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Abstract
One year after losing weight, most people have regained a significant part of the lost weight.
As such, weight regain after weight loss has a negative impact on human health. The risk for
weight regain is determined by psychosocial and behavioral factors as well as by various physiological and molecular parameters. Here, the latter intrinsic factors are reviewed and assembled into four functional modules, two related to the energy balance and two related to resistance against weight loss. Reported genetic factors do not reveal additional functional
processes. The modules form nodes in a network describing the complex interactions of intrinsically determined weight maintenance. This network indicates that after an initial weight loss
persons with a high baseline fat mass will most easily succeed in maintaining weight, because
they can lose fat without raising stress in adipocytes and at the same time spare fat-free mass.
However, continued weight loss and weight maintenance requires extra measures like increased
physical activity, limited energy intake and a fat-free sparing composition of the diet. Eventually, this network may help to design novel therapeutic measures based on preventing the return effect of specific plasma factors or by preventing the accumulation of adipocyte cellular
stress.
Copyright © 2012 S. Karger AG, Basel
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Introduction

Obesity has become a worldwide threat to public health and public health systems, but fortunately there is an easy remedy, i.e., losing weight either by dietary intervention, increased
physical activity, or pharmacological and/or surgical treatment. This is usually successful, but
then a hard time follows trying to keep the weight at its reduced level, which seems impossible
for most people. While meta-analysis suggests that after a small weight loss long-term maintenance is achievable [1], studies indicate that between 35% and 80% of subjects who lost at least
10% of their body weight do not succeed in maintaining this weight for over 1 year [2–6]. Since
reducing weight is of importance from a health perspective, it is necessary to clarify the factors
and mechanisms determining the chance for successful weight maintenance. Psychosocial and
lifestyle influences are obviously involved [7], but recent studies lead to a growing awareness of
the effect of various physiological and molecular parameters. Recently, Maclean et al. [7] have
excellently reviewed this subject combining rodent data with human studies. However, one can
argue that rodents and humans may differ considerably in physiology, genetic variability, impact of psychosocial factors, chronobiology, etc. [8]. Taking this into account and because primary weight gain and weight regain are (partly) different biological processes, for the present
review only data are considered from human studies directly addressing weight regain after
weight loss. This leads to four functional modules that contribute to the risk for weight regain.

Several studies have pointed out that weight or weight-related parameters are associated
with the risk for weight regain. In women who lost 10% of body weight, weight regain after
1 year was significantly associated with maximum lifetime weight or BMI [9]. A high baseline BMI, waist circumference or fat mass indicated a lower weight regain 1 year after weight
loss by a very low-calorie diet (VLCD) as reported by Vogels and Westerterp-Plantenga [10].
Even after 2 years, a high baseline BMI and fat mass were still associated with !10% weight
regain [11, 12], which was confirmed in another study [13]. Also, the percentage of body fat
lost during the VLCD was found to be negatively associated with the percentage of body
weight regain [11]. Percentage weight regain was negatively correlated to baseline resting
metabolic rate [12], indicating that a high resting metabolic rate promotes successful weight
maintenance after weight loss. As the closely related basal metabolic rate is largely determined by fat-free mass [14, 15], it can be assumed that a fat-free mass sparing effect is strongly involved in the risk for weight regain [10]. In this respect, the ratio of fat mass/fat-free mass
in the lost weight could be easily higher for people with a high baseline body fat content, giving them an advantage with respect to the risk for weight regain.
The importance of preserving fat-free mass is also related to the fact that this body component is highly involved in energy expenditure by physical activity. In fact, the level of physical activity is a commonly recognized factor influencing weight regain. Increased body weight
is associated with reduced physical activity, and so is rebound weight gain, but at the same time
energy expenditure does not decrease much, because with increasing body weight the amount
of labor needed to perform similar activities as before increases in parallel [16, 17]. Reversely,
when weight is lost, activity-related energy expenditure (AEE) is considerably reduced [18, 19].
