalanced dietary patterns [88]. Particular policy attention should be paid to the health risks posed by the rapid worldwide growth in meat consumption, both by exacerbating climate change and by directly contributing to diverse pathologies such as cardiometabolic diseases and cancer. To prevent increased GHG emissions from this production sector, both the average worldwide consumption level of animal products and the intensity of emissions from livestock production must be reduced [89]. In order to reduce the impact of obesity, a nutritional intervention based on an energy-reduced diet would be useful [90]. Indeed, diets lower in meat, such as a Mediterranean diet, have been estimated to reduce GHG emissions by 72%, land use by 58%, and energy consumption by 52% [11]. A behaviour modification for weight loss strategy, called by some authors “eat-ology” [91] or “dietary eco-wellness” [92], could contribute to the fight against obesity and achieve not only a leaner global society but also a greener environment.

Obesogenic behaviours associated with mobility
Besides excessive food intake, physical inactivity and sedentary behaviour are considered as major contributors to obesity [93]. Passive transportation (e.g., car usage for walkable or cyclable distances) is considered as an obesogenic behaviour. When taking into account individual travel patterns and constraints, walking or cycling could realistically substitute for 41% of short car trips, saving nearly 5% of CO2 emissions from car travel [94]. Obviously, the promotion of physical activity as walking or cycling in place of using the car should be recommended [95].
The impact of overweight and obesity on energy consumption is not negligible. More than 39 million gallons of fuel are estimated to be used annually in the United States for each additional pound of average passenger weight [96].  Overweight and obesity affect gasoline consumption, due to the fact that heavier passengers reduce fuel efficiency of a vehicle. Weight gain also increases jet fuel consumption [97]. Reducing automobile dependence and improving rates of active transport may reduce the impact of obesogenic environments, thereby decreasing population prevalence of obesity [98]. Also, it is important to reimagine urban spaces with giving access to more green spaces, which should foster physical activity, thus facilitating weight control, and participate to a limitation of city global warming [99].
Of note, increasing ambient temperature and worsening air quality combined with urbanization and loss of greenspace will negatively impact the ability and opportunity to participate in physical activities [100]. Undertaking outdoor physical activity is becoming more difficult as environmental conditions worsen. Exercise in hot and humid conditions is subjectively harder, which could reduce motivation and deter individuals from participating in outdoor exercise [100]. According to a systematic review of studies that investigated the associations between climate change impacts and physical behaviors in humans, a consistent negative effect of air pollution and extreme temperatures was found on physical activity levels. This physical activity reduction is more severe in adults with higher BMI, as it is in individuals with chronic diseases and in older people [56].
Children cope with high temperatures differently than adults do, largely because of slight alterations in their body proportions and heat loss mechanisms compared to fully mature humans [101]. Physical fitness has a direct impact on heat tolerance, yet children are less fit and more obese than ever before. So, as the planet's climate and weather patterns become more extreme, children may become less capable of tolerating exercise in a hot environment [102].
Climate change may be linked to health risks for athletes [103], but also for obese people undergoing physical activity. A person with excess body fat is more susceptible to greater levels of heat strain during exercise relative to a leaner individual by virtue of the insulative properties of fat tissue reducing heat dissipation from the skin, yet available data are scarce and not really convincing [104]. As a consequence, some physical activity guidelines potentially discourage exercise in overweight/obese individuals during warm weather [105]. 
Conclusion
While climate change and obesity epidemic appear as major challenges in our modern society, the bidirectional relationship between these two concerns appears evident in the
current literature. On the one hand, the impact of climate change, particularly the increase in ambient temperatures, is expected to contribute to higher rates of obesity, partially due
to reduced thermogenesis and physical activity levels. Furthermore, climate change is associated with air pollution, another factor that could contribute to adiposopathy and weight gain. On the other hand, obesity has been claimed to represent a substantial ecological cost to the environment. Overweight/obesity could contribute to global warming because of the increased intake of high-calorie processed food and a more energy-cost of transportation leading to increased emission of GHG. Thus, combatting either global warming or obesity will improve the outcome of the other.
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Figure 1 : Secular trends in global ambient temperature and prevalence of severe obesity in adults ≥ 20 years, which show an intriguing parallel increase (adapted from [9]  [10]).
Figure 2 : Bidirectional relationship between global warming and obesity epidemic.
Figure 3 : How modern society contributes to climate changes (both global warming and pollution), which lead to obesity epidemic.
Figure 4 : How obesity epidemic contribute to global warming and pollution. UPF : ultra-processed food. GHG : greenhouse gaz.
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