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Abstract
Purpose of Review  The Carbohydrate-Insulin Model (CIM) of obesity proposes that dietary carbohydrates particularly high-
glycemic carbohydrates, drive weight gain by stimulating insulin secretion, thereby promoting fat storage, increasing hun-
ger, and reducing energy expenditure (EE). According to this framework, hyperinsulinemia is viewed as the primary causal 
factor in obesity, with positive energy balance emerging as a downstream consequence of altered fuel partitioning. In con-
trast, the Energy Balance Model (EBM) conceptualizes obesity as the result of sustained excess energy intake (EI) relative 
to expenditure, with insulin dysregulation arising secondary to increased adiposity.
Recent Findings  This review critically evaluates the CIM across eleven complementary lines of evidence, including iso-
caloric and ad libitum dietary interventions, EE studies, population-level dietary trends, glycemic index (GI) manipula-
tions, Glucagon-like peptide-1 receptor agonist (GLP-1 RA) therapies, overfeeding experiments, the insulinotropic effects 
of protein, central effects of insulin on appetite, insulin spikes and 24-hour fat balance, temporal relationships between 
hyperinsulinemia and obesity, and de novo lipogenesis (DNL). Although some findings remain compatible with contempo-
rary formulations of the CIM, several lines of evidence are difficult to reconcile with some of its central predictions (i.e. the 
insulinotropic yet anti-obesogenic effects of dietary protein, the central anorexigenic role of insulin). However, many stud-
ies aimed at directly testing its predictions are limited in their ability to definitively distinguish between competing models 
owing to design constraints, intervention-related confounding, or limitations in the available data.
Summary  Any single line of evidence reviewed in this article may be insufficient, in isolation, to draw definitive conclu-
sions regarding the validity of the CIM. However, when considered collectively, the available mechanistic, clinical, and 
epidemiological evidence suggests that the CIM may not provide a fully comprehensive explanation for the etiology of 
common obesity. While insulin dynamics and carbohydrate quality are undoubtedly relevant to metabolic health and body-
weight regulation, the available evidence does not consistently support their role as the primary drivers of obesity proposed 
by contemporary formulations of the CIM.
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Does the Carbohydrate-Insulin Model Explain Obesity? Evidence from 
Mechanistic and Clinical Studies: A Critical Review

Damoon Ashtary-Larky1

Medical Association formally recognized obesity as a disease 
in June 2013 [1], a designation that has since been adopted by 
multiple professional societies [2, 3]. The global prevalence 
of obesity has risen at an unprecedented pace; since 1975, 
worldwide rates have more than tripled, with over 650 million 
adults currently classified as obese [4]. In several high-income 
countries, more than 40% of adults now meet criteria for obe-
sity, and projections suggest that over half of the global adult 
population may be overweight or obese by 2035 if current 
trends continue [5]. This rapid escalation cannot be attributed 
to changes in human biology alone and highlights the influence 
of complex interacting determinants.

Introduction

Obesity is a major public health problem that substantially 
increases the risk of cardiometabolic diseases, several cancers, 
musculoskeletal disorders, and premature mortality [1–3]. 
Reflecting its clinical and societal significance, the American 
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The etiology of obesity is widely understood to reflect 
an interaction between genetic susceptibility and environ-
mental exposure. Twin, family, and adoption studies dem-
onstrate substantial heritability of body weight, typically 
ranging from 40% to 70%, implicating genes involved 
in appetite regulation, energy expenditure (EE), adipo-
cyte biology, and neuroendocrine signaling [6]. However, 
because the human genome has remained largely unchanged 
over recent decades, the dramatic rise in obesity prevalence 
is more likely attributable to environmental changes than 
to genetic factors. In this context, genetic predisposition 
primarily determines how susceptible individuals are to an 
increasingly obesogenic environment. Environmental con-
tributors include widespread access to energy-dense, highly 
processed foods, increased portion sizes, reduced physical 
activity, sedentary lifestyles, sleep disruption, and psychoso-
cial stress. Together, these factors provide the biological and 
behavioral context in which obesity develops and underpin 
competing theoretical models of its pathophysiology.

Two major conceptual frameworks have been proposed 
to explain the development of obesity: the Energy Balance 
Model (EBM) and the Carbohydrate-Insulin Model (CIM). 
The EBM represents the historically dominant paradigm in 
obesity research and clinical practice, positing that weight gain 
results from a chronic imbalance between energy intake (EI) 
and EE, such that excess caloric consumption relative to EE 
leads to increased adipose tissue storage. This principle has 
guided obesity treatment for more than a century, originating 
in the early 1900s with the popularization of calorie-focused 
dietary advice, most notably through Lulu Hunt Peters’ best-
selling book Diet and Health: With Key to the Calories, which 
framed body weight regulation almost exclusively in terms of 
caloric arithmetic. Throughout the latter half of the 20th cen-
tury, this paradigm was reinforced by public health strategies 
emphasizing caloric restriction and increased physical activity, 
including the widespread promotion of low-fat diets (LFDs) 
and the introduction of the U.S. Department of Agriculture’s 
Food Guide Pyramid in the 1990s.