In fact, the daily energy requirement and total energy expenditure drop an extra ⬃15% below
the level that would be expected based on the new body weight [20–22], and this drop in energy expenditure is accompanied by changes in the activities of energy-regulating enzymes in
the skeletal muscle [23]. It persists for more than a year if the reduced body weight is maintained
[24] and leads to a positive energy balance after weight loss that can be (partly) compensated
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for by an extra increase in the level of physical activity. Failure to maintain such a level will add
to the risk of weight regain. A long-term study among 4,558 premenopausal women who intentionally had lost 15% of their body weight showed that 80% of them had regained 130% of the
lost weight after 6 years, but that weight regain was less in women who maintained a moderate
daily activity [25]. Further, a decrease in energy expenditure ideally should be accompanied by
a sufficient reduction in energy intake, helping to keep the risk for weight regain low [26].
An interesting observation was reported by Tremblay and Chaput [27] in a study on
weight loss by reduced energy intake of obese men to a level of resistance to further weight
loss. In this study, fat-free mass did not change, but fat mass did. At the end of the study, loss
of fat mass was positively associated with reduction in thermogenesis, a form of energy expenditure to which both non-fat tissues and adipose tissue contribute. It suggests that reduction of thermogenesis can cause resistance to lose fat. In this regard, lipophilic pollutants
stored in the fat and released upon fat loss [28] are suspected to induce reduction of thermogenesis, thereby stopping fat loss and further release of those potentially harmful pollutants
[29]. It has been proposed that loss of (activity of) brown adipose tissue is involved in this
reduction of thermogenesis, but this has to be further investigated [30].
The role of the body fat-free mass in weight maintenance has led to a search for ways to
preserve this component during weight loss. In this respect, several studies into the macronutrient composition of the diet have been performed. With regard to carbohydrates, the
glycemic load (GL) of the food seems important, which is the glycemic index (GI) multiplied
by the amount of carbohydrates in a food. It was reported that compared to a low-fat diet a
low-GL diet has a smaller lowering effect on resting energy expenditure, leads in addition to
a reduced feeling of hunger, can minimize postprandial insulin secretion and helps to maintain insulin sensitivity [31]. This may explain at least in part why a low-GI diet leads to greater weight loss [32]. Equally interesting is the influence of the protein percentage of the diet
on weight management. High protein diets, besides inducing higher energy expenditure by
increasing thermogenesis and besides stimulating satiety, have a sparing effect on fat-free
mass that in some individuals may lead to an improved metabolic profile [32–34]. Experiments indicate that different amino acids have a specific activity with respect to the observed
effects [34] with a special role for branched-chain amino acids, in particular leucine [35, 36].
The above findings indicate that low-GL and high-protein diets or a combination would
be advantageous for weight maintenance after weight loss. This aspect of dietary macronutrient composition was recently investigated in the Diogenes study [37] in which overweight/
obese subjects lost 18% of body weight during an 8-week low-calorie diet (3.4–4.2 MJ/day).
Testing the effect of GI and protein content during a 6-month follow-up period, it was observed that a modest reduction of GI and a modest increase in protein content indeed improved maintenance of lost weight. In accordance, significant weight regain was seen in the
group taking a high-GI/low-protein diet [38]. To have an optimal chance for weight maintenance after weight loss by caloric restriction, based on the role of fat-free mass and energy
expenditure it is advised to increase the protein content of the diet and preferably decrease
its GI while increasing physical activity throughout the weight loss phase and the subsequent
weight maintenance period.

For weight maintenance after weight loss, careful control of energy intake is necessary.
Major mediators for this are the metabolic hormones regulating the feelings of hunger and
satiety, and one would expect that their behavior has been profoundly studied in the context
of weight maintenance. However, research has largely been centered around leptin.
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During weight loss, fat mass reduces and as expected, plasma leptin levels drop. In fact,
leptin levels decrease proportionally much more than fat mass. As a typical example, in a
recent study in which overweight subjects lost about 20% of their fat mass, leptin levels on
average dropped by 50% [39, 40]. Such a reduction in leptin level was found with different
protocols of weight loss pointing to a uniform effect [40, 41]. Rosenbaum et al. [42] suggested that this drop of leptin leads to leptin deficiency in the brain, creating a high risk for increased energy intake during the after-weight-loss period. Interestingly, experiments in the
mouse indicated that part of the physiological consequences of starvation can be prevented
by leptin injection compensating the leptin drop [43]. Because subjects who lose 10% of their
body weight show symptoms characteristic of humans with leptin deficiency, similar experiments were performed with human volunteers. When leptin was injected during the maintenance period, a reversal was noticed of activities in those regions of the brain that are typical for energy intake regulation [44].
