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Abstract

This review details the proceedings of a Pennington Biomedical scientific symposium entitled, 

“What should I eat and why? The environmental, genetic, and behavioral determinants of food 

choice.” The symposium was designed to review the literature about energy homeostasis, 

particularly related to food choice and feeding behaviors, from psychology to physiology. We 

discuss the intrinsic determinants of food choice, including biological mechanisms (genetics), 

peripheral and central signals, brain correlates, and the potential role of the microbiome. We also 

address the extrinsic determinants (environment) of food choice within our physical and social 

environments. Finally, we report the current treatment practices for the clinical management of 

eating-induced overweight and obesity. An improved understanding of these determinants will 
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inform best practices for the clinical treatment and prevention of obesity. Strategies paired with 

systemic shifts in our public health policies and changes in our “obesogenic” environment will be 

most effective at attenuating the obesity epidemic.
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Introduction

Throughout history, humans and animals have evolved to exhibit complex mechanisms that 

regulate energy homeostasis, or the energy intake and energy expenditure required to 

maintain energy balance and body weight. To conclude, however, that achieving a stable 

weight is as simple as balancing energy intake and energy expenditure would be, at best, an 

oversimplification of the more complex physiology surrounding body weight regulation 

since so many internal and external drivers and inhibitors of food intake are at play. 

Moreover, a positive energy balance may reflect an underlying metabolic problem, the 

treatment of which may be prerequisite to successful long-term weight control.

Genetics, environmental exposures including cultural aspects, and behavioral characteristics 

collectively impact what, when, and how much we eat, thus all playing a role in weight 

regulation (1) (Figure 1). As a result, changing eating behaviors is considered to be a first-

line approach to successfully control body weight, a task which is challenging in our 

obesogenic environment. Despite what scientists currently know about eating behavior, there 

is a lot that remains unexplored. Yet beyond our laboratories, individuals are not waiting for 

scientists to have definitive answers to questions like: which diet is best if I want to lose 
weight? Instead, many are conducting single-person case studies on themselves to answer 

their questions. Furthermore, there will always be scientific debates about what drives food 

choice and caloric intake, and how to make it match our energy needs in presence of 

frequently low physical activity levels.

Eating behavior is one of the primary contributors to the development of overweight and 

obesity in humans (2). There is some consensus in the field regarding the recommendations 

for ideal food choices that contribute to a healthy body weight and metabolic status. An 

overall reduction in total energy (calorie) intake, non-specific to the caloric source, is 

conventionally considered the primary weight management strategy when making dietary 

choices. However, this does not negate the importance of dietary composition, which is 

currently the topic of intense debate. For instance, there is abundant support for diets that 

favor complex carbohydrates over simple sugars, and diets that are enriched in 

monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) rather than 

saturated fats (3,4). It is highly recommended to choose “whole” or “natural” foods over 

highly or ultra-processed foods, which have become a dominant component of our 

convenient but rather unhealthy diet (5,6). Seeking variety in one’s dietary composition, 

such that one’s diet is composed of foods from many different food groups and sources, is 

encouraged and ensures the individual is consuming diverse nutrients. There is also a 
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growing argument for choosing a diet that promotes the sustainability of our food supply and 

limits carbon emissions, such as reducing consumption of ultra-processed food and 

beverages, as well as reducing beef and dairy products. Finally, though not directly related to 

feeding, lifestyles that involve engagement in regular exercise and physical activity, quality 

sleep, stress reduction, etc. may encourage ideal food choices and reinforce a healthy 

metabolic status.

Many intrinsic and extrinsic factors also influence dietary intake, which may explain why 

eating behavior has been one of the most difficult components to address in the clinical 

management of overweight and obesity. Intrinsic factors influencing food choice include the 

human physiology that is genetically programmed resulting in a large physiological 

variability in biological processes. Indeed, genetic variations set the foundation for what 

contributes to eating behavior and predisposition to developing obesity. Large-scale genome-

wide association (GWAS) studies have linked many genes to obesity, while the functional 

translation of the genes into physiology and/or behavior continues to be investigated (7–9). 

Furthermore, several monogenic mutations, including mutations to the leptin gene (LEP) 

and its receptor (LEPR), have been directly linked to pathological eating behaviors (7). 

Molecular signals such as hormones and other small signaling molecules have been well-

studied with regard to eating behavior. Many of these peripheral signaling molecules are 

known to influence the brain, which has resulted in dedicated research to understand the 

neural mechanisms that influence food choice. More recently, the role of the gut microbiota 

in both its response to various diets and the potential of the microbiome to influence eating 

behavior has become increasingly investigated. Finally, the desire to eat is certainly 

influenced by metabolic demands, such that feeding will adapt to energy needs. Extrinsic 

influencers of food choice include environmental factors that strongly guide intake 

decisions. Indeed, our eating habits are influenced by our physical (urban versus rural living 

or lack of healthy foods in poverty regions), social, and cultural environment (10).

In order to develop the best strategies to combat eating-associated weight gain and dictate 

ideal dietary recommendations, we must understand how intrinsic and extrinsic factors 

determine eating behaviors. This report will review and discuss recent developments in the 

factors that influence eating behavior in both animals and humans. A summary of the 

efficacy of current strategies that are in use or under development to address issues of 

overeating as a means to reverse obesity and metabolic disease will also be presented.