In contrast, the CIM represents a more recent synthe-
sis of ideas that trace their intellectual roots to early 20th-
century theories of adipose tissue dysregulation but were 
only formally articulated as a unified model of obesity in 
the early 21st century. Early conceptual antecedents include 
the notion of “lipophilia,” which proposed that adipose tis-
sue itself may play an active role in obesity pathophysiol-
ogy [7], as well as mid-20th-century hypotheses suggesting 
impaired carbohydrate oxidation, enhanced de novo lipo-
genesis (DNL), and suppressed lipolysis in individuals with 
obesity [8–11]. These ideas were later expanded to include 
hormonal regulation, particularly the role of insulin in 
directing nutrient partitioning toward adipose tissue. Build-
ing on this foundation, contemporary formulations of the 

CIM propose that diets with a high glycemic index (GI) and/
or glycemic load (GL) stimulate insulin secretion, promot-
ing fat storage in adipose tissue, reducing circulating meta-
bolic fuels, and triggering compensatory increases in hunger 
and reductions in EE.

Despite increasing academic interest in the CIM, prevail-
ing scientific statements and clinical guidelines continue to 
align predominantly with the EBM. Major organizations, 
including the U.S. Department of Agriculture, National 
Institutes of Health, American Diabetes Association, and 
Endocrine Society, consistently frame obesity as a conse-
quence of sustained positive energy balance, with recom-
mendations focused on caloric control and physical activity. 
This longstanding consensus suggests that while the CIM 
has contributed to ongoing debate, it remains substantially 
less influential than the energy balance paradigm in shaping 
official dietary and clinical guidance.

Literature Search

A comprehensive literature search was conducted to iden-
tify mechanistic and clinical studies evaluating the assump-
tions and predictions of the CIM of obesity. The search 
covered studies published up to 5 January 2026 and was 
performed across major electronic databases, including 
Medline, PubMed, Web of Science, Scopus, and Google 
Scholar. Database-specific search strategies were applied, 
including title/abstract searches, full-text searches, and 
Medical Subject Headings (MeSH) terms (for PubMed), 
where appropriate. The search terms were used either alone 
or in combination and included the following keywords: 
“Carbohydrate-Insulin Model,” “CIM,” “insulin secre-
tion,” “hyperinsulinemia,” “glycemic index,” “glycemic 
load,” “high-carbohydrate diet,” “low-carbohydrate diet,” 
“low-fat diet,” “energy balance,” “energy intake,” “energy 
expenditure,” “fat oxidation,” “respiratory quotient,” “de 
novo lipogenesis,” “DNL,” “glycogen storage,” “body 
weight,” “fat mass,” “adiposity,” “weight loss,” “isocaloric 
diets,” “metabolic ward studies,” “randomized controlled 
trials,” “feeding studies,” and “overfeeding studies.” In 
addition, the reference lists of relevant reviews and original 
articles were manually screened to identify further eligible 
studies not captured through the initial database search.

Updated Versions of the EBM and the CIM

The EBM of Obesity

In its classical formulation, the EBM conceptualizes obe-
sity as a direct consequence of chronic overeating, defined 
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by EI exceeding EE (EIn > EOut) [12]. Within this frame-
work, weight gain is viewed as arising when EI chronically 
exceeds EE, resulting in the accumulation of surplus energy 
substrates that are ultimately stored in adipose tissue. As 
illustrated in Fig. 1 (top), this process is facilitated by the 
modern food environment, characterized by widespread 
availability of energy-dense, palatable foods and a concur-
rent reduction in habitual physical activity due to increas-
ingly sedentary lifestyles. In this conventional view, excess 
adiposity is therefore the downstream consequence of sus-
tained positive energy balance driven primarily by behav-
ioral overconsumption.

 
It should be acknowledged that the energy balance equa-

tion itself is a statement of energy conservation rather than a 
causal model of obesity. As noted by Torres-Carot et al., the 
equation describes the mathematical relationship between 
changes in body energy stores, EI, and EE, but does not 
by itself specify the biological mechanisms responsible for 
altering these variables [13]. Accordingly, the EBM should 
not be interpreted as claiming that EI and expenditure are 

necessarily the primary physiological drivers of obesity, but 
rather as a framework within which the underlying deter-
minants of energy balance are investigated. Nevertheless, 
regardless of the mechanisms involved, sustained increases 
in body energy stores necessarily require a positive cumula-
tive energy balance over time.

