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Abstract

Restricted-calorie diets are the most worldwide used treatments for obesity. Although such strategies
are based on the first law of thermodynamics, the real life clinical practice demonstrates that the
observed weight losses are divergent from those theoretically predicted. Loosely adherence to
recommendations is one of the main causes for the limited efficacy of dieting, but many additional
factors can be involved in the hurdles to weight loss. According to the second law of thermodynamics
any restriction in dietary energy intake results in energy sparing with a diminution in the basal
metabolic rate and a concomitant loss in the lean body mass. This “thrifty” energetic adaptation is
associated with a progressive reduction in the difference between levels of energy intake and
expenditure, thus resulting in a drastic fall in weight loss rates on the medium and long-term regardless
of the dietary carbohydrate/fat ratio. This loss of efficacy is aggravated by the misadaptation of the
production and action of anti-obesity hormones such as leptin. During the latest past decades the
discovery of changes in the gut microbiota of obese people referred to as “obese dysbiosis” has raised
the question as to whether these alterations can participate to diet-resistance. Combined with the
behavioral and psychological barriers to low-calorie diets, there is a broad physiologic spectrum of
evidence indicating that weight loss is a hard challenge. Consequently, the answer would be primarily
to prevent the development of obesity and at worst to avoid its ominous progression from

metabolically healthy to unhealthy stages.
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Introduction

Temporal kinetics of weight loss in obese subjects treated with low-calorie diets is usually
characterized by a relatively fast decline in body weight during the initial period after implementation
of dieting [1-4]. After a few weeks the rate of weight loss becomes more gradual and finally after a few
months the downward changes in body weight frequently cease [5] to be eventually replaced by
upward drifts back toward the baseline weight [6]. Such disappointing outcomes are not only observed
in obese people without diabetes but also in those suffering from prediabetes [7] or diabetes [8-10].
Several causes have been proposed for explaining such unfavourable weight loss patterns. It is now
well recognized that the poor effectiveness or absence of success with restricted-calorie diets is mainly
due to the failure of adherence to dietary prescription, a phenomenon that can rapidly occur in the
time course of dieting and that usually increases over time [11-13]. In some cases a complete drop out
from obesity treatment programs is observed. However behavioural dysfunction is not the unique
explanatory factor and others are involved in such disappointing temporal kinetics of weight loss
because it is well known that, even in persons exhibiting full compliance to the prescribed diet, the
predicted weight loss should slow down on the medium-term with stabilization [4,5] or an eventual
regain in body weight on the long-term [6]. Consequently, there arises the question as to whether low-
calorie diets are associated with satisfactory results on the short-term but fail to exert such effects on
the medium and/or long-term. The objective of the present review is to address this issue and to
analyze the main factors that intervene for reducing and beyond for annihilating the rate of weight

loss during dieting.

Thermodynamic causes

The energy metabolism in humans obeys to physics and chemistry principles that are governed by the
2 laws of thermodynamics [14-16]. According to the first law the energy balance should be set at an
ideal level, while the second law explains that any change in energy intake or in the total energy of the
body results in both changes of the free energy and entropy of the system. The free energy is mainly
used for the development and renewal of body proteins i.e. of the cell body mass while the entropy is
the energy released as heath to maintain the body temperature at its normal and stable level. As in
obese people the energy balance and metabolic pathways are markedly dysregulated and subject to
changes during periods of upward or downward weight fluctuations it seems of importance to briefly

remind the main bases of the first and second laws of thermodynamics.

The first law of thermodynamics



In its simplest formulation this law can be expressed as: “the increment or decrement in the total
energy stored in the body (AU) = Q—W"” where Q and W correspond to the energy from dietary intakes
and the overall energy expenditure, respectively [14]. In normal individuals with stable weight and
healthy eating patterns, AU is equal to 0, which means that Q = W. Any weight gain over a more or less
prolonged period is characterized by a positive energy imbalance (AU > 0) with Q > W. In contrast, any
weight loss corresponds to negative decrements in the total stored energy (AU < 0), thus implying that
Q is lower than W. According to this principle, and given the fact that any weight loss of 1 kg requires
a negative imbalance of 7700 kcalories [17], a dietary regimen that reduces the average daily energy
intake by 500 kcalories should result in a weekly energy loss of 3500 kcalories and thus in a
corresponding body weight loss of 0.5 kg [2]. Unfortunately, this optimistic theoretical calculation is
contradicted by the results observed in real life where weight losses are usually less than half of the
degree predicted from the energy deficit [2]. Two types of causative factors that will be further detailed
can explain such discordances. The first one is mechanistic and corresponds to the energetic
adaptation characterized by a progressive decline in energy expenditure during restricted- calorie diets
[18-20]. The second cause is behavioural with a gradual fall in compliance to low-calorie diets that are

always constraining in obese individuals and that require sustained efforts over prolonged periods [21].

In practice, the two quantities W and Q should be assessed in obese persons before the prescription
of low-calorie diets and throughout periods of weight loss. The indirect calorimetry rationale based on
the measurement of gas exchange, i.e. on whole body O, uptake and CO; release, is the most valuable
method for quantifying the energy expenditure [14,16]. However, the relatively high cost of the
equipment and the constraints to maintain the hood or the canopy for monitoring the exhaled breath
beyond several minutes are two main limiting factors for its routine clinical utilization although this
method is usually available in many hospital settings provided that their ward units are sufficiently
concerned by the investigation of metabolic and nutritional diseases. The body bioelectrical
impedance can offer an alternative to the indirect calorimetry because this tool has the potency to
estimate the basal (resting) metabolic rate from the fat free mass [22]. Despite intra-individual
variability with respect to age, gender and ethnicity, it has been established that these two parameters
are linearly and strongly positively correlated [23]. However, it should be noted that the basal
metabolic rate has to be multiplied by a coefficient depending on the degree of physical activity for
achieving a global assessment of the total energy expenditure W [24]. When the indirect calorimetry
and/or body bioelectrical impedance are not available, it is still possible to use the Harris and Benedict
[25] or Schofield [26] equations. Despite the evident imprecision of such equations at an individual
level, both provide an estimate of the basal metabolic rate from several demographic (age and gender)

or anthropometric characteristics of the subjects (height and weight). Considering now the dietary



energy intake Q its assessment requires the use of self-administered food questionnaire [27,28] but
the accuracy of such food recalls remains highly questionable because many patients, especially those
who are obese are well known to be under-reporters [29,30]. Therefore adequate reporting is always

the exception and never the rule.

The second law of thermodynamics

Its formulation is more complex than that of the first law of thermodynamics but in simple words the
statement is that under conditions of constant pressure and temperature a close system, which does
not exchange with its environment, is characterized by its total internal energy also referred to as its
enthalpy (H) that can be divided into two components [15,16]. The first one is namely called free
energy (G), which is harnessed as chemical energy in ATP. For instance a large amount of ATPs is
generated during the complete aerobic metabolism of glucose and fatty acids: 36 and 129 molecules
of ATP are coupled with the overall oxidation (H,0 and CO; as end products) of each unit of glucose
and palmitic acid (C16:0), respectively [31]. ATP molecules are further hydrolyzed to ADP for releasing
the energy required for protein synthesis. The second component referred to as the entropy (S) of the
system is unavailable for doing work and yielding structural chemical substrates. The entropy is only
used for thermogenesis and further dispersed as heath. In an isolated system the equilibrium between
these two types of energy is regulated by the Gibb’s equation: H = G + TS where T is the temperature
of the system. In human beings, the system is open on the environment and the equation becomes AH
= AG + TAS where the deltas (A) express the temporal changes (increments or decrements) of H(t), G(t)
and S(t). As catabolic pathways are unavoidable in humans, the degree of disorder of the total energy
dispersed as heath, i.e. of their entropy (S), should be steadily increasing at the expense of the free
energy (G) and all the total internal energy should finally be converted to heat. Fortunately, human
beings are exchanging with their environment and the heat is released out of the body while the free
energy is continuously restored via the conversion of dietary nutrients to biochemical substrates
including ATP at first step and structural proteins at end point. In other words humans are permanently
struggling to maintain a constant G/S ratio between the biological order of organized structures (G)
and the biological disorder of entropy (S). During weight loss and under restricted-calorie diets, all
qguantities AH, AG and AS that are usually equal to 0 become negative and, consequently, the absolute
values of H, G and S decrease (figure 1). However as AG is more affected than AS, the G/S ratio
diminishes. Therefore restricted- calorie diets are associated with two unavoidable clinical
consequences: a reduction in the lean body mass with an average as high as 25% of the total weight
loss [32], which further results in a decrease in the basal metabolic rate [33,34] (figure 1). As mentioned

above the basal metabolic rate and the lean body mass are linearly and positively inter-correlated and