Intrinsic Determinants of Food Choice

The biology of the human body has countless redundant mechanisms in place to ensure that 

individuals will seek and ingest food in order to maintain energy balance. Unfortunately, 

often those very mechanisms can become dysregulated and lead to excess food consumption 

(or positive energy balance) that ultimately leads to weight gain. Investigation of the 

intrinsic factors contributing to eating behavior is crucial for the development of 

pharmacological treatments for eating-related overweight and obesity.
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Genetics and Epigenetics

There have been many studies investigating the genetic components of obesity. Initially, 

candidate gene-based approaches were used to identify genes related to the development of 

obesity. These studies led to the discovery of variants in genes such as LEP, LEPR, 

proopiomelanocortin (POMC), neuropeptide Y (NPY) and melanocortin 4 receptor (MC4R) 

all implicated in abnormal food intake behaviors (7). More recent genome-wide association 

studies (GWAS) have identified many more genes that are associated with obesity; however, 

the causal role of these genes in the development of obesity is still undefined (8,11). While 

these GWAS studies did not directly address eating behavior, a recent study found that a 

genetic risk score for obesity and BMI is partially mediated through undesirable eating 

behavior traits (12). Additionally, recent work has utilized twin studies to demonstrate a 

strong genetic influence on preferences for food and beverage selection (13,14). There is 

also evidence that epigenetic modifications are associated with obesity (15,16). At least one 

study has demonstrated a direct association between feeding and epigenetic modifications by 

demonstrating that POMC promoter methylation is altered by early overfeeding in a rat 

model (17). Yet, while many genetic studies surrounding obesity have helped us better 

understand the biology of the disease, these studies have uncovered only limited targets 

towards the treatment of obesity (18). Much work remains to comprehensively understand 

the implications of genetic and epigenetic modifications on eating behavior.

Metabolic Signals

Many of the genes associated with the development of obesity are responsible for the 

production and neural response of metabolic signals, particularly hormones and 

neuropeptides. Over the years, many hormones and neuropeptides have been identified that 

function as indicators of metabolic status and regulate feeding behavior. The most well-

known include leptin, ghrelin, cholecystokinin, GLP-1, NPY and the melanocortin system 

(αMSH, AgRP) (19–21), but in reality a large number of other hormones and neuropeptides 

have been identified and demonstrated to influence feeding (22,23). The manner and sites of 

action through which these various signals influence feeding is both diverse and redundant, 

with many hormones acting on similar neural populations, some of which increase food 

intake and other decrease food intake. Furthermore, the triggers for the release of these 

hormones and neuropeptides are also variable. Our awareness of the depth and complexity 

of the endocrine and neural systems controlling feeding behavior illustrates the substantial 

progress that has been made in this area in recent years.

Despite this substantial progress in identifying hormones and neural circuits which govern 

food intake, it should be noted that the majority of this work has focused on feeding from a 

total food or energy intake standpoint, with the primary endpoints being increases or 

decreases in total food intake. The regulation of food choice is much more poorly 

understood, particularly changes in food choice in response to metabolic signals or 

metabolic need. Similar to the physiological defense of energy status, metabolic signals may 

be released in response to nutrient deficiency which drive the ingestion of the deficient 

nutrient. The strength of this defense appears to vary based on the nutrient, with energy and 

sodium balance being robustly defended, amino acids and protein moderately defended, and 

carbohydrates weakly defended (24,25). Recent work has highlighted a potential role for 
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fibroblast growth factor 21 (FGF21), a liver-derived hormone which is specifically induced 

in the presence of macronutrient imbalance such as low protein and/or high carbohydrate 

diet (26,27). Deletion of FGF21, or deletion of its co-receptor bKlotho (Klb) from the brain, 

prevents mice from ‘sensing’ protein restriction (26,28), and FGF21 knockout mice do not 

alter their food intake, energy expenditure, or growth rate. Conversely, FGF21 injections 

have been shown to increase preference for protein while also reducing preference for sweet 

(29,30). Thus, FGF21 is a liver to brain signal that coordinates metabolic and behavioral 

responses to protein restriction and macronutrient imbalance, and particularly appears to be 

one of the few hormones that directly drives changes in macronutrient choice.

The list of hormones and neuropeptides affecting eating behavior in various physiological 

settings continues to grow. As new metabolic signaling mechanisms are discovered, it is 

essential to identify their physiological triggers and sites and mechanisms of action. It is also 

crucial to determine if and how signals such as FGF21 may interact with classic signals of 

energy balance such as leptin. Determining these factors will be key in developing new 

therapeutic targets for eating-induced metabolic diseases.

Studying Neural Mechanisms in Humans

Intrinsic metabolic signals gain access to the brain via sensory neurons or the circulation and 

thus have the ability to influence behavior as well as autonomic and neuroendocrine 

functions. Therefore, there is much to be learned by monitoring activity in the brain that is 

associated with behavioral responses to eating-related behaviors. Human brain imaging 

studies using methods such as fMRI and PET have the capacity to monitor region-specific 

neural activation and the activity of some major neurotransmitter systems such as dopamine. 

It is well-established that obesity is associated with decreased prefrontal cortex activity and 

decreases in goal-directed decision making (31,32), a prefrontal cortex-driven behavior 

known to influence food intake. Imaging studies have also demonstrated that obesity is 

associated with dopamine abnormalities and increased reward anticipation in the striatum 

(33), fitting with the hypothesis that disruptions in the dopamine reward circuit contribute to 

obesity via dysregulated eating behavior.