Recognizing this distinction between the energy balance 
equation and the mechanisms that determine its compo-
nents has motivated more recent efforts to develop mech-
anistic formulations of the EBM. More recently, Hall and 
colleagues proposed an updated formulation of the EBM 
that places greater emphasis on central regulation of food 
intake [14]. In this model, body weight is regulated by the 
brain through complex endocrine, metabolic, and nervous 
system signals acting in response to the body’s dynamic 
energy needs as well as environmental influences (Fig. 2) 
[15]. This regulatory system is described as being centered 
on neural processes related to reward, appetite, and sensory 
processing, including constructs such as salience, wanting, 
and motivation, which operate largely below conscious 
awareness. According to this framework, obesity emerges 

Fig. 1  Opposing casual direction 
in obesity pathogenesis models. 
GI, glycemic index

 

Downloaded from https://iranpaper.ir



1 3

   71   Page 4 of 33 Current Obesity Reports           (2026) 15:71 

Fig. 2  The updated EBM of obesity. The energy and nutrient needs of 
the body are transmitted to the brain where these signals are integrated 
with signals from the environment to control food intake. (1) Modern 
food (particularly energy-dense ultraprocessed foods (UPF), sugar-
sweetened beverages (SSB) and foods rich in fat and sugar and low in 
protein and fibre) disrupts the signals and/or sensing of the supply and 

demand of energy and nutrients (2), resulting increased food intake (3) 
and subsequently increased metabolisable energy, exceeding energy 
requirements. The excess energy is mainly stored in adipose tissue (4) 
but also in lean tissues of the body (5). Concomitant to weight gain, 
EE increases (6)
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predominantly from the increased exposure to inexpensive, 
convenient, energy-dense, ultra-processed foods that are 
high in fat and sugar, low in protein and fiber, and typically 
consumed in large portion sizes. These environmental expo-
sures are proposed to promote overeating, thereby increas-
ing the likelihood of a sustained positive energy balance and 
subsequent fat accumulation.

A key experimental study supporting this food-process-
ing component of the updated EBM is the inpatient ran-
domized crossover trial by Hall et al. [16]. In that study, 
participants were provided with ultra-processed and unpro-
cessed diets matched for presented calories, energy density, 
macronutrients, sugar, sodium, and fiber, but food intake 
was ad libitum. Despite being offered nutritionally matched 
diets, participants spontaneously consumed approximately 
500 kcal/day more during the ultra-processed diet condi-
tion, resulting in weight gain, whereas the unprocessed diet 
led to lower spontaneous EI and weight loss. These findings 
provide important experimental support for the proposition 
that food processing can influence EI and body-weight reg-
ulation independently of explicit calorie prescription, and 
therefore represent a central piece of evidence for contem-
porary EBM formulations that emphasize environmental, 
sensory, and neurobehavioral drivers of overeating.

It should be acknowledged that several methodological 
considerations are relevant when interpreting the Hall et 
al. trial [16]. The intervention lasted only two weeks and 
was conducted in a highly controlled inpatient setting with a 
relatively small sample, limiting inference regarding longer-
term adaptations and generalizability to free-living popula-
tions. In addition, the trial employed a crossover design 
without a washout period. As recently discussed by Ludwig 
et al., crossover trials without adequate washout may be 
susceptible to wash-in, washout, and carryover effects when 
physiological or behavioral responses to the first interven-
tion persist into the subsequent treatment period [17]. Nev-
ertheless, the central finding that ultra-processed diets can 
promote greater spontaneous EI is not limited to this single 
trial. Subsequent randomized and crossover studies incor-
porating washout periods have reported broadly consistent 
findings regarding the effects of ultra-processed diets on EI 
and body-weight regulation [18, 19]. Thus, although the 
design of the Hall et al. trial warrants appropriate caution 
when interpreting the magnitude of the observed effect, the 
study remains a key experimental contribution to the food-
processing component of the updated EBM, particularly 
when considered alongside the broader emerging evidence.

The updated EBM differs in important ways from ear-
lier formulations, which traditionally considered both sides 
of the energy balance equation (EI and EE) in concert. In 
contrast, the model advanced by Hall et al. places primary 
emphasis on the control of food intake, while assigning a 

comparatively less prominent causal role to diet-induced 
differences in EE [14]. Implicit in this formulation, and 
explicitly stated in related reviews [20–23], is the proposi-
tion that, under controlled isocaloric conditions with protein 
intake held constant, calories derived from carbohydrate 
and fat are largely equivalent with respect to their long-term 
effects on body fat. Indeed, Hall and Guo have argued that 
“for all practical purposes, ‘a calorie is a calorie’ when it 
comes to body fat and EE differences between controlled 
isocaloric diets varying in the ratio of carbohydrate to fat” 
[22]. While acknowledging that macronutrient composition 
can influence substrate oxidation patterns and may produce 
small differences in EE or fat balance, the updated EBM 
maintains that diet promotes adiposity primarily by increas-
ing total EI, rather than through substantial calorie-indepen-
dent effects on substrate partitioning.

The CIM of Obesity

The CIM was originally proposed as a conceptual alterna-
tive to the EBM, emphasizing the role of dietary carbohy-
drate in driving obesity through hormonal mechanisms [24]. 
In its initial formulation, the CIM posited that diets high in 
carbohydrates, particularly refined starches and sugars, as 
commonly consumed during the LFD era, elicit exagger-
ated postprandial insulin responses [25, 26]. This hyperin-
sulinemia was proposed to favor nutrient storage in adipose 
tissue at the expense of oxidation in lean tissues, thereby 
promoting fat accumulation (Fig. 1, down) [27]. According 
to this model, the resulting reduction in circulating meta-
bolic fuels leads to increased hunger, reduced EE, or both, 
creating a physiological drive toward weight gain.