thus one can predict that any 10-kg loss in the lean body mass should mechanistically result in a
decrement in the basal metabolic rate by approximately 200 kcalories per day [23]. This prediction has
been confirmed by the results of longitudinal studies in which any 30-kg reduction of the total body
weight was found to be associated with a decrement of the total energy expenditure (A= -570 kcal/day)
assessed from the double labelled water method [18-20]. The latter disorder contributes to the
subsequent loss of efficacy of low-calorie diets, even when subjects remain fully compliant to the
dietary restriction [33]. For all these reasons, it is recommended to exert a tight follow-up on the
temporal evolution of both the lean body mass and basal metabolic rate over periods of weight loss.
Once again repeated bioelectrical impedance measurements at regular time intervals can provide
useful assessments of both parameters. An easier way would be to use measurements of 24-h urine
nitrogen output as biological marker of the actual dietary protein intake and therefore of the total
energy intake/expenditure [35]. This is simply due to the fact that in most individuals who comply to
balanced eating patterns between major macronutrients the energy consumed as dietary proteins
represents one sixth of the total energy ingested by the subjects irrespective of their phenotypes [36].
Furthermore it is commonly admitted that the 24-h urinary excretion rate of creatinine provides an
estimate of the muscle mass with the following equivalence: a 1000-mg daily excretion rate
approximately reflects a muscle mass of 20 kg [37]. Reverting to more sophisticated methods for
energy expenditure measurements such as the whole body direct calorimetry [14,38] or the use of the

double labelled water methodology [38,39], both are usually only available at research settings.
Additional data on thermogenesis

Although the conventional treatment of obesity usually consists of hypocaloric diets whose main
concept is based on the first law of thermodynamics, several interventional trials were conducted to
establish whether the respective contributions of dietary carbohydrates, fats and proteins could have
an impact on the magnitude and time course of weight loss [40-46]. Consequently, it is necessary to
remind that meals induce a transient increase in energy expenditure, the so-called thermic effect of
food. This postprandial thermogenesis occurs over a 3 to 6-hour period after the beginning of a meal
and depends on the nature of ingested nutrients: 5 to 10% for carbohydrates, 3 to 4% for fats and as
high as 20 to 30% for proteins [47,48]. According to these data high-protein diets were proposed and
tested for treating overweight states [49,50] but the outcomes remained poorly convincing [42,51].
Despite these results there remains that in order to prevent an abnormal loss in lean body mass it is
commonly acknowledged that low-calorie diets should at least contain 20 to 25% of the total energy
intake as proteins, preferentially to the usual 15 to 17 per cent range needed in healthy adults, which
corresponds to the recommended amount of 0.8 grams of proteins per kilogram of desirable body

weight [52]. As in obese people there is still an intense debate about the most appropriate distribution



of dietary carbohydrates and fats among the remaining 75 to 80% of energy intake [42,43,46], it seems
timely to gain a deeper insight into the metabolic costs generated by the utilization of dietary
carbohydrates and fats [47]. As illustrated in figure 2a, the additional energy requirement for
lipogenesis, i.e. for storage of fats into the adipose tissue, is low (4% of the total energy intake from
dietary fats) when dietary fatty acids are directly transported and incorporated into fat cells after
intestinal absorption. As the additional metabolic cost for the utilization of fatty acids in other tissues
is approximately of 3% (figure 2a), the average thermic effect of dietary fat intake on the postprandial
rise in energy expenditure is, as mentioned above, rather small ranging between 3 and 4% (with an
average of 3.5%). Consequently, for an individual with a daily consumption of 80 grams, i.e. 720
kcalories, as fats the energy kept by the human body is approximately of 720 -[720 x 0.035] = 695
kcalories. In contrast, the additional metabolic costs of carbohydrate intakes are largely greater and
depend on the metabolic pathway used for substrate travelling from the intestine to target tissues:
utilization for glucogenesis in the liver and kidneys (12%), oxidation and utilization as fuel in peripheral
tissues such as muscles (7%) and lipogenesis with metabolic conversion into fatty acids for subsequent
storage in the adipose tissue (23%) (figure 2b). By weighing up the contributions of the different
metabolic pathways the average overall additional metabolic costs of carbohydrates is estimated
between 5 and 8% (with an average of 6.5%), thus indicating that for any amount of 720 kcalories, i.e.
180 grams consumed as dietary carbohydrates, the human body only retains 720 - [720 x 0.065] = 673
kcalories. Therefore the additional metabolic cost with carbohydrates (47 vs 25 kcalories) is two times
greater than that observed with fats. The consequence should theoretically be that carbohydrate-
enriched diets would be more appropriate for initiating and maintaining weight losses than those
containing high proportions of fats. However there arises the question as to whether the observation
of such small differences can be translated into practice when it comes to the nutritional management
of obesity. The divergent results reported in the literature [42,43,46] strongly suggest that any type of
diets should be successful at least in the short-term as long as subjects are compliant to restricted-

calorie diets.

Hormonal causes: leptin, insulin resistance and the concept of metabolically
healthy and unhealthy obesities

Energy balance is controlled by a large number of peptides secreted by the gut and adipose tissue [53-
59]. These peptides regulate food intake and energy homeostasis by either stimulating or reducing the

activity or synthesis of several neuropeptides mainly located in the hypothalamus [56,60,61]. Among



these pathways the circuit containing the neuropeptide Y (NPY) is considered to be a fundamental step
for the action of peptides synthesized in the intestinal tract and adipose tissue [60,61]. Experiments in
animals have clearly demonstrated that any increase in secretion and release of the NPY exerts an
orexigenic effect and promotes energy intake. In contrast, any reduction in the secretion of the NPY
results in an opposite effect and is associated with a hyporexic response [60,61]. This relatively simple
view of the neuropeptide-signalling pathways in the hypothalamus should not occult the complexity
of homeostasis feeding and regulation of energy expenditure at the brain level. However this rather
elementary approach should be sufficient for demonstrating the inappropriateness of hormonal
responses to food intake restriction and for explaining why this misadaptation can be a causative factor
for the limited and even the absence of weight loss that are frequently observed in persons submitted

to low-calorie diets [2,5-7].

At the front of the scene: the role of leptin and its misadaptation

After the encoding of its gene in mouse in 1994 [62], leptin was identified as an hormonal peptide
secreted by adipocytes with circulating levels proportional to the whole body adipose tissue mass.
However 20 years before its full discovery, parabiotic experiments in mice [63] have strongly suggested
the existence of a satiety humoral factor capable of reducing food consumption (figures 3a and 3b).
Using the technique of parabiosis with a large anastomosis of skins between either db/db or ob/ob
mice (later known as leptin resistant [64] or leptin deficient mice [62], respectively) and normal
partners the following results were observed. When parabiotic pairs of mutant (db/db, i.e. later
identified as leptin resistant) with normal mice were produced it was observed that the normal partner
rapidly lost weight and died from severe starvation within 50 days after surgery (figure 3a) whereas no
abnormal changes were observed in the db/db partner [63]. From the results of this experiment, it was
postulated that the db/db mutant produces an increased amount of a satiety factor (later identified as
leptin), which is transported to the cerebral satiety centre of the normal partner in whom it completely
shuts off the normal partner’s eating drive [63]. Other experiments have established that parabiosis of
mutant obese mice (ob/ob, later identified as genetic leptin deficient animals [62]) with normal
partners did not result in starvation and death of the normal mice. In such experiments the rate of
weight gain was drastically reduced in the ob/ob partners and a moderate weight gain was observed
in the normal mice [63] (figure 3b). Consequently, it appears that the parabiosis of ob/ob with normal
mice is a completely viable combination, not lethal for the normal partner. At the time of these
observations if was suggested that ob/ob mice do not produce a sufficient amount of satiety factor
(later identified as leptin) to turn off the normal partners eating drive, but that the regular hormonal
satiety factor released by the normal partners decreases the rate of weight gain in ob/ob mice by

stimulating the activity of the cerebral satiety centre of the obese partners. As mentioned above, 20