In addition to characteristics of energy intake, leptin injections reverse several other
weight loss-induced changes to the pre-weight loss state including energy expenditure, skeletal muscle work efficiency, and sympathetic nervous system tone [42]. Goldsmith et al. [45]
recently demonstrated that mechanical efficiency of skeletal muscle at low work load correlates with the change by weight loss in the ratio of glycolytic to oxidative enzyme activity,
which links weight loss-induced changes in AEE to changes at the muscle biochemical level.
Eventually, studies like this may help to explain why AEE drops significantly below the level that would be expected based on changes in body weight and composition [20–22]. The
idea is now that leptin or similar drug treatment may delimit the negative physiologic consequences of weight loss with a positive effect on weight maintenance.
In search for more mechanistic insight, Rosenbaum et al. [46] observed that 10% weight
loss is not only accompanied by a reduction of circulating concentrations of leptin, but also
of triiodothyronine (T3) and thyroxine (T4), which persists during maintenance of the newly acquired weight. When they subsequently adjusted leptin to the pre-intervention level, also
the thyroid hormone levels were reversed, suggesting a coordinated action between leptin
and thyroid hormones. This observation is in line with leptin supplementation in women
with hypothalamic amenorrhea, which led to increased thyroid hormone levels [47]. It shows
that the hypothalamic-pituitary-thyroid axis is important for weight maintenance [42, 44],
which is under the influence of leptin and possibly other metabolic hormones.
The link between weight maintenance and leptin was substantiated by Crujeiras et al.
[48] who reported in women a correlation of weight regain with leptin levels at the beginning
and at the end of the weight loss period, as well as with the change of leptin over that period.
The fact that higher baseline plasma levels seemed to predict weight regain had been reported before [13]. Further, in a study with a weight loss phase of 6 months and a follow-up of
7–24 months, Erez et al. [49] showed that weight regain was predicted by a relatively strong
decrease in weight together with a decrease in leptin. On the other hand, conflicting findings
have been reported as well. Vogels et al. [50] measured the leptin drop in successful and nonsuccessful weight maintainers after weight loss by a 6-week VLCD. The unsuccessful group
(n = 99) lost 7.2 kg body weight (4.6 kg fat mass) and regained 4.9 kg within 1 year, whereas
the successful group (n = 21) lost a comparable 7.6 kg body weight (4.9 kg fat mass) and lost
an additional 1.8 kg. During the VLCD, leptin dropped by 17.9 ng/ml in the unsuccessful
group and by 18.0 ng/ml in the successful group, suggesting that the change of leptin is not
predicting success of weight maintenance after weight loss. This finding is in keeping with
the outcome of an earlier study by Wing et al. [51] who found no predictive power of baseline
leptin concentrations, nor of the changes in leptin levels during weight loss, on weight maintenance. The different outcome of all these studies may be due to ethnic background, limited statistical power, and difference in study design.
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For ghrelin, similar findings have been reported as for leptin. Higher baseline ghrelin
levels seem to predict better weight maintenance after weight loss [48]. In a 12-month weight
loss intervention, it was found that baseline ghrelin levels are related to the degree of weight
loss. In the same study it was observed that after 6 months plasma ghrelin concentration was
increased but returned to its original level at 12 months, suggesting that ghrelin cannot have
a long-term effect on body weight [52]. In a study in women on the effect of milk on appetite
sensation during weight loss by a calorie-restricted diet, it was shown that the change in
plasma ghrelin concentration is related to the change in desire to eat [53]. Apparently, manipulating the ghrelin concentration by diet composition could have potential for weight
regulation.
Recently, the plasma concentration of an elaborate set of metabolic hormones was studied during weight loss and a 1-year follow-up period including insulin, leptin, ghrelin, pYY,
gastric inhibitory peptide, GLP1, amylin, pancreatic polypeptide, and CCK. Although after
1 year on average 40% of the weight had been regained, the plasma level of some hormones
like pYY and CCK still reflected the after-weight loss situation [40]. Since this promotes appetite, trying to adjust the levels of those hormones might be a way to lower the risk for weight
regain. Altogether, studies like this show that it is important to obtain knowledge about the
behavior of metabolic hormones during weight loss and maintenance. Such knowledge may
easily lead to preventive or therapeutic measures from the perspective of energy intake regulation.