In our obesogenic environment, attention and awareness of food cues and food-related 

decisions are important for maintaining goal-directed decision making during episodes of 

food intake, which are compromised in obesity (34). Recent work has demonstrated 

improvements in outcome-based learning as a function of mindful eating training, which 

increases awareness and attention to eating behavior (35). Interestingly, patients with 

narcolepsy, a condition resulting from deficits in arousal and attention caused by lack of 

hypocretin/orexin in the lateral hypothalamus, have increased neural activity in reward 

regions of the brain when distracted by food cues and deficits in goal-directed decision 

making relative to BMI-matched controls (36,37). These data suggest an important 

connection between the cortical brain regions and the sub-cortical hypothalamus, which has 

also been demonstrated through neuroimaging studies in genetic and physiologic models of 

hypothalamic obesity (31,38,39).

Unfortunately, the majority of brain imaging studies have been mostly correlational. Moving 

forward, experimental design which studies brain function during physiologic abnormalities 
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in connected brain regions, such as narcolepsy, will advance our understanding of the 

mechanisms driving obesity-induced changes in brain function and chemistry. Such 

advances will inform the development and validation of behavioral interventions to combat 

the alterations in neural functioning as a consequence of obesity.

Studying Neural Mechanisms in Animal Models

Complementary to human brain imaging studies, recent work in animal models has been 

able to pinpoint anatomical regions that are important for eating behavior with molecular 

specificity. Human models have provided significant support for the role of cortical brain 

regions in the response to food cues and associated behaviors, yet imaging methods are 

limited in resolution and, therefore, inadequate to allow analysis of smaller sub-cortical 

anatomical regions. Animal models have helped to bridge this gap in understanding how 

sub-cortical regions such as the hypothalamus regulate feeding behavior and how the 

hypothalamus and other sub-cortical feeding-related regions interact with cortical regions 

(40).

In animals, specific anatomical regions of the hypothalamus have been identified that are 

critical for feeding in response to hunger and exposure to palatable food. The basal 

hypothalamus including the arcuate nucleus is critical for hunger-mediated feeding, and the 

lateral hypothalamus is capable of generating robust feeding even when animals are well fed 

(41,42). Recent advances have included defining molecular-specific cell populations within 

these regions and their specific influence on feeding. For instance, the AgRP neurons in the 

arcuate nucleus are well documented for their role in feeding (43). Within the lateral 

hypothalamus, distinct neuronal populations expressing major neurotransmitters like gamma 

aminobutyric acids (GABA) or glutamate have been demonstrated to produce feeding and 

inhibit feeding, respectively, during optogenetic stimulation (44,45). Further molecular 

research has identified more discrete subpopulations of neurons within the larger lateral 

hypothalamic GABA population, marked by expression of neuropeptides such as galanin 

and neurotensin, which also influence feeding behavior (46,47).

Despite these advances, emerging data suggest that there are likely many subpopulations of 

lateral hypothalamic area (LHA) neurons that can be defined based on their gene expression 

and anatomical targets. These projection neurons likely encode very different aspects of 

feeding, with some coding for approach towards food and others coding for consummatory 

aspects of feeding (44). Moving forward, transcriptional profiling of single cells within an 

anatomical region will further characterize these regions. Nonetheless, more novel 

approaches are needed to study genetically-defined cell types that include the expression of 

more than one gene to allow more selective cell targeting strategies of specific 

subpopulations of neurons. Such advances in methodology will permit a shift from 

transcriptional profiling data to cell type specific pharmacology to manipulate feeding 

behavior.

Interactions between Diet and Microbiome

In the last two decades, the role of the microbiome in human health has become a growing 

field of research. While the microbiome affects many aspects of physiology, it is particularly 
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relevant to metabolic health. Indeed, the gut plays a significant role in metabolism, 

particularly through its role in digestion and absorption of nutrients, as well as production 

and release of peptides and hormones that modulate eating behavior. Dietary habits are 

particularly critical in explaining gut microbiome variability in population studies (48,49). 

Thus, it is no surprise that the microbes that proliferate in the gut also influence metabolism 

and feeding. On the broader spectrum, data from the China Health and Nutrition Survey 

(CHNS) study reveal that urbanization is associated with reduced gut bacteria diversity, with 

strong ties between Western (versus traditional) diet with host serum metabolites and gut 

microbiota (50). Interestingly, reduced gut bacterial diversity and gene richness is a common 

feature found in overweight, obese and severely obese populations in several countries (51).

More specifically, there is growing evidence that nutrient composition and other factors 

(such as emulsifiers) in the diet can influence the microbiome, and reciprocally, the 

microbiome can influence the metabolism of all nutrients. There are strong interactions 

between food items, food intake patterns (including circadian aspects), as well as 

micronutrients and macronutrients on the profile of the gut microbiota and resulting 

influences on metabolic health (52,53). Depending on the starting gut microbiota of an 

individual, the response to a given dietary intervention targeting improvements in metabolic 

health can be different. For example, dietary practices such as caloric restriction alter the 

profile of the microbiome, and the individual response to dietary interventions is influenced 

by the composition of the gut microbiota (54,55). There is however more to be understood 

regarding the interaction between food intake patterns, nutrients, gut microbiota and 

individual metabolic health. Recently identified metabolites such as imidazole propionate, 

derived from gut microbiota histidine metabolism appear important to follow in this context 

(56).

It is becoming recognized that the microbiome also has a strong influence over behavior. 

Manipulations of the gut microbiota (via diet, probiotics, prebiotics, and/or their 

combination) result in changes in food intake behavior (57). Bariatric surgery, which 

produces various changes in the microbiota profile (51), also induces changes in food choice 

(58). Though these studies are largely correlational, it is hypothesized that bacterial 

metabolites of the microbiota are acting at targets within the gut-brain axis that are known to 

influence food intake. Dysbiosis of the microbiome that results from a poor diet and obesity 

may also influence feeding via alterations in other systems regulating behavior.