years after these pioneering studies that had predicted the existence of an adiposity-sensing pathway
regulated by a circulating hormone and its cognate receptor located in the hypothalamus, it has been
demonstrated that this regulatory loop of feeding and energy homeostasis was mediated by an
adipocyte-peptide referred to as leptin through its inhibitory effect on the neuronal production of the
NPY at hypothalamic sites [53-55]. Leptin profoundly inhibits food intake, decreases body weight and
appears as one of the most powerful anti-obesity hormone. As leptin is released in direct proportion
to the adipose tissue mass its plasma concentration is elevated in obese persons, the higher the weight
excess the greater the circulating concentration [65]. This observation is the rule except in rarely
encountered categories of obese persons who have a genetic defect in leptin production [66].
Reverting to the most frequent types of obesity, it has been demonstrated that leptin levels fall rapidly
in response to fasting [65,67]. This decline contributes to limit the rate of weight loss and facilitates
the weight regain by exerting a stimulatory effect on appetite and reducing the energy expenditure
[68,69]. Consequently, it has been proposed to reverse this decline by testing the ability of leptin
supplementations. Unfortunately such leptin replacements [70] failed or had limited effect to
stimulate the rate of weight loss in typically obese individuals who usually have elevated leptin levels
at baseline. Such disappointing results suggest that the poor outcomes of restricted-calorie diets, even
when their efficacy should be theoretically stimulated with leptin injections, are not only due to the
decline in leptin release from a progressively reduced-adipose tissue mass but also to leptin resistance
with a decrease of its inhibitory activity on appetite at the human brain level [60,68,71,72]. These
observations highlight the difficulties met when trying to comprehend the metabolic phenomena that
are associated with the development of overweight /obesity states and subsequently with their
resistance to food restriction. For instance, it is hard to know which proportion of leptin resistance is
due to either acquired or inherited factors, respectively. Should the leptin resistance is mainly the
consequence of acquired factors such as the overfeeding that precedes the development and
accompanies the progression of overweight/obese states it is not clear whether such conditions can
be reverted and how long it could last. From a general point of view it is highly likely that leptin
resistance is as long to disappear as the duration of disappearance of insulin resistance observed in
obese patients with type 2 diabetes [73]. In other words the pathophysiological features of obese
persons without diabetes (absolute increase in leptin secretion, but with relative defect of leptin
release unable to fully compensate the leptin resistance [68]) could be compared with the well-
recognized characteristics observed in newly diagnosed patients with type 2 diabetes or at early stages
of the disease: absolute increase in insulin secretion, but with relative deficiency of the endogenous
insulin secretion, which remains unable to fully compensate the insulin resistance at the hepatic and
peripheral tissue sites [73]. Irrespective of the pathophysiological mechanisms involved the practical

consequence is that the combination of decreasing leptin secretion and increasing leptin resistance



during restricted-calorie diets reduces the efficacy of such measures and amplifies the discrepancy

between observed and predicted weight loss.
Role of other hormonal factors

Besides hormonal signals such as the leptin released from the adipose tissue, several peptides secreted
by the gastrointestinal tract participate to weight regulation [56-59,74]. To deliver a comprehensive
message rather than to extensively describe the endless increasing categories of peripheral
modulators of appetite, the present analysis is deliberately limited to longitudinal changes in ghrelin
and glucagon-like peptide 1 (GLP-1) during periods of weight loss. The first one is acknowledged as a
powerful stimulator of appetite [56,60,75,76] whilst the second exerts an inhibitory effect [59,74,77],
a property taken as advantage for the obesity pharmacotherapy with GLP-1 receptor agonists [78].
Surprisingly and unfortunately it has been demonstrated that diet-induced weight losses are
associated with increased and decreased plasma levels of ghrelin and GLP-1, respectively [67].
Therefore it appears that weight loss induces a gastrointestinal response that counteracts the
beneficial effects of low-calorie diets by increasing the release of circulating mediators that encourage
the desire to eat (e.g. the ghrelin) and by reducing the secretion of those that facilitate weight losses
(e.g. the GLP-1) through their action on the brain structures involved in the control of food intake
[56,60,76]. Although the present analysis is limited to two intestinal mediators these observations
highlight the misadaptation of hormonal responses to diet-induced weight loss and the difficulties
encountered by overweight obese patients who wish to lose weight and who are permanently
struggling against adverse hormonal signals that increase the activity of brain areas involved in the

food intake decision-making and reward aspects of eating behaviour.

Role of insulin resistance and the concept of metabolically “healthy and unhealthy” adipose

tissues
The “friendly” earlier stages of adipose tissue

The first main function of adipose tissue is devoted to energy storage in the form of triacylglycerols
that are secondarily hydrolyzed and released as non-esterified fatty acids (NEFA) during periods of
fasting and hypoinsulinaemia [79]. This function aimed at achieving the normal energy homeostasis in
non-obese individuals corresponds also to the presence of a “metabolically healthy adipose tissue”, a
characteristic still observed during the earlier stages of human obesity [80,81]. In such individuals the

adipose tissue mass can undergoes periods of expansion, stability or reduction and shows a metabolic

10



flexibility that allows adaptation to sudden periods of feeding changes and fasting. Unfortunately

several metabolic abnormalities can evolve from this transient period of satisfactory regulation.

The ominous progression towards a “metabolically unhealthy” adipose tissue

The maintenance of adipose tissue within a relatively stable state is dependent on a normal
vascularisation, which is required for the production of mature adipocytes from mesenchymental stem
cells throughout a process that includes an intermediary step characterized by the presence of
preadipocytes [82]. At maturity end point, adipose cells are represented by white, beige and brown
adipocytes [81]. Even though these phenotypes differ with respect to their mitochondrial content, they
have the capacity of exchanging metabolic functions between themselves [81], with the primary role
being attributed to fat storage for white cells and thermogenesis for beige or brown adipocytes [83].
As illustrated in figure 4 the progressive decline in vascularisation and the subsequent hypoxia of
adipose tissue with individuals’ ageing can be followed by a remodelling characterized by the
development of abnormalities in fat mass such as an infiltration by macrophages, neutrophilic, mast
and eosinophilic cells with eventually a further progression towards fibrosis [81,84,85]. This type of
reaction with proinflammatory and fibrotic cells can be detected by measuring the slight elevation of
low-grade inflammation biomarkers such as the C-Reactive Protein (CRP) [86,87]. A large variety of
adipokins (the interleukin-6, TNFQ, resistin and others) [84,85,88] that are released from these
inflammatory cells contribute to trigger or enhance the insulin resistance [73], one of the main
characteristics in persons with a never disrupted expansion of adipose tissue mass. The insulin
sensitivity in obese people is also dependent on the production of adiponectin, an adipocyte-derived
factor [89,90]. For instance it has been established that high plasma adiponectin levels correlate with
improved insulin sensitivity [89-91]. In addition adiponectin levels are relatively preserved and even
increased at earlier stages of obesity, i.e. in metabolically healthy obese people, whilst in “dystrophic
obesity” the secretion of this peptide significantly falls [92]. Bringing all these observations together it
becomes easy to understand why in metabolically unhealthy obesity the insulin sensitivity of liver and
peripheral tissues can be markedly altered with several adverse outcomes such as the onset of type 2
diabetes [93]. As insulin resistance mechanistically results in hyperinsulinaemia [73] and as insulin
inhibits the activity of some intra-adipocyte enzymes such as the hormone-sensitive lipase [94], which
normally stimulates the hydrolysis of triacylglycerols in fat cells, it is highly likely that the
hyperinsulinaemia of insulin resistant states observed in obese people, particularly in those who have
been obese for many years, serves as amplifying factor for limiting weight losses during restricted-

calorie diets [95].
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One of the conclusions arising from these observations is that the transition from metabolically healthy
to unhealthy obesity [81] is of major concern and should be avoided. Therefore one main
recommendation is to intervene as early as possible in the long-term evolution of obesity to prevent
at an individual level the transition to later stages where dietary measures are poorly efficient. At this
stage the patient can become candidate to alternative therapeutic strategies such as

pharmacotherapies and/or metabolic surgery [11,96-98].
Gut dysbiosis in obesity: Interplay between nature and nurture

The human gut microbiota is viewed as an ecosystem of trillions of micro-organisms distributed into
more than 70 bacterial communities that are clustered into 3 main subsets [99]. Each individual
possesses a specific gut microbiota with a balanced partition between bacterial species [100]. The
concept of “dysbiosis” has emerged when scientists started to question the association of some clinical
disorders with sustained imbalance between gut bacterial communities [101]. For instance it was
recognized that the gut microbiota of obese and lean subjects are different, thus leading to the
definition of a new entity referred to as “obese dysbiosis” [102]. During the latest past decade, an
increasing number of studies have attempted to address several issues concerning this condition. The
first question is to know whether this abnormal gut microbiota pattern is inherited resulting from
nature or acquired under the influence of dietary factors, i.e. the “environmental nurture”. Secondly,
should the “obese dysbiosis” is mainly due to the environment, there arises the question as to whether
these acquired changes are self-maintaining and/or aggravating factors throughout the evolution of

overweight/obese states.
The role of nature

As mentioned above the specific microbiota of each human being is associated with its individual
“metagenome” based on a number of genes as high as 150 times the host genome [99]. However at
an individual level the gut microbiota is characterized by its flexibility around a central core, thus
explaining its intra-individual adaptation to several factors [103]. Many observations suggest that gut
bacterial phenotypes are only poorly driven by “nature”, the most demonstrative argument being

given by differences found in humans and mice between microbiota of homozygous twins [104].