The contemporary CIM is closely linked to the broader 
fuel partitioning theory of obesity, which proposes that 
alterations in nutrient partitioning and adipose tissue metab-
olism may, under certain biological conditions, initiate fat 
accumulation independently of primary increases in EI. 
Unlike the traditional energy balance framework, which 
generally considers excess adiposity as a consequence of 
chronic positive energy balance, the fuel partitioning theory 
suggests that dysregulated adipose tissue biology may itself 
become an upstream driver of increased fat storage, with 
compensatory changes in hunger and EI occurring second-
arily [28–30].

Support for this framework has been derived primarily 
from several decades of experimental animal research [28, 
31–33]. As comprehensively reviewed by Friedman et al., 
numerous genetically and experimentally induced rodent 
models develop excessive adiposity despite experimental 
conditions designed to minimize or eliminate differences 
in food intake [28]. These include ob/ob mice, db/db mice, 
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Zucker fa/fa rats, ventromedial hypothalamic (VMH)-
lesioned animals, and melanocortin-deficient models 
[34–36]. Collectively, these studies have been interpreted 
as demonstrating that adipose tissue expansion can occur 
under circumstances in which increased food intake alone 
does not adequately explain the observed obesity phenotype.

One of the principal observations supporting the fuel par-
titioning theory comes from pair-feeding experiments [28, 
31, 32]. In these studies, genetically obese animals receive 
the same amount of food as their lean counterparts, thereby 
controlling for differences in EI. Despite identical caloric 
consumption, obese animals frequently exhibit greater fat 
accumulation than lean controls. These findings have been 
interpreted as evidence that inherited alterations in nutrient 
partitioning, substrate utilization, or adipose tissue metabo-
lism may favor lipid storage independently of hyperphagia. 
Rather than viewing increased food intake as the initiating 
event, proponents of the fuel partitioning theory argue that 
impaired fuel availability to peripheral tissues may subse-
quently stimulate compensatory increases in hunger and 
food intake.

Additional support comes from experimentally induced 
obesity models involving lesions of the ventromedial hypo-
thalamus [37]. Although these animals eventually develop 
hyperphagia, early studies suggested that alterations in 
adipose tissue metabolism and lipid storage may precede 
substantial increases in food intake. Likewise, genetically 
modified models involving disruption of melanocortin sig-
naling have demonstrated profound alterations in energy 
partitioning and adiposity that cannot always be explained 
solely by differences in EI. Together, these observations 
have been cited as important experimental evidence that 
biological regulation of fuel partitioning can, under specific 
pathological conditions, contribute directly to adipose tissue 
expansion.

These experimental findings have substantially influ-
enced the theoretical development of the contemporary 
CIM by providing biological plausibility for the concept that 
altered fuel partitioning may represent an initiating event in 
obesity rather than merely a consequence of positive energy 
balance. Accordingly, proponents of the CIM argue that 
dietary factors capable of modifying hormonal regulation 
of nutrient partitioning, particularly insulin secretion fol-
lowing consumption of high-glycemic carbohydrates, could 
potentially trigger analogous processes in humans [28, 32, 
38].

Nevertheless, important limitations should be considered 
when extrapolating these observations to common human 
obesity. Most supporting animal models involve monogenic 
mutations, severe neuroendocrine disruption, or experi-
mentally induced lesions that differ fundamentally from the 
polygenic, environmentally driven obesity observed in most 

humans. Moreover, although these models demonstrate that 
biological alterations can influence fuel partitioning and adi-
pose tissue expansion, these findings alone may not be suf-
ficient to establish that dietary carbohydrate-induced insulin 
secretion is the primary initiating mechanism responsible 
for common obesity in free-living human populations. Con-
sequently, while the animal literature provides compelling 
mechanistic evidence that altered nutrient partitioning can 
occur under specific experimental conditions, the extent to 
which these findings explain the pathogenesis of common 
human obesity remains uncertain and requires confirmation 
through controlled human mechanistic and clinical studies.

It is important to note that several additional lines of evi-
dence beyond dietary intervention studies have been cited 
in support of the CIM and related fuel-partitioning frame-
works. A bidirectional Mendelian randomization study sug-
gested that abdominal adiposity may be a major determinant 
of circulating fasting insulin levels, but also found that 
genetically predicted insulin secretion, when instrumented 
using pancreatic islet–specific genetic instruments, was 
positively associated with BMI, abdominal subcutaneous 
adipose tissue, and gluteofemoral adipose tissue [39]. This 
finding supports the possibility that insulin secretion may 
contribute to adipose tissue expansion, particularly in sub-
cutaneous and peripheral fat depots, while also indicating 
a bidirectional relationship between adiposity and insulin 
biology.