There is substantial research linking obesity to conditions of neurological impairments, such 

as deficits in cognitive function and increased incidence of emotional disorders including 

depression and anxiety (59). Recent work demonstrates that mice fed a high-fat diet 

developed impaired cognitive and emotional behaviors, and that the transfer of the gut 

microbiota from an obese mouse to a lean mouse similarly resulted in the development of 

disordered emotional behavior and cognitive performance, even in the absence of obesity 

(60).

Recently, targeting of the gut microbiome in patients is being more frequently used in 

clinical studies. The use of prebiotics and probiotics is common and these treatments have 

demonstrated some efficacy in improving multiple parameters of metabolic health in humans 
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(61), although mechanisms of action are far from clear and results have generally small 

effects (62). Other strategies, such as fecal transplant to alter the gut microbiota, have great 

potential as evidenced by animal studies (63,64). However, the impact of fecal transplant on 

metabolic health in humans is still emerging (65,66). While scientific evidence surrounding 

the microbiome is growing, much of this research to date has been primarily correlational 

and more work is needed to understand the mechanisms behind how the gut microbiota 

influences metabolic health.

Extrinsic Determinants of Food Choice

External factors seem to have even stronger influence on eating behavior than internal 

factors. Throughout the lifespan, diet is dependent upon the resources available in the 

individual’s environment. Environmental quality is also a potential factor that may impact 

physiology, and indirectly, eating behavior. Of equal importance is the social environment 

and familial influences which contribute to early childhood exposures to different dietary 

compositions and eating habits. Combined, environmental conditions and social experiences 

extend a continuous impact on eating behavior.

Environment

Characteristics of the environment, the surroundings and conditions in which the individual 

lives, imposes multifaceted effects on food choice and eating. At the most basic level, food 

choices are first and foremost determined by the variety of foods available in the individual’s 

environment. Food availability is a consequence of geography (climate) and the level of 

industrial development, rural or urban, as well as social and economic factors. Climate, 

topography, and soil conditions are just a few of the geographical characteristics that 

determine the type and quality of food that can be produced in a region. Outside of local 

food resources, food availability is largely dependent on industrialization and socioeconomic 

factors, in that urban areas generally have a more diverse food selection due to importation 

of fresh and processed foods and access to prepared meals by the food service industry. Food 

availability also varies by socioeconomic factors, with inequitable access by income. 

Interestingly, characteristics of both the rural and urban food environments have been 

associated with obesity. Some studies have found that rural communities have less access to 

healthy foods, which may associate with the development of unhealthy food preferences and 

poor diet with increased incidence and prevalence of obesity (67). Indeed, in a study of 20 

weight-stable adults, Hall et al. found that consumption of ultra-processed foods led 

individuals to consume more calories (~500 kcal/day) compared to consumption of 

unprocessed foods (6). Due to the heterogeneity of rural communities, the translatability and 

generalizability of research findings between these different communities remains difficult. 

Interestingly, the problem of access to healthy food also exists in microcosms of the urban 

environment. Urban environments can be broken down into neighborhoods; neighborhoods 

can be very heterogeneous demographically, and those demographics typically influences 

the type and quantity of retailers established in the neighborhood. Recent research has 

highlighted the possibility of “food deserts”, areas devoid of healthy food options as well as 

“food swamps” areas with high-density of establishments selling high-calorie fast food and 

junk food. Though both have had mixed findings relative to obesity. A recent review 
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suggests a stronger association between food swamps and obesity than for the absence of 

full-service grocery stores (68). However, there are inconsistencies in this literature, likely 

attributable to the heterogeneity amongst and within such environments.

The environment can also influence physiological conditions that in turn influence eating 

behavior. As previously discussed, research suggests that the microbiome may relate to 

eating behaviors and the development of obesity. Recently, research has begun to investigate 

the profile of the gut microbiota and microbial metabolites in obese populations and in urban 

versus rural populations. Indeed, differences are found in the microbiota from urban versus 

rural subjects, where the composition of the urban microbiota was associated with decreased 

microbial diversity and increased abundance of microbes previously linked with various 

disease states (50). These preliminary data support the collection of more comprehensive 

molecular data to better understand the relationship between the environment and eating 

behavior. While it is clear the environment directly influences eating behavior, the 

environment also contributes to physiological responses that indirectly modulate food choice 

and metabolism.

Social Dynamics

The development of children’s eating behaviors reflects a complex interplay of intrinsic 

genetic and physiological predispositions around eating, such as preference for basic tastes, 

as well as dimensions of the social environment in which eating occurs. The family is the 

first and among the most fundamental sources of social influence on children’s eating 

behaviors. Characteristics of the family unit that are known to influence food choice in 

children include cultural context, socioeconomic status, educational background of the 

parents, and parenting style (69,70). These influences begin to shape ingestive behavior at 

the earliest stages of development, starting with the influence of foods selected by the 

mother during pregnancy and breastfeeding on flavor preferences during weaning (71). From 

early childhood throughout the developmental years, exposure to different types of food, 

eating patterns, and eating habits contributes to the formation of food preferences and habits 

that often perpetuate throughout adulthood (72). Early exposure to a variety of foods, 

especially healthy foods like vegetables and fruits, promotes acceptance, preference, and 

consumption of such foods in older children (73,74).