The role of nurture: what we see

” u

Compared with the marginal role of “nature”, “nurture” seems to be a key player in the “dysbiosis” of
obese people. Interventional trials consisting to modify the nutritional model and to reduce the dietary

energy intake indicate that eating patterns modulate the microbiota composition [99]. Additional
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arguments for this hypothesis were provided by the finding of differences in microbiota composition
between obese and lean subjects and by the results of observational and clinical studies published
during the two latest past decades. For instance, experiments of microbiota transfection from obese
or lean mice to axenic animals have led to the concept of a specific transmissible microbiota phenotype
in obese [104]. However diverging results were observed from studies aimed at defining one single
“obese phenotype” combining a smaller diversity in bacterial communities with modifications in the
Bacteroidetes/Firmicutes ratio [102]. In normal weight subjects, the bacterial harvest from energy
dietary intake to the overall metabolism is increased or decreased according to whether the Firmicutes
or Bacteroidetes species are relatively deficient or preponderant [105]. Obese subjects with deficient
microbiota resulting from inappropriate food intake exhibit “unfriendly” metabolic profiles with a
reduction in insulin sensitivity and a state of low-grade inflammation [106]. Weight loss in obese
adolescents was associated with an increased diversity of microbiota, the higher the weight loss the
greater this favourable phenotype [107]. In addition, persisting alterations in the microbiota after one
year of restricted-calorie diet are predictors for both smaller weight loss and less improvement in
metabolic baseline disorders [108]. This large spectrum of beneficial effects on the microbiota was also
found after either bariatric surgery with an increase in the Bacteriodetes /Provella ratio [109] or after

transfection of the microbiota from normal weight to obese subjects [110].
The role of nurture: what we try to comprehend

Microbiota composition regulates body weight and metabolic rates through complex mechanisms that
remain somewhat hypothetic [111]. Bacterial species are involved in energy harvesting from non-
digestible polysaccharides. This mechanism whose participation can be as high as 10% of daily energy
requirements could explain the rates of weight loss or regain, which are less or more pronounced,
respectively, when obese subjects are submitted to different types of low-calorie diets [105,112].
Short-chain fatty acids such as those released during the fermentation process of non-digestible
products act as signalling substrates for enhancing the synthesis and storage of fats and subsequently
for deteriorating the insulin sensitivity. The dysbiosis reduces the oxidation rate of fatty acids in liver
and muscles by inhibiting the cyclic AMP and thus by inducing an excessive storage of fatty acids. In
addition the dysbiosis modifies the intestinal barrier permeability and contributes to initiate a low-
grade inflammatory state that in turn facilitates the onset of insulin resistance. Finally, the microbiota
can alter the production of biliary acid metabolites that are involved in the energy regulation and
activity of satiety centres by modulating the signals arising from and delivered by intestinal hormonal

peptides [113].

Potential applications of microbiota in clinical practice

13



In obesity, restricted - calorie diets induce short-term changes in the microbiota that can be reverted
within a period of a few months. The microbiota impact on weight loss kinetics has been investigated
when low-carbohydrate or low-fat diets were implemented in overweight subjects [114]. At month 3
weight losses were similar but microbiota compositions were found to be different with increases in
Proteobacterial species, Bacteroidetes and Firmicutes versus decreases in Actinobacterial species and
Firmicutes on low-carbohydrate versus low-fat diets, respectively. Reverting to baseline status was
progressively observed over a 6 to 12-month period, thus suggesting microbiota resilience due to a
feedback impact independent on amounts and types of energy intakes. In this latter study the
composition of the initial microbiota failed to predict the magnitude of weight loss [115]. Relapse to
obesogenic microbiota patterns after transient improvement could facilitate weight regain even during
dieting, but this question has never been fully addressed in humans. In programs of induced-weight
gain with dietary cycling consisting of sequential periods with high fat and low-calorie contents, it has
been established that weight regain was faster and greater when the forthcoming high-fat sequence
had been re-implemented [116]. In addition post diet microbiota phenotypes accelerate weight regain
and relapse towards metabolic disorders. The transfer of such phenotypes to axenic mice was
responsible for an abnormally high level of weight gain, thus suggesting a causative-effect link between
the microbiota composition resulting from a high-fat energy diet and the weight regain following
restricted-calorie diets. Such results seem to indicate that in subjects submitted to hypocaloric diets
any manipulation of the microbiota is able to prevent or delay weight regain, but unfortunately in
humans there is no evidence for the appropriateness of using microbiota analyses for predicting weight
outcomes. In the future targeting the microbiota might be a complementary measure to individualize
the treatment of obese people provided that we gain further insight into our knowledge on how the

microbiota and its response to nature and nurture intervene in weight regulation [117].
Behavioural and psychological barriers to low calorie diets

Long-term self-motivation and family support are two key prerequisites for promoting successful
weight loss. Psychological vulnerability is a common feature in obesity, which is due to several factors
including poor global self-esteem, negative impact of social stigmatization and failure to correctly
handle eating impulsiveness [118]. All these abnormalities result in situations where obese people are
struggling against psychological stress, which in turn facilitates uncontrolled and emotional feeding
disorders that aggravate weight excess. A bidirectional relationship has been described between
obesity and mental health. Despite compelling evidence for beneficial somatic outcomes of weight loss
there are less data concerning potential improvements of mental health. Poorly realistic

recommendations on weight control are at risk of aggravating the stigmatization of obese people,
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inducing behavioural eating disorders and enhancing symptoms of psychological distress especially
when the targets of dietary interventions remain uncompleted [119]. In addition, high stress levels can
be associated with weight gain as a result from a combination of increased energy intake with reduced
physical activity. Such a situation is encountered after perceived stress following health - harming
periods [120]. In contrast, a satisfactory psychological profile improves outcomes of weight
management [121]. As the individual’s psychological feature is one of the main predictors of weight
loss and/or stabilization, due consideration should be given to it [122]. Contrarily to usual disseminated
beliefs and according to data provided by a meta-analysis including several randomized controlled
trials [123] plus one prospective study [124] examining the relationships between depression and
obesity, weight loss programs seem to be devoid of any harmful effects on stress and anxiety
perception. Relatively discordant results, but with neutral trends when considered as a whole, were
observed in studies evaluating the psychological impact of low calorie diets [125]. In contrast
progressive reductions in the rate of weight loss add anxiety and are at risk of inducing hedonic hunger
and uncontrolled weight regain. Hedonic eating frequently alleviates the unhappiness feeling that
results from diets, but can be also a subsequent risk factor of stress with undesirable effects [126].
Behavioural approaches may address this problem by stimulating the patient’s motivation for and
compliance to therapeutic changes in lifestyle and thus by allowing an appropriate response to the
concern of wellbeing and management of associated psychopathologies such as anxiety and
depression. Familial positive empathic and tolerant attitudes contribute to the effectiveness of dietary
programs designed for losing weight with a particular mention for children and adolescents, who are
dependent on parental food purchasing, preparation and availability, and who should be encouraged
to start or increase physical exercise [127]. The professional environment is also a factor that can
interfere with the long-term effectiveness of dieting in people exhibiting eating stereotypes such as
convivial breaks, business meals or in those who exert professional occupations at increased risk of
poor compliance to diets: people working in restaurants, workers exerting strong physical activity,
business travellers or night shift workers. Vulnerable psychological profiles, unfavourable familial
environments, poorly motivating professional occupations that hamper appropriate changes in

lifestyle, are considered to be potential causative factors for weight loss failures.
Loss of compliance to dietary measures

Adherence to dietary measures is of great importance irrespective of the type of diet. The relationship
between self-reporting of dietary compliance and weight loss is independent on the type of low-calorie
diet [21]. Adherence during periods of weight loss is a predictor of weight stabilization over the 2

forthcoming years. In compliant subjects the averaged weight regain is limited to 50% compared with
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an average of 90% in those who are poorly compliant [42,128]. Detecting a poor compliance during
the initial period of dieting is predictive of weak results on the long term. By modelling the energy
intake and expenditure it has been shown that poor compliance is the main determinant for weight
plateau at month 6 [129]. Consequently, it should be pointed out that it is more appropriate to
reinforce the compliance to diet than to intervene on its nutrient content, and therefore a particular
attention should be given to socio behavioural conditions at the time of implementation of dietary

measures.