Experimental and clinical evidence has also been cited 
in support of a potential causal role of hyperinsulinemia in 
obesity development. Templeman et al. reviewed genetic 
loss-of-function mouse models showing that reducing insu-
lin gene dosage can prevent diet-induced obesity, providing 
direct experimental support for the hypothesis that sustained 
hyperinsulinemia contributes to excess fat accumulation 
[40]. Consistent with this framework, Page et al. showed 
that inducible partial insulin gene ablation in adult mice with 
established diet-induced obesity was sufficient to produce 
significant weight loss within five weeks, with a specific 
reduction in visceral adipose tissue [41]. In humans, evi-
dence from Prader–Willi syndrome suggests that increases 
in insulin occur during the transition from early nutritional 
phases toward abnormal weight gain, obesity, and hyperpha-
gia, supporting the possibility that hyperinsulinemia may 
precede or contribute to later hyperphagic obesity in this 
clinical model [42]. Collectively, these findings strengthen 
the biological plausibility of insulin-mediated fuel partition-
ing under specific genetic, developmental, and experimen-
tal conditions and have therefore been cited as important 
supportive evidence for the CIM. These findings do not 
establish the CIM as correct, but they provide evidence 
that hyperinsulinemia may, under some conditions, contrib-
ute causally to adipose tissue expansion. Nevertheless, the 
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extent to which these observations explain common obesity 
in free-living human populations remains debated.

While these observations provide biological support for 
key CIM concepts, the model itself has undergone substan-
tial conceptual evolution over time. Subsequent refinements 
of the CIM further specified that high GI/GL diets, charac-
terized by large amounts of rapidly digestible carbohydrates 
such as free sugars, processed grains, and many starchy 
vegetables, inhibit lipolysis and promote fat deposition via 
insulin-mediated mechanisms. In this framework, altered 
fuel partitioning was positioned as the primary upstream 
driver of obesity, with positive energy balance arising sec-
ondarily as a compensatory response.

More recent formulations of the CIM differ substantially 
from earlier adipocentric versions of the model. Rather 
than attributing obesity primarily to insulin-mediated fat 
trapping within adipose tissue, contemporary formulations 
emphasize interactions among dietary GI/GL, hormonal 
responses, fuel partitioning, EE, and central regulation of 
appetite across multiple organs and physiological system 
[30, 43] (Fig. 3) [15]. As a result, the comprehensive, adipo-
centric nature of the updated CIM differs substantially from 
earlier adipocentric formulations.

This evolution has narrowed some of the conceptual 
differences between the CIM and contemporary mecha-
nistic formulations of the EBM, particularly because both 
frameworks now acknowledge important roles for the brain, 
peripheral hormonal signals, and environmental influences 
in the regulation of food intake and body weight. Neverthe-
less, important disagreements remain regarding the primary 
mechanisms through which obesity develops and the extent 
to which dietary carbohydrate quality and quantity exert 
causal effects on EI, EE, and adiposity.

Accordingly, rather than representing entirely incompati-
ble paradigms, contemporary versions of the CIM and EBM 
may be viewed as competing mechanistic explanations for 
why positive energy balance develops. Determining which 
framework provides the most accurate account of obesity 
pathophysiology ultimately depends on the strength of the 
available experimental and clinical evidence. The principal 
areas of agreement and key mechanistic differences between 
contemporary formulations of the EBM and the CIM are 
discussed in greater detail in the Supplementary File and 
summarized in Supplementary Table 1.

Challenges to the CIM

Despite recent revisions aimed at expanding its mechanistic 
scope, the CIM continues to face several unresolved concep-
tual and empirical challenges. Although the updated CIM 
incorporates multi-organ and multi-hormonal regulation and 

places less emphasis on a strictly adipocentric framework, 
questions remain regarding how well the model accommo-
dates the full range of available mechanistic and clinical 
evidence. Consequently, ongoing debate persists regarding 
the causal pathways, scope, and explanatory value of the 
CIM as a model of obesity. Against this background, the fol-
lowing sections therefore evaluate eleven complementary 
lines of mechanistic, clinical, and epidemiological evidence 
to assess the extent to which the available evidence is con-
sistent with each of these two models.

1. Isocaloric and Ad Libitum Trials

According to contemporary formulations of the CIM, con-
sumption of high-GL diets may trigger hormonal and meta-
bolic responses, including elevations in postprandial insulin, 
that alter fuel partitioning, influence energy availability 
to peripheral tissues, and contribute to increased hunger, 
reduced EE, and ultimately greater adiposity [44]. In this 
framework, positive energy balance remains necessary for 
fat gain, but the primary causal pathway is proposed to orig-
inate from hormonally mediated changes in fuel distribution 
and metabolic regulation that subsequently influence EI and 
EE. By contrast, contemporary formulations of the EBM 
propose that obesity arises from biological, behavioral, 
and environmental factors that promote sustained positive 
energy balance, with central regulation of appetite, food 
reward, food processing, and the food environment playing 
key roles in driving EI. While both models acknowledge 
that fat accumulation ultimately requires a positive energy 
balance, they differ in their proposed mechanisms for why 
individuals enter and maintain that state [45]. In this section, 
I critically evaluate how empirical evidence aligns with the 
central mechanistic predictions of the CIM, focusing on two 
types of studies that have been widely used to assess the 
model: (1) isocaloric diets differing in carbohydrate and fat 
content, and (2) long-term ad libitum interventions in free-
living populations.

It should be acknowledged that the interpretation of isoca-
loric feeding studies in the context of the contemporary CIM 
requires careful consideration. Contemporary formulations 
of the CIM propose that positive energy balance may arise, 
at least in part, from hormonal and metabolic responses to 
high-GL diets that influence hunger, satiety, and spontaneous 
EI. Consequently, isocaloric feeding studies cannot directly 
test this specific aspect of the model because EI is experi-
mentally constrained, thereby limiting the opportunity for 
spontaneous changes in food consumption to occur.