Snacking (i.e. eating between meals) behaviors among young children well illustrate the 

import of social nature of family influences on children’s dietary and weight outcomes. In 

recent decades, snacking has become nearly universal among young children and has 

increased in frequency as well as contributions to daily energy, currently providing more 

than 1 out of every 4 calories consumed daily by US preschoolers. Recent data have 

associated the number, size, and energy-density of snacking episodes with the diet quality 

and the weight status of young children (75). Caregivers including parents make important 

decision about the quality and amounts of foods offered to as snacks and also shape 

children’s behaviors through feeding practices surrounding snacks. These data illustrate how 

social influences shape norms for eating and point to the need for evidence-based guidance 

to develop early interventions to support the development of eating habits of children.
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Strategies to Target Eating-Induced Overweight and Obesity

Despite our current understanding of the intrinsic and extrinsic determinants of food choice, 

there remain several tried-and-true strategies that physicians recommend or that individuals 

try themselves to help manage weight. Targeted strategies such as behavioral modifications 

(diet and exercise), neuromodulation, environmental and social change, use of 

pharmacotherapy, bariatric surgery, seem to have a positive yet highly variable effect on 

weight management. Targeted behavioral therapies and psychological-based approaches to 

get individuals to adhere to specific dietary and exercise regimens are useful when 

undertaking any lifestyle modification program. Moreover, a combination of these 

approaches often offer superior and likely synergistic effects on weight management. There 

are also environmental and social factors that can impact weight loss success.

Behavioral Modifications

Overweight and obesity are thought to be the result of the chronic imbalance between energy 

intake and energy expenditure, where energy intake exceeds energy expenditure over an 

extended period. Although standard weight loss tactics often involve adopting healthier 

lifestyle habits that reduce energy intake (calories consumed) and/or increase energy 

expenditure (physical activity, exercise), alternative approaches focusing on macronutrient 

ratio and quality have been proposed.

Energy (Macronutrient) Intake.—We have known for many years that maintaining 

energy balance (weight) requires the balance of intake and oxidation of the three main 

macronutrients—protein, carbohydrate, and fat (76). During weight gain, the amount of 

excess calories consumed matters more if they come from fat. Protein and carbohydrate (and 

alcohol) stores are tightly controlled and regulated by the human body (76–79), whereas fat 

is the only macronutrient that contributes to a chronic imbalance between intake and 

oxidation and thus leads to the accumulation of adipose mass (77,80). During spontaneous 

overfeeding, all excess fat intake that is not oxidized is stored as body fat (78). Additionally, 

ingestion of a mixed meal results in increased carbohydrate oxidation and decreased fat 

oxidation, and the addition of extra fat does not appear to alter this macronutrient oxidation 

relationship (76,79). There is growing evidence to suggest that the quality of calories 

consumed also matters. Indeed, consuming different proportions of protein, carbohydrate, 

and fat (and often alcohol) all cause different physiological responses, including the rise and 

fall of circulating hormones and substrates, that can ultimately impact eating behavior and 

energy expenditure (81).

According to the “carbohydrate-insulin model” of obesity, an increased proportion of 

carbohydrates (especially those with a high glycemic load) in the diet results in elevated 

postprandial insulin that shifts substrate partitioning away from oxidation and toward calorie 

deposition in adipose tissue (82,83). The decreased availability of metabolic fuels, including 

free fatty acids and glucose, in the late postprandial period elicits a starvation-like response, 

driving an adaptive increase in energy (food) intake and a decrease in energy expenditure. 

Such hypothesis seems to be somewhat supported by data showing that low-carbohydrate 

(high-fat) diets may have a modest advantage for weight loss compared to low-fat diets 
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(84,85). After initial weight loss, a low-carbohydrate (high-fat) isocaloric diet was 

associated with a smaller reduction in energy expenditure compared to low-fat (high-

carbohydrate) (86). While short-term studies often reveal variability in the effects of diet 

composition on metabolism, a recent 5-month study found a higher energy expenditure via 

doubly labeled water [209 kcal/day (91 to 326)] with a low-carbohydrate (high-fat) diet 

during weight loss maintenance (87). This higher energy expenditure with a low-

carbohydrate (high-fat) diet, however, was not observed to the same extent in a well-

controlled inpatient 4-week trial (though not randomized) with only 57±13 kcal/day higher 

24-hour energy expenditure measured in a metabolic chamber and no fat mass loss (88).

Indeed, not all feeding studies agree on the relative effects of dietary carbohydrate and fat. 

Several randomized, controlled trials have performed important head-to-head comparisons 

of different diets of differing macronutrient compositions on weight loss (85,89–92). These 

data reveal that low-carbohydrate (high-fat) and Mediterranean-style diets may be superior 

for weight loss while a low-fat (high-carbohydrate) diet may provide a better approach for 

maintaining weight loss (93). In contrast to the aforementioned benefits of a low-fat (high-

carbohydrate) diet, a recent meta-analysis of 32 controlled “isocaloric” feeding studies 

revealed very small effect size differences in energy expenditure and fat loss between the 

low-fat and low-carbohydrate diets with equal protein (3). The median length of the 32 

studies was less than 1-week, which may be insufficient to account for transient adaptive 

responses following carbohydrate restriction. Overall, this report concludes that “a calorie is 

a calorie” when it comes to body fat and energy expenditure differences between controlled 

isocaloric diets varying in ratio of carbohydrate and fat (3). Another well-controlled, 

isocaloric diet further revealed that a diet low in dietary fat (high-carbohydrate) results in 

more fat loss (94). Despite this ongoing debate, many macronutrient-focused behavioral 

studies show little difference in long-term weight loss among different diets (95–97). Such 

finding may indicate the need to select diets according to personal behavioral and biological 

factors predicting long-term compliance as well as a need for intensive, high-quality dietary 

trials (98). Furthermore, introducing functional foods that promote weight loss and satiety 

may have an important practical application in increasing compliance to a negative energy 

balance (99).