Strategies used for improving adherence to diet

The desire to eat is a compensatory response that occurs during low-calorie diets and triggers weight
regain [130,131]. Ketogenic low-carbohydrate containing diets have been proposed to improve
adherence because high circulating levels of ketone bodies released from the hepatic oxidation of free
fatty acids are associated with better tolerance to very low calorie diets (VLCDs) [132,133]. However
this option is relatively disappointing because it is difficult to achieve such sustained energetic
restrictions even though this approach accelerates the rate of weight loss during the initial period and
can serve as “starter”[134]. The adherence to diet depends also on the magnitude of the gradient
between the energy level of the prescribed diet and the habitual patient’s consumption [42]. This
observation was confirmed by the fact that the adherence score was improved in users of
Mediterranean diets [135], because such regimens better fit with the average healthy eating patterns
[52]. Food diaries are useful for improving compliance to diets. A systematic review assessing the
importance of self-monitoring in weight management has shown that the higher the frequency of
dietary self -reporting the greater the improvements in body weight [136]. Such monitoring is a reliable
marker for the over-time maintenance of dietary changes even though servings are usually under-
assessed. Household units and tables on composition of food are useful for putting recommendations
into practice. In addition reshaping eating habits on the long-term necessitates a high quality
formulation of dietary intakes and a participation to structured educational programs. For improving
the patient’s motivation and avoiding weight rebounds weight loss plans should include visits at regular
time-intervals and healthcare professionals can implement additional individualized therapeutic
strategies such as dietary manipulations aimed at increasing satiety with the use of high-fibre foods
[137], mealtime structured plans and methods based on patient’s empowerment or behavioural
psychotherapy [11-13,138]. Nevertheless dietary manipulations are a subject of an endless debate
because there is no evidence for the timeliness of modifying the respective contributions of
macronutrients [40-46]. Therefore after decades of unfruitful attempts the main conclusion remains
that weight loss is dependent on the adherence to calorie-restriction and on its intensity and duration

[139,140].
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Physical activity as adjuvant therapy

Due to its multiple metabolic impacts [141,142] physical exercise is an important component for
weight loss. Adherence to exercise programs is one of the predictor for the effectiveness and durability
of a restricted-calorie diet [143,144]. The intensity, duration, frequency and type of physical activity
should be carefully adapted to the patient’s health and physical capacities but also to his/her
preferences. For instance, it should be reminded that in some individuals the recommendation to
starting or increasing a physical activity creates more displeasure and constraints than changes in
eating habits. Nor do we think physical exercise feasible in all obese persons even though it is well
known that the combination of restricted-calorie diets with regular sessions of exercise reduces the
risk for weight regain. However it must be noted that exercise alone is not sufficient for losing weight
because the neurochemical mechanisms that regulate eating behaviour exert a compensatory effect

on the thermic cost of exercise [145].
Conclusion

In summary it appears that losing weight is a hard challenge because all thermodynamic,
neurochemical and endocrine systems respond to low-calorie diets and other therapeutic measures
by counteracting their potential benefits. In other words the best treatment of obesity is preventive
and each individual should adopt as early as possible a healthy eating pattern in order to avoid the
development of excess weight because this clinical condition becomes less and less reversible with
increasing duration of the disease and advancing patient’s age. In the present review we have
attempted to explain firstly why the “theory” helps to comprehend that reductions in body weight
remain always possible, but also why the “practice” shows that in many situations the “theory” is
poorly working, despite the optimistic, but unfortunately fake messages broadcasted by different
medias or delivered by people who abusively claim to be nutritionists. When we combine “theory” and
“practice” we understand what we see but in practice we see that nothing works as theoretically

predicted.

Funding

This review did not receive any specific grant from funding agencies in the public, commercial, or not-

for-profit sectors

17



References

[1] Wadden TA. Treatment of obesity by moderate and severe caloric restriction: results of clinical
research trials. Ann Intern Med 1993;119:688-93.

[2] Heymsfeld SB, Harp JB, Reitman ML, Beetsch JW, Schoeller DA, Eronda N, et al. Why do obese
patients not lose more weight when treated with low-caloric diets? A mechanistic perspective.
Am J Clin Nutr 2007;85:46-354.

[3] Shai I, Schwarzfuchs D, Henkin Y, Shahar DR, Witkow S, Greenberg |, et al., for the Dietary
Intervention Randomized Controlled Trial (DIRECT) Group. Weight loss with a low-
carbohydrate, Mediterranean, or low-fat diet. N Engl ) Med 2008;359:229-41.

[4] Seimon RV, Wild-Taylor AL, Keating SE, McClintock S, Harper C, Gibson AA, et al. Effect of
weight loss via severe vs moderate energy restriction on lean mass and body composition
among postmenopausal women with obesity. The TEMPO Diet Randomized Clinical Trial.
JAMA Network Open 2019;2:€1913733.

[5] Torgenson JS, Hauptman J, Boldrin MN, Sjostrom L. Xenical in the prevention of diabetes in
obese subjects (Xendos) study: a randomized study or orlistat as an adjunct to lifestyle changes
for the prevention of type 2 diabetes. Diabetes Care 2004;27:155-61.

[6] Heshla'S, Anderson JW, Atkinson RL, Greenway FL, Hill JO, Phinney SD, et al. Weight loss with
self-help compared with a structured commercial program: a randomized trial. JAMA
2003;289:1792-8.

[7] Tuomilehto J, Lindstrom J, Eriksson JG, Valle TT, Hamaldinen H, Llanne-Parikka P, et al. Finnish
Diabetes Prevention Study Group. Prevention of type 2 diabetes by changes in lifestyle among
subjects with impaired glucose tolerance. N Engl J Med 2001;344:1343-50.

[8] UK Prospective Diabetes Study 7. Response of fasting plasma glucose to diet therapy in newly
presenting type Il diabetic patients. UKPDS group. Metabolism 1990;39:905-12.

[9] UK Prospective Diabetes Study (UKPDS group). Intensive blood glucose control with
sulphonylureas or insulin compared with conventional treatment and risk of complications in
patients with type 2 diabetes (UKPDS 33). Lancet 1998;352:837-53.

[10] Hamdy O, Mottalib A, Morsi A, El-Sayed N, Goebel-Fabbri A, Azathurik G, et al. Long-term
effect of intensive lifestyle intervention on cardiovascular risk in patients with diabetes in real-
world clinical practice: a 5-year longitudinal study. BMJ Open Diabetes Research and Care
2017;5:e000259.

[11] Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al. American College
of Cardiology/American Heart Association/Task Force on Practice guidelines and the Obesity
Society.2013 AHA/ACC/TOS guidelines for the management of overweight and obesity in
adults. J Am Coll Cardiol 2014;63:2985-3023.

[12] Durrer Schutz D, Busetto L, Dicker D, Farpour-Lambert N, Pryke R, Toplak H, et al. European
practical and patient-centred guidelines for adult obesity management in primary care. Obes
Facts 2019;12:40-66.

[13] Semlitsch T, Stigler F, Jeitler K, Horvath K, Seibenhofer A. Management of overweight and
obesity in primary care. A systematic overview of international-evidence based guidelines.
Obesity Rev 2019;20:1218-30.

[14] Webb P. Calorimetry in the study of obesity. In: Obesity. P Bjérntorp and BN Brodoff (Eds). JB
Lippincott Company. Philadelphia. Pensylvania.1992:91-9.

18



[15] Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. Biochemical energetics
(chapter 2.4). In: Molecular cell biology (Fifth Edition). W.H. Freeman and Company. New York,
New York. 2002:35-45.

[16] Ferrannini E. The theoretical bases of indirect calorimetry; a review. Metabolism 1988;37:287-
301.

[17] Pietrobelli A, Allison DB, Heshla S, Heo M, Wang ZM, Bertkau A, et al. Sexual dimorphism in
the energy content of weight changes. Int J Obes Relat Metab Disord 2002;26:1339-48.

[18] Weinsier RL, Hunter GR, Zuckerman PA, Redden DT, Darnell BE, Larson DE, et al. Energy
expenditure and free-living physical activity in black and white women: comparison before and
after weight loss. Am J Clin Nutr 2000;71:1138-46.

[19] Amatruda JM, Statt MC, Welle SL. Total and resting energy expenditure in obese women
reduced to ideal body weight. J Clin Invest 1993;92:1236-42.

[20] Das SK, Roberts SB, McCrory MA, Hsu LKG, Shikora SA, Kehayias JJ, et al. Long-term changes
in energy expenditure and body composition after massive weight loss induced by gastric
bypass surgery. Am J Clin Nutr 2003;78:22-30.

[21] Dansinger ML, Gleason JA, Griffith JL, Selker HP, Schaefer EJ. Comparison of the Atkins, Ornish,
Weight Watchers, and Zone diets for weight loss and heart disease risk reduction: a
randomized trial. JAMA 2005;293:43-53.

[22] Lubaski HC. Methods for the assessment of human body composition: traditional and new.
Am J Clin Nutr 1987;46:537-56.

[23] Nelson KM, Weinsier RL, Long CL, Schutz Y. Prediction of resting energy expenditure from fat-
free mass and fat-mass. Am J Clin Nutr 1992;56:848-56.

[24] Shetty PS, Henry CIK, Black AE, Prentice AM. Energy requirements of adults: an update on
basal metabolic rates (BMRs) and physical activity levels (PALs). Eur J Clin Nutr 1996;50: S11-
23.

[25] Harris JA, Benedict FG. The variation and statistical constants of basal metabolism in men. J
Biol Chem 1921;121:257-79.

[26] Schofield WN, Schofield C, James WPT. Basal metabolic rate-review and prediction. Hum Nutr
Clin Nutr 1985;39: S1-96.