However, this limitation does not make isocaloric studies 
irrelevant to the CIM. Even in its updated form, the model 
continues to propose that dietary carbohydrate quantity and 
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quality influence fuel partitioning, fat storage, and meta-
bolic regulation. Therefore, when calories and protein are 
matched, isocaloric studies provide an opportunity to evalu-
ate whether carbohydrate exposure exerts calorie-indepen-
dent effects on body composition, adiposity, and EE.

Accordingly, isocaloric studies should be viewed as test-
ing specific mechanistic components of the CIM rather than 
the model in its entirety. In contrast, ad libitum feeding stud-
ies may provide a more direct evaluation of contemporary 
CIM predictions because they allow potential effects of 

Fig. 3  The updated CIM of obesity. The availability of fuels in some 
key locations around the body, particularly the bloodstream, is moni-
tored by the brain, and EE and/or food intake are adjusted accord-
ingly. (1) Modern food (particularly refined carbohydrates with high 
GI andGL alters fuel partitioning (2) under the influence of increased 
insulin-to-glucagon ratio and decreased GLP1-to-GIP ratio. This 

results in sequestration of fuels in adipose tissue, liver and muscle (3) 
and, subsequently, reduced availability of energy-yielding substrates 
such as glucose, free fatty acids (FFA) and ketone bodies in the blood-
stream (4). This is perceived by the brain as a state of internal starva-
tion (5), eliciting compensatory responses, including decreased EE (6) 
and/or increased hunger and food consumption (7)

 

Downloaded from https://iranpaper.ir



1 3

Page 9 of 33     71 Current Obesity Reports           (2026) 15:71 

dietary GL on hunger, spontaneous EI, and subsequent body 
weight regulation to emerge under less constrained condi-
tions. For this reason, evidence from ad libitum interven-
tions is particularly important when evaluating the updated 
CIM.

1.1. Isocaloric Diets with Differing Carbohydrate and 
Fat Content

RCTs comparing isocaloric diets that differ in their carbohy-
drate-to-fat ratio have generally reported similar reductions 
in body weight despite substantial differences in macronu-
trient composition. Such findings are particularly relevant 
to earlier formulations of the CIM. For example, Brink-
worth et al. compared an energy-controlled low-carbohy-
drate diet (LCD) with an LFD over 1 year and found that, 
under planned isoenergetic conditions, both dietary patterns 
resulted in similar weight loss [46]. In another study, Tay et 
al. compared the effects of a very-low-carbohydrate high-fat 

diet with a conventional high-carbohydrate LFD under iso-
caloric conditions (30% energy deficit) over 24 weeks and 
similarly found that both dietary patterns resulted in compa-
rable weight loss [47].

An important limitation of some isocaloric diet com-
parisons is that LCDs often contain more protein than their 
higher-carbohydrate counterparts [46–49]. Because dietary 
protein independently increases satiety, has a greater ther-
mic effect of feeding (TEF), and helps preserve lean body 
mass during weight loss, differences in protein intake may 
exaggerate the apparent benefits of LCDs. Consequently, 
studies that match both energy and protein intake (isoca-
loric isonitrogenous trials) provide a more rigorous test of 
whether carbohydrate restriction per se exerts unique effects 
on body weight and fat loss beyond those attributable to cal-
orie intake and protein consumption. Under these controlled 
conditions, the CIM and EBM make different mechanistic 
predictions regarding the effects of dietary carbohydrate on 
fat storage and body-weight regulation (Fig. 4).

Fig. 4  Predicted long-term effects of isocaloric, isonitrogenous diets 
according to the CIM and the EBM. Under conditions in which total EI 
and protein intake are held constant, the two models propose different 
mechanistic explanations for body fat and weight regulation. Accord-
ing to the CIM, a high-carbohydrate diet promotes postprandial hyper-
insulinemia, leading to preferential energy partitioning toward adipose 

tissue, increased hunger, and progressive fat and weight gain, even 
in the absence of a caloric surplus. In contrast, the EBM predicts that 
when caloric intake equals EE, macronutrient composition per se does 
not drive fat accumulation; instead, FM and body weight are expected 
to be largely maintained over the long term, with no systematic differ-
ence in fat storage under isocaloric conditions
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However, the similar weight loss observed in isocaloric, 
isonitrogenous trials may be compatible with contemporary 
formulations of the CIM, as EI is experimentally constrained 
and spontaneous differences in food consumption cannot 
emerge. Nevertheless, the model would still predict that 
LCDs should favor greater fat loss through differences in 
insulin dynamics and fuel partitioning, even in the absence 
of differences in total weight loss. However, evidence from 
tightly controlled isocaloric and isonitrogenous studies has 
generally failed to demonstrate a consistent or clinically 
meaningful fat-loss advantage of carbohydrate restriction. 
In a landmark metabolic ward study, Hall et al. provided 
17 overweight men with isocaloric diets in which protein 
intake was held constant while dietary carbohydrate was 
markedly reduced and fat intake increased [45]. Although 
the ketogenic diet substantially lowered insulin secretion 
and modestly increased EE, body fat loss did not accelerate 
as predicted by the CIM; in fact, fat loss was slightly slower 
during the ketogenic phase despite similar EI [45]. Like-
wise, in another tightly controlled metabolic ward study, 
Hall et al. selectively reduced either dietary carbohydrate or 
dietary fat while maintaining equivalent protein intake and a 
30% energy deficit [50]. As predicted by the CIM, carbohy-
drate restriction substantially reduced insulin secretion and 
increased fat oxidation. However, despite these metabolic 
adaptations, cumulative body fat loss was greater during the 
reduced-fat diet than during the reduced-carbohydrate diet. 
The authors concluded that reducing dietary fat led to more 
body fat loss than an isocaloric reduction in carbohydrate, 
despite producing much smaller changes in insulin secretion 
[50].