Future weight management studies should: (1) extend the duration of the dietary intervention 

so that the long-term benefits of different diets can be adequately examined; (2) assess 

differences in ad libitum food intake in response to prescribed, tightly controlled intake of 

different dietary compositions; (3) assess why humans do not automatically adjust energy 

intake to energy expenditure, as well as why certain individuals respond differently to 

dietary intake (and the interaction of differences in body composition); and examine calorie-

independent effects of diet composition on various components of energy expenditure.

Energy (Exercise) Expenditure.—Exercise is commonly recommended for weight 

management, yet actual weight loss is only ~30–40% of expected based on measured caloric 

expenditure in more long-term studies (more than 6 months) (100–102). This discrepancy is 

defined as a metabolic compensation (or adaptation), and is likely the result of reduced 

metabolic rate, decreased spontaneous activity, and/or increased energy intake that results 

from weight loss. Important findings from the Examination of Mechanisms of Exercise-
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induced Weight Compensation (E-MECHANIC) study (103) revealed no difference in 

weight loss following two different doses of controlled aerobic exercise training [900 vs. 

2,250 kcal/week] after 6 months. The findings suggest that higher doses of exercise resulted 

in greater ad libitum compensation, which was primarily due to increased energy intake and 

appetite (104). Furthermore, it has been suggested that clinically meaningful weight loss—

unless the overall volume of exercise is very high (105–107)—is unlikely to occur in 

response to aerobic exercise training (108). Specifically, exercise-related energy expenditure 

may need to exceed 500–600 kcals per exercise session to induce weight loss and visceral fat 

loss, which is well above the recommended levels of physical activity (105). Poor adherence 

to exercise prescriptions further supports that targeting energy expenditure for weight loss 

may not be efficacious, and that exercise (both aerobic or resistance) may be a better strategy 

for weight maintenance after initial weight loss due to increased ad libitum feeding rather 

than an immediate first-line approach (104).

Future studies should: (1) explore the long-term effect of exercise on macronutrient intake, 

snacking, and ingestion of calorie-containing beverages; (2) assess the impact of exercise 

prescription on the remaining energy expenditure budget, including spontaneous physical 

activity and sleep quality and duration; and (3) assess the individual variability in exercise 

responses and how this affects the ability of exercise to promote weight loss and/or facilitate 

long-term weight loss maintenance.

Neuromodulation

The brain is the origin of where decisions are made with respect to what we eat and how 

much we eat. Exciting new developments in the area of non-invasive neuromodulation 

(stimulation) and neurofeedback research has provided promising information on our current 

knowledge of appetite control and disordered eating behaviour (109,110). Non-invasive 

techniques include transcranial magnetic stimulation (rTMS), transcranial direct-current 

stimulation (tDCS), and fMRI neurofeedback. These non-invasive neuromodulation 

techniques can cause acute or even permanent changes in brain circuits and brain physiology 

in a safe manner thereby opening an entire new avenue of ways to potentially regulate 

appetite (111). Reducing food cravings by altering motivational and cognitive brain 

processes is one such benefit, and proof-of-principle studies are currently underway to better 

understand the exact mechanisms that regulate appetite (112,113). If we are to treat eating 

disorders and obesity with the use of these techniques, standardized protocols and treatment 

paradigms are needed and are of important relevance (114). The prospect of combining non-

invasive techniques with other treatments should also be explored in addition to 

understanding the long-term effects of such combined therapies on eating behaviour.

Pharmacotherapy

All the medications currently approved by the United States FDA (Food and Drug 

Administration) for weight management, with one exception (Orlistat), produce weight loss 

by targeting appetite centrally to reduce energy (food) intake. Orlistat, a pancreatic lipase 

inhibitor, is prescribed with instructions to avoid fat in meals or snacks. Specifically, Orlistat 

blocks the absorption of 30% of ingested fat, and if taken as directed three times daily, will 

rapidly produce steatorrhea if fatty foods are ingested. Orlistat is the only medication that is 
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FDA approved for weight management in adolescents with obesity. The other FDA-

approved medications that target appetite and are approved for long-term (chronic) treatment 

of obesity include lorcaserin, liraglutide, phentermine, and the combinations of phentermine/

topiramate extended-release (ER), as well as naltrexone/bupropion sustained-release (SR) 

(115). The exact mechanisms by which these medications target appetite, however, are not 

entirely understood. In practice, when patients with obesity are treated with medications (or 

surgery of lifestyle alone) there is enormous variation in weight loss response, with 20–40% 

of patients (depending on medication and dose) not achieving weight loss of even 5% at 6 

months. Despite this observation, the phenotypic and genotypic characteristics of non-

responders or responders have not been identified. In addition, there are no reported head-to-

head comparisons of these medications to evaluate their relative weight loss efficacy. An 

important meta-analysis of weight-loss medications, however, reports the proportion of 

patients who achieve >5% weight loss at one year in those patients treated with placebo 

(23%), orlistat (44%), lorcaserin (49%), naltrexone/bupropion SR (55%), liraglutide (63%), 

and phentermine/topiramate ER (75%) (116).