[27] Kroke A, Klipstein-Grobush K, Voss S, Moseneder J, Thielecke F, Noack R, et al. Validation of a
self-administered food-frequency questionnaire administered in the European Prospective
Investigation into Cancer and Nutrition (EPIC) Study: comparison of energy, protein, and
macronutrient intakes estimated with the doubly labeled water, urinary nitrogen, and
repeated 24-h dietary recall methods. Am J Clin Nutr 1997;70:439-47.

[28] ElImstahl S, Gullberg B, Riboli E, Saracci R, Lindgarde F. The Malmo food study: the
reproductibility of a novel diet history method and an extensive food frequency questionnaire.
Eur J Clin Nutr 1996;50:143-51.

[29] Beaton GH, Burema J, Ritenbaugh C. Errors in interpretation of dietary assessments. Am J Clin
Nutr 1997;65: 1100 S-7S

[30] de Vries JHM, Zock PL, Mensik RP, Katan MB. Underestimation of energy intake by 3-d records
compared with energy intake to maintain body weight in 269 nonobese adults. Am J Clin Nutr
1997;60:855-60.

[31] Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. Oxidation of glucose and
fatty acids to CO; (chapter 16.1). In: Molecular and Cell Biology (Fifth Edition) WH Freeman
and Company. New York, New York. 2002;618-32.

19



[32] Willoughby D, Hawlings S, Kalman D. Body composition changes in weight loss. Strategies and
supplementation for maintaining lean body mass, a brief review. Nutrients
2018;10:1876;d0i:10.3390/nu10121876

[33] Ravussin E, Lillioja S, Knowler WC, Christin L, Freymond D, Abbott WGH et al. Reduced rate of
energy expenditure as a risk factor for body weight gain. N Engl J Med 1988;318:467-72.

[34] Doucet E, St Pierre S, Alméras N, Després J-P, Bouchard C, Tremblay A. Evidence for the
existence of adaptative thermogenesis during weight loss. Br J Nutr 2001;85:715-23.

[35] Bingham SA. The use of 24-h urinary samples and energy expenditure to validate dietary
assessments. Am J Clin Nutr 1994;59:227S-31S.

[36] Briefel RR, Sempos CT, McDowell MA, Chien S (C-Y), Alaimo K. Dietary methods research in
the third National Health and Nutrition Examination Survey: underreporting of energy intake.
Am J Clin Nutr 1997;65:1203S-9S.

[37] Vestergaard P, Leverett MS, Orangeburg NY. Constancy of urinary creatinine excretion. J Lab
Clin Med 1958;51:211-8.

[38] Murgatroyd PR, Shetty PS, Prentice AM. Technique of the measurement of human energy
expenditure: a practical guide. Int J Obesity 1993;17:549-68.

[39] Prentice AM, Black AE, Coward WA, Cole TJ. Energy expenditure in overweight and obese
adults in affluent societies: an analysis of 319 doubly-labelled water measurements. Eur J Clin
Nutr 1996;50:93-7.

[40] Shah M, Mc Govern P, French S, Baxter J. Comparison of a low-fat, ad libitum complex-
carbohydrate diet with a low-energy diet in moderately obese women. Am J Clin Nutr
1994,59:980-4.

[41] Rolls BJ, Kim-Harris S, Fischman MW, Foltin RW, Moran TH, Stoner SA. Satiety after preloads
with different amounts of fat and carbohydrate: implication for obesity. Am J Clin Nutr
1994,;60:476-87.

[42] Sachs FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton SD, et al. Comparison of weight-loss
diets with different compositions of fat, protein and carbohydrates. N Engl J Med
2009;360:859-73.

[43] Larsen TM, Dalskov S-M, van Baak M, Jebb SA, Papadaki A, Pfeiffer AFH, et al; for the Diet,
Obesity, and Genes (Diogenes) project. N Engl J Med 2010;363-2102-13.

[44] Johnston BC, Kanters S, Bandayrel K, Wu P, Naji F, Siemieniuk RA, et al. Comparison of weight
loss among named diet programs in overweight and obese adults: a meta-analysis. JAMA
2014;312:923-33.

[45] Bray GA, Siri-Tarino PW. The role of macronutrient content in the diet for weight
management. Rev Endocrinol Metab Clin North Am 2016;45:581-604.

[46] Gardner DC, Trepanowski JF, Del Gobbo LC Hauser ME, Rigdon J, loannidis JPA, et al. Effects
of low-fat versus low-carbohydrate diet on 12-month weight loss in overweight adults and the
association with genotype pattern on insulin secretion: the DIETFIT randomized clinical trial.
JAMA 2018;319:667-79.

[47] Flatt J-P. The biochemistry of energy expenditure. In: Obesity. P Bjorntorp and BN Brodoff
(Eds). JB Lippincott Company. Philadelphia. Pensylvania 1992:100-16.

[48] Flatt JP, Ravussin E, Acheson KJ, Jéquier E. Effects of dietary fat on postprandial substrate
oxidation and on carbohydrate and fat balance. J Clin Invest 1985;76:1019-24.

[49] Westerterp-Plantenga MS, Nieuwerhuizen A, Tomé D, Soenen S, Westerterp KR, et al. Dietary
protein, weight loss, and weight maintenance. Ann Rev Nutr 2009;29:21-41.

20



[50] Westerterp-Plantenga MS, Lemmens SG, Westerterp KR. Dietary protein - its role in satiety,
energetics, weight loss and health. Br J Nutr 2012;108:5105-12.

[51] de Souza RJ, Bray GA, Carey VJ, Hall KD, LeBoff MS, Loria CM, et al. Effects of 4 weight-loss
diets differing in fat, protein and carbohydrate on fat mass, lean mass, visceral adipose tissue
and hepatic fat: results from the POUND LOST trial. Am J Clin Nutr 2012;95:614-25.

[52] U.S. Department of Health and Human Services and U.S. Department of Agriculture. 2015-
2020 Dietary guidelines for  Americans, 8" edition. December  2015.
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf.

[53] Schwartz MW, Peskind E, Raskind M, Boyko EJ, Porte D. Cerebrospinal fluid leptin levels :
relationship to plasma levels and to adiposity in humans. Nature Med 1996;2:89-593 .

[54] Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, et al. Serum
immunoreactive-leptin concentration in normal-weight and obese humans. N Engl J Med
1996;334:292-5.

[55] Ahima RS; Prabakaran D, Mantzoros C, Qu D, Lowell B, Maratos-Flier E, et al. Role of leptin in
the neuroendocrine response to fasting. Nature 1996;382:250-2.

[56] Korner J, Leibel RL. To eat or not to eat. How the gut talks to the brain. N Engl J Med
2003;349:926-8.

[57] Camerilli M. Integrated upper gastrointestinal response to food intake. Gastroenterology
2006;131:640-58.

[58] Batterham RL, Cohen MA, Ellis SM, Le Roux CV, Withers DJ, Frost GS. Inhibition of food intake
in obese subjects by peptide YY3-36. N Engl ] Med 2003;349:941-8.

[59] Flint A, Raben AL, Astrup A, Holst JJ. Glucagon-like peptide 1 promotes satiety and suppresses
energy intake in humans. J Clin Invest 1998;101:515-20.

[60] Schwartz MW, Woods SC, Porte Jr D, Seeley J, Baskin DG. Central nervous system control of
food intake. Nature 2000;404:661-71.

[61] Ahima RS, Antwi DA. Brain regulation appetite and satiety. Endocrinol Metab Clin North Am
2008;37:811-3.

[62] Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of the
mouse obese gene and its human homologue. Nature 1994;372:425-32.

[63] Coleman DL. Effects of parabiosis of obese with diabetes and normal mice. Diabetologia
1973;9:294-8.

[64] Chen H, Charlat O, Tartaglia LA, Woolf EA, Ellis SJ, Lakey ND, et al. Evidence that the diabetes
gene encodes the leptin receptor: identification of a mutation in the leptin receptor gene in
db/db mice. Cell 1996;84:491-5.

[65] Havel PJ, Kasim-Karakas S, Mueller W, Johnson PR, Gingerich RL, Stern JS. Relationship of
plasma leptin to plasma insulin and adiposity in normal weight and overweight women: effects
of dietary fat content and sustained weight loss. J Clin Endocrinol Metab 1996;81:4406-13.

[66] Barsh GS, Farooqi IS, O’Rahilly. Genetic of body-weight regulation. Nature 2000;404:644-651

[67] Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A, Kriketos A, et al. Long-term
persistence of hormonal adaptations to weight loss. N Engl J Med 2011;365:1597-604.

[68] Ahima RS. Revisiting leptin’s role in obesity and weight loss. J Clin Invest 2008;118:2380-3.

[69] Rosenbaum M, Nicolson M, Hirsch J, Murphy E, Chu F, Leibel RL. Effects of weight change on
plasma leptin concentration and energy expenditure. J Clin Endocrinol Metab 1997;82:47-
3654.