Physiologic activities of tissues and organs in our body are reflected in plasma metabolite
concentrations. Remarkably, for some plasma components the change in concentration during weight loss reverts during the weight maintenance phase and the concentration may even
return to the pre-weight loss level. This includes triglycerides, free fatty acids, ␤-hydroxybutyrate, glucose, HDL, and total cholesterol. Sjöström et al. [54] as well as others observed that
the original level can be reached again 2 years after the weight loss period [54, 55]. Those
observations comply with a model in which the plasma levels are fixed in a homeostatic
framework. During weight loss under a negative energy balance plasma concentrations deviate from the framework levels, but as soon as energy balance is re-established, levels are
brought back to fit into the homeostatic framework. In this regard, the plasma metabolites
may reflect processes in the body that resist weight change. Ultimately, they may act as a factor driving the weight back to its original value. As mentioned above, a similar observation
was made for the metabolic hormone ghrelin in a 12-month weight loss intervention during
which its plasma concentration first increased but then returned to its original level [52].
Diepvens et al. [56] observed that the return effect may even occur already during the late
weight loss phase. However, in that study the weight loss was relatively small, about 3% of
body weight, and the rate of weight loss at the late weight loss phase (weeks 5–12) was 3 times
less than at the beginning (weeks 1–4), so that the late phase resembled a weight maintenance
condition. In the pan-European Diogenes study, Wang et al. [57] observed this phenomenon
for 32 blood proteins and steroid hormones, indicating that it is probably not confined to a
particular functional process in the body. Overall, the chance that these parameters maintain an adjusted level after weight loss seems to depend on the amount of lost weight and on
the rate of weight loss. It has been proposed that at least 10% of body weight should be lost
to achieve a long-term persistence in the change of these parameters [58].
Other factors like time after weight loss may be involved. Sjöström et al. [54] showed that
the plasma levels of risk factors for cardiovascular defects after 2 years were back at their
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Fig. 1. Return effect of plasma

components like ACE as observed during weight loss and
follow-up. A hypothetical threshold is proposed beyond which the
plasma level reflects weight regain. Whether the threshold is
reached depends on the change
of concentration during weight
loss. Some plasma factors like
ghrelin show a peaking course.
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original values although a 5% body weight reduction was maintained. This suggests that with
time the processes beyond the return effect lose their grip on weight regain. In the Diogenes
study population, after the 6-month weight maintenance phase, both the females regaining
weight and those maintaining weight after weight loss showed this return effect [57]. Yet, for
various factors including angiotensin I-converting enzyme (ACE) and insulin, the final plasma concentration still significantly differed between weight regainers and maintainers, suggesting that for some factors the change in concentration during the weight loss phase has a
strong influence. In figure 1 the course of the plasma concentration of a factor undergoing
the return effect is shown. Assuming a threshold concentration for weight regain, both the
change in plasma level during weight loss and the rate of reversal based on the homeostatic
framework during the follow-up period would reflect on the risk for weight regain. A good
example is ACE, of which a fold change of !0.85 during weight loss in women was found to
be a strong predictor of subsequent weight maintenance [57, 59], which recently has been
confirmed in men [60]. Leptin is also one of the factors that can show this return effect [57].
For at least one study, the course of leptin complies with that of figure 1 [48].
Assuming that the return effect of some of these factors is driving weight regain, timely resetting of gene expression might be a way to keep the plasma level at an adjusted lowrisk concentration. The homeostatic framework levels of plasma components can theoretically be linked to a fixed expression level of genes in pathways that are involved in the production and turnover of those components. Adjusting the plasma concentration would
require resetting of gene expression by epigenetic mechanisms [61]. Methylation or demethylation of promoter sites is part of the mechanism of resetting the activity of genes.
Interestingly, a study on the methylation status of the TNF␣ gene promoter in PBMCs
showed that lower methylation was associated with successful weight loss by an 8-week hypocaloric diet [62]. Unfortunately, no studies on weight maintenance after weight loss and
promoter methylation have been reported so far, but it can be anticipated that such data
will soon appear.