Advances in understanding the biology of food intake regulation and identification of targets 

from human single gene defects, animal studies, and studies of bariatric surgery, have 

yielded new directions for anti-obesity medications. Older medications relied on targeting 

monoamines (including phentermine, lorcaserin, bupropion) for drug development or simply 

the observation of weight loss with a drug (topiramate). Greater knowledge of food intake 

biology has resulted in identifying an emerging group of medications (e.g., GLP-1 receptor 

agonists liraglutide and semaglutide; setmelanotide, and agonist of the melanocortin 4 

receptor; single molecules with dual or triple targets around GLP-1, Glucagon and GIP; 

GDF15 identified from fed and fasted rodent proteomics). Specifically, semaglutide is a very 

exciting, new therapy that is currently being tested in phase III trials and has been shown to 

reduce cravings, glycemia, and lower the rate of cardiovascular death and cardiovascular 

disease in patients with type 2 diabetes (117). Semaglutide 2.4 mg weekly is expected to 

produce average weight loss >10% in persons with obesity. The same semaglutide is also 

being studied in a cardiovascular outcome trial in patients with pre-existing cardiovascular 

disease, but with diabetes. If this trial demonstrates a reduction in cardiovascular events, it 

will be a game-changer for the obesity field. Other emerging pathways forward in drug 

development have been a precision medicine approach, using knowledge of single gene 

defects (e.g., leptin and setmelanotide) (118,119). However, these approaches are only going 

to be approved for rare genetic obesities, including individuals with rare variants of the 

leptin-melanocortin pathway.

The development of combination drugs (i.e., phentermine/topiramate ER, naltrexone/

bupropion SR) are harbingers of newer approaches to pharmacologic weight management, 

where we will use medications for obesity like we do for treating hypertension; using 

multiple agents together to maximize efficacy and safety. An innovative combination 

approach is to develop single molecule, dual action drugs by combining members of the 

glucagon family (peptides from both GLP1 with GIP or GLP1 with glucagon) or even single 

molecule triple action (GLP, GIP, and glucagon combinations). These drugs called 

coagonists and triagonists (120) are also rising to phase II studies in potential new treatment 

avenues. Newer medications produce more weight loss on average, and combination 
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approaches also produce greater mean weight losses. Within 10 years, such novel 

approaches may produce twice the mean weight loss that we have been able to achieve 

today.

Metabolic (Bariatric) Surgery Treatment

The growing epidemic of obesity, along with unsatisfactory results of conventional weight 

reduction programs, has led to a remarkable rise in the number of bariatric surgeries 

performed in the last decade. Compared to 2015, the total number of metabolic and bariatric 

procedures performed in the United States in 2016 increased from approximately 196,000 to 

216,000 (or +10%). According to the American Society for Metabolic and Bariatric Surgery 

(ASMBS), the most common bariatric operations in 2017 include sleeve gastrectomy (59%), 

Roux-en-Y gastric bypass (RYGB; 18%), gastric banding (3%), biliopancreatic diversion 

(1%), and others (19%). To date, bariatric surgery is the only known treatment for obesity 

that has been shown to yield durable weight loss (>20% body weight) beyond 10 years. 

Indeed, the most well-studied effect of bariatric surgery is the immediate and sustained 

improvement (and in some cases complete remission) of type 2 diabetes (121–123). A 

reduction in overall mortality of 30 to 80% has also been observed (124–127) in 

observational studies but not yet in prospective randomized trials.

The mechanisms by which bariatric surgery—particularly RYGB—causes long-term weight 

loss have not been fully elucidated. We do know that the sustained reductions in appetite and 

enhanced satiety that occur post-surgery are likely associated with observed weight loss. A 

host of gut-derived hormones (e.g., ghrelin, GLP1, PYY, and CCK) are also altered post-

surgery and can play important roles in energy homeostasis (128). Of all the surgery 

techniques, RYGB is currently the most effective treatment in common use for severe 

obesity. There are clinical and preclinical studies suggesting that RYGB not only decreases 

food intake but changes preference in favor of foods and fluids with lower fat and sugar 

content (129,130). However, the decrease in relative fat and sugar intake does not appear to 

be driven by RYGB-induced decreases in the palatability of the taste of these nutrients (129).

Moving forward, more comprehensive studies are needed in both human and animal models 

to assess whether the sensory, motivational, and physiological domains of taste function are 

impacted by RYGB and other bariatric surgery models. Conversely, human research on the 

effects of RYGB on eating, food preference, and taste-driven motivation should focus less on 

verbal reporting of these traits (such as scaling, surveys, and dietary recall) and more on 

direct measures of the targeted behaviors. Improved understanding of mechanisms that drive 

appetite reduction and altered taste perception after surgery may ultimately translate to more 

effective and scalable dietary and pharmacologic interventions. Despite the benefits of 

bariatric surgery only 1% of eligible patients undergo surgery, thus, greater access to surgery 

could enable many more to benefit. On the other hand, not all individuals are ideal 

candidates for surgery, consequently, public health tactics to prevent or revert the increasing 

obesity trends is of upmost importance.
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Public Health Approaches

The prevalence of obesity is increasing in every region of the world. While many evidence-

based policy recommendations aimed at halting and reversing obesity rates have been 

endorsed by the public and many governing bodies at the global, country, and state/province 

level, very little progress has been made (10). According to the Lancet Commission on 

Obesity, much of the lack of progress is due to policy inertia, or the inadequate political 

leadership and governance to enact policies in the face of powerful commercial interests and 

lobbying forces with opposing interests. While public opinion supports the need for health 

improvement policies that combat obesity, the lack of demand for policy action by the public 

is also to blame (10). Unfortunately, external factors like climate change, and the similar 

denial observed among commercial interest and lobbying groups, will further compound the 

rise in obesity and malnutrition if no action is taken. It is important that we understand the 

integration of biological, social (behavioral and cultural), and environmental factors and its 

relationship to the heterogeneity of obesity.