21



[70] Farr OM, Gravieli A, Mantzoros CS. Leptin applications in 2015: what we learned about leptin
and obesity. Curr Opin Endocrinol Diabetes Obes 2015;22:353-9.

[71] Zhang Y, Scarpace PJ. The role of leptin in leptin resistance and obesity. Physiology and
Behaviour 2006;88:249-56.

[72] Endiori PJ, Evans AE, Sinnayah P, Cowley MA. Leptin resistance and obesity. Obesity 2006;14:
254S-8S.

[73] DeFronzo RA. Pathogenesis of type 2 diabetes: metabolic and molecular implications for
identifying diabetes genes. Diabetes Rev 1997;5:177-269.

[74] Gutzwiller JP, Goke B, Drewe J, Hildebrand P, Ketterer S, Handschin D et al. Glucagon-like
peptide-1: a potent regulator of food intake in humans. Gut 1999;44:8186.

[75] Wren A, Seal L, Cohen MA, Brynes A, Frost GS, Murphy K, et al. Ghrelin enhances appetite and
increases food intake in humans. J Clin Endocrinol Metab 2001;86:5992-5.

[76] Kirchner H, Heppner KM, Tschop MH. The role of ghrelin in the control of energy balance. In:
Appetite Control. Handbook of Experimental pharmacology. HG Joost (Ed). Springer-Verley
Berlin Heidelberg 2012;209:161-84.

[77] Drucker DJ, Nauck MA. The incretin system: glucagon-like peptide receptor agonists and
dipeptidylpeptidase inhibitors in type 2 diabetes. Lancet 2006;368:1696-705.

[78] Kelly AS, Auerbach P, Barrientos-Perez M, Gies |, Hale P, Marcus C, et al; for the NN8022-4180
Trial Investigators. A randomized, controlled trial of liraglutide for adolescents with obesity. N
EnglJ Med 2020;382:2117-218.

[79] Sherer PE. The multifaceted roles of adipose tissue-therapeutic targets for diabetes and
beyond: the 2015 Banting lecture. Diabetes 2016;65:1452-61.

[80] Sun K, Wernstedt Asterholm |, Kusminski CM; Carolina Bueno A, Wang ZW, Pollard JW, et al.
Dichotomous effects of VEGF-A on adipose tissue dysfunction. Proc Natl Acad Sci USA
2012;109:5874-9.

[81] Scherer PE. The many secret lives of adipocytes: implications for diabetes. Diabetologia
2019;62:223232.

[82] Hepler C, Vishvanath L, Gupta RK. Sorting out adipocyte precursors and their role in physiology
and disease. Genes Dev 2017:31:127-40.

[83] Shabalina IG, Petrovic N, de Long JMA, Kalinovich AV, Cannon B, Nedergaard J. UCP1 in
brite/beige adipose tissue mitochondria is functionally thermogenic. Cell Rep 2013;5:1196-
203.

[84] Bastard JP, Maachi M, Lagathu C, Kim MJ, Caron M, Vidal H, et al. Recent advances in the
relationship between obesity, inflammation, and insulin resistance. Eur Cytokine netw
2006;17:4-12

[85] Greenberg AS, Obin MS. Obesity and the role of adipose tissue in inflammation and
metabolism. Am J Clin Nutr 2006;83:461S-5S.

[86] Yudkin JS, Stehouwer CDA, Emeis JJ, Coppack SW. C-reactive protein in healthy subjects;
associations with obesity, insulin resistance, and endothelial dysfunction. A potential role for
cytokines originating from adipose tissue? Arterioscler Thromb Vasc Biol 1999;19:972-8.

[87] Ridker PM, Wilson PWF, Grundy SM. Should C-reactive protein be added to metabolic
syndrome and to assessment of global cardiovascular risk? Circulation 2004;109:2818-25.
[88] Hotamisligil GS, Amer P, Caro JF, Arkinson RL, Spiegelman BM. Increased adipose tissue
expression of tumor necrosis factor-alpha in human obesity and insulin resistance. J Clin Invest

1995;95:2409-15.

22



[89] Scherer PE. Adiponectin: basic and clinical aspects. Preface. Best Pract Res Clin Endocrinol
Metab 2014;28:1-2.

[90] Wang 2V, Scherer PE. Adiponectin, the past two decades. J Mol Cell Biol 2016;8:93-100.

[91] Kopp HP, Krzyanowska K, Mohlig M; Spranger J, Pfeiffer AFH, Schernthaner G. Effect of marked
weight loss on plasma levels of adiponectin, markers of chronic subclinical inflammation on
insulin resistance in morbidly obese women. Int J Obes 2005;29:766-71.

[92] Aguilar-Salinas CA, Garcia EG, Robles L, Riano D, Ruiz-Gomez DG, Garcia-Ulloa AC, et al. High
adiponectin concentrations are associated with the metabolically healthy obese phenotype. J
Clin Endocrinol Metab 2008;93:4075-9.

[93] Mather KJ, Funahashi T, Matsuzawa Y, Edelstein S, Bray GA, Kahn S, et al. Diabetes Prevention
Program. Adiponectin, change in adiponectin, and progression to diabetes in the Diabetes
Prevention Program. Diabetes 2008;57:980-6.

[94] Stralfors P, Bjorgell P, Belfrage P. Hormonal regulation of hormone-sensitive lipase in intact
adipocytes: identification of phosphorylated sites and effects on the phosphorylation by
lipolytic hormones and insulin. Proc Natl Acad Sci USA. 1984;81:3317-32.

[95] Campbell PJ, Carlson MG, Hill JO, Nuryhan N. Regulation of free fatty acid metabolism by
insulin in humans: role of lipolysis and reesterification. Am J Physiol (Endocrinol Metab 26)
1992;263:E1063-9.

[96] Cefalu WT, Bray GA, Home PD, Garvey T, Klein S, Pi-Sunyer WT, et al. Advances in the science,
treatment, and prevention of the disease of obesity: Reflections from a Diabetes Care Editors
Expert Forum. Diabetes Care 2015;38:1567-82.

[97] Sjostrom L, Narbro K, Sjostrom D, Karason K, Larsson Bo, Wedel H, et al. Effects of bariatric
surgery on mortality in Swedish obese subjects. N Engl ] Med 2007;357:741-52.

[98] Schauer RR, Mingrone G, Ibramuddin S, Wolfe B. Clinical outcomes of metabolic surgery:
efficacy of glycemic control, weight loss and remission of diabetes. Diabetes Care 2016;39:902-
11.

[99] Sonnenburg JL, Backhed F. Diet-microbiota interactions as moderators of human metabolism.
Nature 2016;535: 56-645.

[100] Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargant M, et al. Diversity
of human intestinal microbial flora. Science 2005;308:1635-8.

[101] Weiss GA, Hennet T. Mechanisms and consequences of intestinal dysbiosis. Cell Mol
Life Sciences 2017;74:2959-77.

[102] Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes
associated with obesity. Nature 2006;444:1022-3.

[103] Goodrich JK; Waters JL, Poole AC, Sutter JL, Koren O, Blekhlan R, et al. Human genetics
shape the gut microbiome. Cell 2014;159:789-99.

[104] Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et al. Gut microbiota from

twins  discordant for  obesity  modulate = metabolism in  mice. Science
2013;314:https://doi.org/10.1126/science.1241214.

[105] Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, et al. Energy-
balance studies reveal associations between gut microbes, caloric load, and nutrient
absorption in humans. Am J Clin Nutr 2011;94:58-65.

[106] Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. Richness of human
gut microbiome correlates with metabolic markers. Nature 2013;500:541-6.

23



[107] Santacruz A, Marcos A, Warnberg J, Marti A, Martin-Matillas M, Campoy C, et al.
Interplay between weight loss and gut microbiota composition in overweight adolescents.
Obesity 2009;17:1905-15.

[108] Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E. Dietary intervention
impact on gut microbial gene richness. Nature 2013;500:585-8.
[109] Tremaroli V, Karlsson F, Werling M, Stahlman M, Kovatcheva-Datchary P, Olbers T, et

al. Roux-en-Y gastric bypass and vertical banded gastroplasty induce long-term changes on the
human gut microbiome contributing to fat mass regulation. Cell Metab 2015;22:228-38.

[110] Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte R, Bartelsman JFWM, et al.
Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals
with metabolic syndrome. Gastroenterology 2012;143:913-916.€e7.

[111] Khan MJ, Gerasimidis K, Edwards CA, Shaikh MG. Role of gut microbiota in aetiology of
obesity: proposed mechanisms and review of literature. J Obes 2016:1D 7353642.

[112] Aron-Wisnewsky J, Doré J, Clement K. The importance of the gut microbiota after
bariatric surgery. Nat Rev Gastroenterol Hepatol 2012;9:590-8.