It should be noted that regarding body mass, in the short 
term, over periods ranging from several days to a few weeks, 
very LCD (VLCDs) may indeed be associated with greater 
initial body mass loss, even under isocaloric conditions. 
However, this early reduction in body weight is largely 
attributable to changes in body water rather than preferential 
fat loss. Carbohydrate restriction induces a rapid depletion 
of glycogen stores, a process accompanied by substantial 
water release, as approximately 3 g of water are stored with 
each gram of glycogen [51]. In addition, increased ketone 
body production during the early phase of ketogenic diets 
results in ketonuria, which promotes renal sodium excretion 
and subsequent diuresis, further contributing to acute water 
loss. Collectively, these mechanisms explain the frequently 
observed rapid weight reduction during the initial stages of 
VLCDs and highlight that short-term differences in body 
mass do not necessarily reflect greater fat loss.

Notably, even a short-term metabolic ward study by Hall 
et al. found that calorie for calorie, reducing dietary fat led 
to slightly more body fat loss than reducing the same calo-
ries from carbohydrate (89 g/day vs. 53 g/day fat loss over 

6 days) [50]. The authors’ model simulations indicated that 
prolonged isocaloric diets would further minimize these dif-
ferences as compensatory mechanisms emerge.

Regarding appetite regulation, isocaloric studies may 
also provide indirect insight into contemporary formula-
tions of the CIM because, although EI is experimentally 
controlled, hunger, satiety, and appetite-related hormonal 
responses can still be assessed. Several controlled feeding 
studies have reported that low-carbohydrate and ketogenic 
diets may reduce subjective hunger and improve satiety 
despite equivalent caloric intake. In addition, some investi-
gations have observed favorable changes in appetite-related 
hormones, including attenuated ghrelin responses during 
carbohydrate restriction, findings that proponents of the 
CIM interpret as consistent with the hypothesis that lower-
ing dietary carbohydrate and insulin exposure may improve 
fuel availability and reduce hunger [52]. LCDs are gen-
erally characterized by a high fat content. Notably, when 
dietary fat contributes more than 50% of total EI, spontane-
ous energy consumption may decrease, potentially resulting 
in lower overall caloric intake [53]. From this perspective, 
reduced appetite during carbohydrate restriction could rep-
resent one potential mechanism through which LCDs may 
influence spontaneous EI.

However, these observations do not uniquely support 
the CIM. Contemporary formulations of the EBM can also 
accommodate appetite suppression during LCDs through 
several alternative mechanisms, including increased pro-
tein intake, ketosis and elevated circulating ketone bodies, 
changes in food reward and palatability, reduced dietary 
variety (monotony), and alterations in appetite-regulating 
hormones such as Glucagon-like peptide-1 (GLP-1), PYY, 
and ghrelin [22, 54]. Consequently, although appetite-related 
outcomes from isocaloric low-carbohydrate interventions 
may provide indirect evidence relevant to contemporary 
formulations of the CIM, they cannot by themselves distin-
guish between the competing models because both frame-
works offer plausible explanations for these effects.

1.2. Long-Term Ad Libitum Trials (Free-Living Diets)

Proponents of the CIM often argue that in real-world con-
ditions, lowering carbohydrates will spontaneously reduce 
appetite and EI via hormonal pathways (lower insulin, 
increased access to stored fuels, etc.), thereby producing 
greater long-term fat loss ad libitum. Indeed, several early 
randomized trials allowed the LCD group to eat freely (ad 
libitum) while prescribing an energy restriction for the com-
parison LFD group [55, 56], reflecting the expectation that 
the LCD itself would promote a spontaneous reduction in 
EI. The CIM would predict that over months and years, 
those on unrestricted LCDs should naturally eat less (due 
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to suppressed hunger and fewer postprandial insulin spikes) 
and achieve greater fat loss than those on higher-carbohy-
drate diets. Empirical outcomes from long-term ad libitum 
trials, which are particularly relevant for evaluating the con-
temporary CIM, have generally provided limited support 
for this prediction. While some studies showed a transient 
weight-loss advantage for LCDs in the first 3–6 months, dif-
ferences often shrink or vanish by the 1-year mark as total 
calorie intake between groups converges. For example, the 
large DIETFITS trial, which randomly assigned 609 adults 
to a healthy LFD or healthy LCD with no calorie quotas 
in either group, found no significant difference in weight 
loss after 12 months; the LCDs group lost on average 6 kg, 
virtually identical to the 5.3 kg loss in the LFD group [57]. 
Furthermore, neither genotype pattern nor baseline insulin 
secretion was associated with the dietary effects on weight 
loss. Both groups had large individual variability, but on 
average both achieved a similar ~ 6–7% reduction in body 
weight, indicating that, despite being well-suited to test the 
contemporary CIM under free-living conditions, reducing 
carbohydrate intake did not produce substantially greater 
spontaneous weight loss or fat loss over the long term.