Indeed, a focus on modifying and uniting “complex adaptive systems,” which include health 

systems, school, and families, has been suggested to combat existing policy resistance and 

create a more homeostatic health environment. Mandates, restrictions, reimbursements, 

economic incentives or excise taxes are just some of the things our health systems could 

utilize to change the way that schools and families interact and potentially alter the course of 

obesity (131). A recent systematic review of natural- or quasi-experiments found that local 

and school policies to improve food environments (e.g., bans/restrictions on unhealthy 

foods, mandates offering healthier foods, and economic purchasing regulations) were more 

successful than other interventions (e.g., menu labelling, new supermarkets) (132). In order 

to implement such policy changes, however, it is critical that research scientists work 

together with policy makers and influencers to draft such policies (133). Indeed, policy 

changes are often accompanied by negative perceptions for how they will affect both 

business’ bottom-line and consumers’ wallets. Using the Philadelphia Beverage Tax as a 

model for how policy change can affect purchasing behavior, a 1.5 cents per ounce tax on 

sugar- and artificially-sweetened beverages was implemented in January 2017. This tax was 

associated with a 38% reduction in taxed beverage sales, after accounting for some 

individuals shopping outside the City to avoid the tax (134).

Parental influence of young children’s eating habits also serve as important models of social 

influence and subsequent eating behavior (74). For instance, snacking is nearly universal 

among young children in the United States and represents close to one-third of daily energy 

intake—more than any other single meal. These snacks are often high in solid fats and added 

sugars for non-nutritive reasons, which further contributes to weight gain. While a few 

studies have shown that repeated exposure to healthier foods earlier in life actually help 

children learn to prefer healthier foods over unhealthier options (135), data indicating the 

types of parenting practices that support healthful snacking patterns in young children is 

limited and should be explored more in depth.
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Conclusion

In order to reduce the prevalence of obesity and its economic burden, there is a growing 

need for widespread dietary change. Furthermore, and on a larger scale, there is a valid 

argument for choosing dietary patterns that promote the sustainability of our food supply 

and limit carbon emissions (greenhouse gases), such as limiting consumption of ultra-

processed food, as well as meat and dairy products. Yet, while changing one’s dietary intake 

may appear straight forward, there are many determinants that affect food choices that are 

important to understand. Indeed, each person’s eating habits are likely influenced by a 

unique combination of both intrinsic and extrinsic factors that regulate feeding behavior. As 

such, the strategies used to improve food choice must be tailored to fit individual needs 

rather than a one-size fits all model. And while adherence to specific diets (low-fat versus 

high-fat) is often a topic of intense debate, many macronutrient-focused studies have 

reported little difference in long-term weight loss outcomes. However, better designed trials 

are needed to answer the efficacy and safety of specific diet on weight management 

outcomes. While there are indeed pros and cons of many of these diets, choosing a diet you 

are best able to adhere to over the long-term is arguably important. At the same time, dietary 

composition may influence an individual’s ability to adherence to a diet through biological 

mechanisms, including increased hunger and lower energy expenditure. As pharmacotherapy 

and metabolic surgery approaches to treat obesity are becoming increasingly prevalent, the 

long-term consequences of such treatment approaches are not entirely understood and are 

important for studies to disentangle in the years to come. Despite the progress that scientists 

have made in reducing the prevalence and economic burden of obesity, a stalemate persists 

between what is known and what is actually implemented at the local, state, national, and 

global levels. Society must consider what changes can be instated, either by cultural 

movement or policy-driven mandates/public health practices, to shift the food environment 

to favor healthier and more sustainable food choices. Bridging the gap between what we 

know as scientists and what policy makers promote is critical in order to instill long-term 

change.
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Study Important Questions

What major reviews have already been published on this subject?

• Leaders in the scientific community surrounding the determinants of food 

choice convened at the Pennington Biomedical for a scientific symposium 

entitled “What should I eat and why?” Our findings are summarized in the 

present review.

What are the new findings in your manuscript?

• This review is unique to other reviews as it discussed the environmental, 

genetic, and behavioral determinants of food choice and its impact on weight 

gain and obesity.

How might your results change the direction of research or the focus of clinical 
practice?

• We hope that our review will provide a concise summary of where the 

scientific field is heading to curb the obesity epidemic.
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Figure 1. How the Interactions between Individual Biology and the Built and Social 
Environments Impact What We Eat.
An interaction between a person’s individual biology, including genetic/epigenetic 

predisposition, as well as the influence of both the built and social environments is the most 

likely cause of the increased prevalence of obesity and metabolic diseases worldwide. 

Therefore, prevention and treatment should primarily focus on removing or resisting the 

obesogenic environment. Because removal of the obesogenic environment requires political 

will that seems difficult to come by, the most realistic target is to make prone individuals 

resist the obesogenic environment. This can be achieved through early education of children 

by, for example, teaching them how to disregard food advertisements/cues and choose a 

scientifically-proven healthy lifestyle. Through behavioral modification, either achieved by 

brain training with biofeedback or drugs selectively targeting the physiological systems 

controlling appetite and food choice and regulation of body weight/adiposity. Other 

approaches include bariatric surgeries and devices, as well as neuromodulation. Finally, to 

counter genetic predisposition, the treatment options need to be more closely personalized, 

taking into account the specific genetic/epigenetic defects, and selective gene therapies may 

be developed in the future. In all these efforts, prevention is highly preferred over treatment, 

as it is much more cost-effective.
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