[113] Christiansen CB, Gabe MBN, Svendsen B, Dragsted LO, Rosenkilde MM, Holst JJ. The
impact of short-chain fatty acids on GLP-1 and PYY secretion from the isolated perfused rat
colon. Am J Physiol Gastrointest Liver Physiol 2018;315:G53-65.

[114] Fragiadakis GK, Wastyk HC, Robinson JL, Sonnenburg ED, Sonnenburg JL, Gardner CD.
Long-term dietary intervention reveals resilience of the gut microbiota despite changes in diet
and weight. Am J Clin Nutr 2020:111:1127-36.

[115] Hjorth MF, Christensen L, Kjolbaek L, Larsen LH, Roager HM, Kiilerich P, et al.
Pretreatment Prevotella-to-Bacteroides ratio and markers of glucose metabolism as
prognostic markers for dietary weight loss maintenance. Eur J Clin Nutr 2019;74:338-47.

[116] Thaiss CA, Itav S, Rothschild D, Meijer MT, Levy M, Moresi C, et al. Persistent
microbiome alterations modulate the rate of post-dieting weight regain. Nature 2016;540:544-
51.

[117] Johnson AJ, Vangay P, Al-Ghalith GA, Hillmann BM, Ward TL, Shield-Cutler RR, et al.
Daily sampling reveals personalized diet-microbiome associations in humans. Cell Host
Microbe 2019;25:789-802e5.

[118] Tomiyama AJ. Weight stigma is stressful. A review of evidence for the cyclic
obesity/weight-based stigma model. Appetite 2014;82:8-15.
[119] Peckmezian T, Hay P. A systematic review and narrative synthesis of interventions for

uncomplicated obesity: weight loss, well-being and impact on eating disorders. J Eat Disord
2017;5:212-3.

[120] Bergmann N, Gyntelberg F, Faber J. The appraisal of chronic stress and the
development of the metabolic syndrome: a systematic review of prospective cohort studies.
Endocr Connect 2014;3:R55-80.

[121] Lazzeretti L, Rotella F, Pala L, Rotella CM. Assessment of psychological predictors of
weight loss : how and what for? World J Psychiatry 2015;5:56-7.
[122] Wiltink J, Dippel A, Szczepanski M, Thiede R, Alt C, Beutel ME. Long-term weight loss

maintenance after inpatient psychotherapy of severely obese patients based on a randomized
study: predictors and maintaining factors of health behavior. J Psychosom Res 2007;62:691-8.

24



[123] Booth AO, Wang X, Turner AL, Nowson CA, Torres SJ. Diet-induced weight loss has no
effect on psychological stress in overweight and obese adults: a meta-analysis of randomized
controlled trials. Nutrients 2018;10:613.d0i:10.3390/nu10050613.

[124] Fuller NR, Burns J, Sainsbury A, Horsefield S, da Luz F, Zhang S, et al. Examining the
association between depression and obesity during a weight management program. Clinical
Obesity 2017;7:354-9.

[125] Warkentin LM, Das D, Majumdar SR, Johnson JA, Padwal RS. The effect of weight loss
on health-related quality of life: systematic review and meta-analysis of randomized trials.
Obes Rev 2014;15:169-82.

[126] Lowe MR, Butryn ML. Hedonic hunger: a new dimension of appetite? Physiol Behavior
2007;91:432-9.

[127] Gruber KJ, Haldeman LA. Using the family to combat childhood and adult obesity. Prev
Chronic Dis 2009;6:A106.

[128] Del Corral P, Bryan DR, Garvey WT, Gower BA, Hunter GR. Dietary adherence during
weight loss predicts weight regain. Obesity 2011;19:1177-81.

[129] Thomas DM, Martin CK, Redman LM, Heymsfield SB, Lettieri S, Levine JA, et al. Effect

of dietary adherence on the body weight plateau: a mathematical model incorporating
intermittent compliance with energy intake prescription. Am J Clin Nutr 2014;100:787-95.

[130] MaclLean PS, Bergouignan A, Cornier MA, Jackman MR. Biology’s response to dieting:
the impetus for weight regain. Am J Physiol Regul Integr Comp Physiol 2011;301:R581-600.

[131] Pasman WJ, Saris WH, Westertep-Plantenga MS. Predictors of weight maintenance.
Obes Res 1999;7:43-50.

[132] Gibson AA, Sainsbury A. Strategies to improve adherence to dietary weight loss
interventions in research and real-world settings. Behav Sci 2017;7:44.

[133] Gibson AA, Seimon RV, Lee CMY, Ayre J, Franklin J, Markovic TP, et al. Do ketogenic
diets really suppress appetite? A systematic review and meta-analysis. Obes Rev 2015;16:64-
76.

[134] Brodoff BN, Hendler R. Very low calorie diets. In: P Bjorntorp and BN Brodoff (Eds). JB
Lippincott Company. Philadelphia. Pensylvania 1992;683-707.
[135] Beunza JJ, Toledo E, Hu FB, Bes-Rastrollo M, Serrano-Martinez M, Sanchez-Villegas A,

et al. Adherence to the Mediterranean diet, long-term weight change, and incident overweight
or obesity: the Seguimiento Universidad de Navarra (SUN) cohort. Am J Clin Nutr
2010;92:1484-93.

[136] Burke LE, Wang J, Sevick MA. Self-monitoring in weight loss: a systematic review of the
literature. J Am Diet Assoc 2011;111:92-102.

[137] Clark MC, Slavin JL. The effect of fiber on satiety and food intake: a systematic review.
J Am Coll Nutr 2013;32:200-11.

[138] Smith DE, Wing RR. Diminished weight loss and behavioral compliance during repeated
diets in obese patients with Type Il diabetes . Health Psychology 1991;10:378-83.

[139] Wing RR, Phelan S. Long-term weight loss maintenance. Am J Clin Nutr 2005;82 (Suppl
1):222S-5S.

[140] Shai |, Stampler MJ. Weight-loss-diets-can you keep it off? Am J Clin Nutr
2008;88:1185-6.

[141] Thyfault JP, Bergouignan A. Exercise and metabolic health: beyond skeletal muscle.
Diabetologia 2020;63:1464-74.

25



[142] Gemmink A, Schrauwen P, Hesselink MK. Exercising your fat (metabolism) into shape:
a muscle-centred view. Diabetologia 2020;63:1453-63.

[143] Jakicic JM, Wing RR, Butler BA, Robertson RJ. Prescribing exercise in multiple short
bouts versus one continuous bout: effects on adherence, cardiorespiratory fitness, and weight
loss in overweight women. Int J Obes Relat Metab Disord 1995;19:893-901.

[144] McGuire MT, Wing RR, Klem ML, Seagle HM, Hill JO. Long-term maintenance of weight
loss: do people who lose weight through various weight loss methods use different behaviors
to maintain their weight? Int ) Obes 1998;22:575-7.

[145] Murphy MH, Lahart I, Carlin A, Murtagh E. The effects of continuous compared to
accumulated exercise on health: a meta-analytic review. Sports Med 2019;49:1585-607.

26



Legends of figures

Figure 1: Evolution of total energy (enthalpy, H), free energy (G) and entropy (S) during low-caloric
diets. G is defined as the chemical energy mainly in the form of ATP that can be used for work, protein
synthesis, i.e. for the preservation of lean body mass. S is the energy dispersed as heath. During
restricted-calorie diets and accompanying weight losses, diminutions of G (AG <0) and S (AS < 0) result
in reductions of lean body mass and basal metabolic rate, respectively. A decrement in the G/S ratio is
usually observed because AG is greater than AS, explaining why the loss in lean body mass is

proportionally more pronounced than that of total body weight.

Figure 2: Schematic description of metabolic costs (thermic effects) of dietary fats (figure 2a) and
carbohydrates (CHO) (figure 2b) according to whether food intakes are used for storage or for other
purposes: physical activity, preservation and renewal of body substrates or maintenance of body
temperature at a stable level. As a whole the thermic effects of carbohydrates (CHO) and fats are not
significantly different, thus explaining why manipulations of the CHO/fat ratio during food restriction

does not play a key role on weight outcomes.

Figure 3: lllustration of the impact of large parabiosis between db/db mice (genetically leptin resistant)
(figure 3a) or ob/ob mice (genetically leptin deficient) (figure 3b) and normal partners. Twenty years
before the discovery of leptin (an adipocyte-secreted peptide) these experiments have suggested the
existence of a satiety factor (S-) released from the adipose tissue to turn off the appetite by exerting

its effect on brain structures involved in the homeostasis of feeding and energy expenditure.

Figure 4: Schematic description of the two types of obesity individualized according to whether they
are “metabolically healthy or unhealthy”. The latter type is characterized by an infiltration of the
adipose tissue by proinflammatory cells and the release of adipokins, which both create a low-grade

inflammation with elevated CRP levels and insulin resistance
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