The observations that factors like plasma leptin, baseline BMI, and fat mass are associated with the risk for weight regain point to an active role of the adipocytes. Recent experimental findings argue for a cellular mechanism underlying the poor success of weight main-
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tenance after weight loss [39]. Using a proteome subtraction method [63] it was found that
after losing weight and returning to energy balance, adipocytes prepare for re-storing triglycerides [39]. At the same time, differential expression of proteins belonging to the socalled stress proteome was observed [39, 64, 65]. Together, this indicates that, after losing fat,
adipocytes experience cellular stress, which they try to alleviate by renewed fat storage
(fig. 2). For this, they adjust their fatty acid metabolism and probably also the secretion profile of adipokines, changing whole body energy metabolism and energy intake of the host in
such a way that the supply of sufficient fat to the adipose tissue is guaranteed. In this respect,
the adipocyte-based demand for energy re-storage places people after weight loss at an increased risk for weight regain. Interestingly, this model complies with the extraordinary
drop in the level of leptin as one of the adipokines.
The structural make-up of adipocytes may underlie the cellular stress during weight
loss. Adipocytes are protected against mechanical disruption by a strong outer skeleton, a
basal lamina. Mature adipocytes spend a lot of their energy on the maintenance of this strong
extracellular matrix (ECM) [66], which is partly accounted for by the costly synthesis of collagen [67]. Overproduction of ECM components in obesity may lead to fibrosis [68, 69],
which has been proposed to interfere with hypertrophy of omental adipocytes and with fat
mass loss from subcutaneous adipocytes after surgery [70]. On the other hand, when people
lose weight, the adipocytes lose fat and become smaller [71, 72]. As they shrink in volume,
the ECM should be adjusted accordingly. However, under conditions of calorie restriction or
increased energy expenditure, this process may be hampered, leading to traction forces between the cell and the surrounding ECM. It is assumed that this is the basis of adipocyte cellular stress and that this stress can most easily be relieved by letting the cell return to its
original volume, i.e., by storing fat again [73].
The outcome of studies on the rate of weight loss suggests that a fast initial weight loss
leads to a larger amount of lost weight, but that a gradual initial weight loss has a higher
chance for long-term weight maintenance. This fits well with the model of cell stress, because
one could imagine that gradual weight loss allows the adipose tissue to adjust to reduction
of the fat content and leads to a lower level of cellular stress. However, controversial data exist, and a recent study by Nackers et al. [74] showed that fast initial weight loss was not ac-
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companied by a higher susceptibility for weight regain. The central idea, however, stands that
during weight loss adipocytes develop resistance against loss of fat, which forms a driving
force for fat re-storage and weight regain.

Although several hundreds of genes and loci are associated with obesity, only some of
them have so far been implicated in the risk for weight regain. These genes are involved in
different functional processes, and the question arises whether they comply with the four
modules described above, or point to yet another process in weight maintenance.
The PPAR␥ gene is involved in the differentiation of pre-adipocytes to adipocytes, but
in mature adipocytes PPAR␥ transactivates genes that promote fat oxidation [75]. Nicklas et
al. [76] reported that the Pro12Ala polymorphism in the PPAR␥ gene was of influence on the
change in fat oxidation during a 6-month intervention in which obese postmenopausal
women lost 8% of their body weight. The group of women carrying at least one Ala allele
showed a reduction of 19% in fat oxidation, whereas fat oxidation did not change in women
with the Pro/Pro genotype. They observed that both carrying the Ala allele and the amount
of fat oxidation reduction were predictors of weight regain. This finding was confirmed by
Vogels et al. [50], who identified proportionally more Ala-allele carriers among subjects with
unsuccessful (23.5%) than with successful (9.5%) weight maintenance. The Ala variant of the
protein has lower binding affinity for the promoter element of target genes, which is accompanied by a lower transactivation [77], in that case fat oxidation.
The G allele of a G/C polymorphism in the second intron of the glucocorticoid receptor
gene has been shown to be associated with a higher BMI, abdominal visceral fat content, and
waist-hip ratio [78, 79]. In a study with 120 subjects who lost 8% of body weight on a 6-week
VLCD, it was found that subjects with the G/G genotype as compared to those with the G/C
and C/C genotypes had a significantly higher baseline BMI, a decreased disinhibition/emotional eating, and had significantly less feelings of hunger during weight loss. After a 1-year
follow-up, the G/G genotype turned out to be a predictor of weight maintenance [50].
Another gene closely associated with adiposity is that for perilipin (PLIN), the major fat
droplet coating protein of adipocytes. After losing 7 kg body weight in 6 weeks, 118 subjects
were followed for 1 year, and parameters of adiposity were measured at 0, 3, and 12 months.
Those data were compared with the genotypes and haplotypes of 5 polymorphisms in the
PLIN gene. Various associations were observed between PLIN genotype and changes in adiposity parameters and leptin concentration over time with differences between men and
women [80]. The results indicate that PLIN is involved in determining body weight as well
as in weight maintenance.
The sympathetic nervous system has an important role in weight regulation. It is no surprise, therefore, that genes of this system are also candidates for being involved in weight
maintenance. This was demonstrated by a study of Masuo et al. [81], in which it was shown
that not only a high baseline fat mass but also a high norepinephrine level was a predictor of
successful weight maintenance after weight loss. This high norepinephrine level was associated with the Gly16 allele of the ␤2-adrenergic receptor gene.
Concerning physiologic factors, studies have been done on polymorphisms in both the
adiponectin and leptin gene. For adiponectin, it was found that carriers of the A allele of the
–11391 G/A polymorphism were more successful in weight maintenance than subjects with
the GG genotype [82]. In the study of Erez et al. [49] with a 6-month weight loss phase, it was
shown that two polymorphisms in the gene for leptin, rs4731426 and rs2071045, are associated with weight regain.
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PPAR␥, the glucocorticoid receptor and PLIN polymorphisms influence body weight.
Thus, it is possible that the predicting power for weight regain of the risk alleles of these polymorphisms acts through their association with a relatively high baseline BMI, which has repeatedly been associated with low risk for weight regain after weight loss [11, 12]. As such,
these genes comply with module 1 in which metabolic activity and sparing of fat-free mass
during weight loss is central. This also is true for the ␤2-adrenergic receptor gene which influences the degree of lipolysis in adipose tissue as well as the activity of the fat-free mass via
the sympathetic nervous system. Finally, adiponectin as an adipokine fits with module 4 as
does leptin, which as metabolic hormones also link to module 2. Apparently, by the limited
number of genes identified as genetic factors influencing weight maintenance no extra processes involved in weight maintenance regulation are put forward.

Weight maintenance after weight loss is complex, and just like other human traits it
relies on external and intrinsic factors. Here, I have reviewed what is known about the latter category and assembled these factors into four functional modules (fig. 3). Two of them,
one on energy expenditure and fat-free mass and one on energy regulation and metabolic
hormones, promote weight regain by interfering with the energy balance, whereas the
other two promote weight regain by physiological and cellular resistance against weight
loss. At the same time, it is obvious that these modules are not merely opposite, but are
connected to each other. This is most clearly shown by the results on leptin. When a person loses weight, adipocytes lose fat, accumulate stress, and dramatically lower their secretion of leptin. The leptin drop in the body is changing the feeling of hunger and satiety but
also interferes with the functionality of the fat-free mass [42]. This is counteracted by the
obese homeostatic framework that can only be changed after epigenetic resetting of gene
expression. As such, reactions to weight loss constitute a dynamic interaction between
various processes in the body. A similar picture emerges from the review of Maclean et al.
[7], who included data from rodent studies. Adaptation of homeostasis is central in their
model, and they focus on the feedback between brain and peripheral organs. An important
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role was also attributed to adipocytes, although cell size and not cellular stress was taken
as a basis.
The functional units here referred to as ‘modules’ can be regarded as nodes in a network
describing the complex interaction of intrinsic processes determining weight maintenance
(fig. 3). Obviously, sex differences and genetic variation will to some extent personalize the
network interactions, but in its present primitive state it can already be used to combine observations into predictions. As such, this network indicates that persons with a high baseline
fat mass will most easily succeed in maintaining weight after weight loss, because they can
lose fat without raising stress in the adipocytes and at the same time spare fat-free mass.
Continued weight loss will lead to a more problematic phase of weight maintenance requiring extra measures like increased physical activity and a fat-free sparing composition of the
diet. Eventually, the network may help to design novel therapeutic measures based on preventing the return effect of specific plasma factors or on preventing the accumulation of
adipocyte cellular stress.
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