It should be noted that a subsequent secondary reanaly-
sis of the DIETFITS dataset by Soto-Mota et al. proposed 
an alternative interpretation of the trial findings rather than 
challenging the observed weight-loss results themselves 
[58]. Using multiple complementary analytical approaches, 
including mediation analyses, biomarker-based analyses, 
and graded associations between the magnitude of GL reduc-
tion and weight loss, the authors consistently found that 
reductions in GL explained weight loss more strongly than 
reductions in dietary fat or total EI. They further reported 
that both intervention groups substantially reduced dietary 
GL because participants in both groups were instructed to 
minimize added sugars, refined grains, and other highly 
processed carbohydrate-rich foods while emphasizing mini-
mally processed whole foods. Importantly, because both 
intervention groups substantially reduced GL, the design 
of the DIETFITS trial does not definitively distinguish 
between the original interpretation proposed by Gardner et 
al. and the alternative mechanistic interpretation proposed 
by Soto-Mota et al. Consequently, from the perspective of 
the contemporary CIM, the trial may have effectively com-
pared two GL-reduced dietary interventions rather than 
a high-GL diet versus a low-GL diet [58]. Therefore, the 
DIETFITS findings alone cannot definitively adjudicate 
between these competing mechanistic interpretations, and 
future randomized trials that maintain a genuinely high-GL 
control arm would be required to distinguish between these 
competing mechanistic interpretations.

Consistent with the primary findings of the DIETFITS 
trial, Foster et al. reported on a 2-year trial in which one 

group followed a VLCD (< 20 g for 3 months followed by 
gradual carbohydrate reintroduction, with unrestricted fat 
and protein intake), whereas the other followed a calorie-
restricted LFD (1200–1800 kcal/day with ≤ 30% of energy 
from fat [59]. Both groups received intensive behavioral 
support. By the study’s end, both diets led to the same mean 
weight loss (~ 7 kg, ~ 7% of body weight) and no differ-
ences in fat mass (FM) reduction or body composition were 
observed at any time point. Despite the theoretical expecta-
tion that lower carbohydrate intake might facilitate greater 
spontaneous energy restriction, long-term outcomes were 
comparable between groups.

Some trials have found a slight long-term benefit of 
LCDs, but the effects are modest. A well-known 12-month 
trial by Bazzano et al. noted ~ 3.5 kg greater weight loss on 
a < 40 g/day carbohydrate diet compared to a < 30% fat, cal-
orie-limited diet [48]. However, other studies with similar 
designs found smaller or no differences. In a 2-year trial, the 
LCD arm lost approximately 1.8 kg more than the LFD arm; 
however, this modest difference in weight loss may be attrib-
utable, at least in part, to overall lower (although not statisti-
cally different) EI in the LCD group throughout the study, as 
well as a significantly higher proportion of dietary protein in 
the LCD group [60]. To explore whether the slightly greater 
weight loss observed with LCDs is specifically attributable 
to carbohydrate restriction, Johnston et al. conducted a net-
work meta-analysis showing that the estimated difference in 
weight loss between the Atkins diet and LFDs was similar 
in magnitude to that observed between the Atkins and Zone 
diets (1.88 vs. 1.71 kg at 6 months, respectively), despite 
both Atkins and Zone being classified as LCDs. This finding 
suggests that the modest differences in weight loss observed 
across named diets cannot be readily attributed to carbohy-
drate content alone and may also reflect differences in other 
dietary or behavioral characteristics [61].

In another ad libitum study by Shick et al., participants 
lost weight on both diets, with the LCD resulting in a mean 
weight loss of 1.34 kg and the LFD resulting in a mean 
weight loss of 1.09 kg; this difference was not statistically 
significant [62]. However, participants lost 0.6 kg of body 
fat on the LFD, whereas the LCD did not result in a signifi-
cant reduction in body fat, and the between-diet difference 
in body fat loss was statistically significant. Collectively, 
these findings suggest that although overall weight loss was 
comparable between diets, only the LFD led to a meaningful 
reduction in body fat. Moreover, early weight loss observed 
with an LCD does not necessarily reflect a comparable state 
of negative energy balance relative to an LFD.

Overall, long-term ad libitum studies indicate that while 
reducing carbohydrates can aid some individuals in con-
suming fewer calories (especially in the short term), in pop-
ulations the mean spontaneous calorie reduction on LCDs is 
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not consistently greater than on other diets. People compen-
sate in various ways, and adherence wanes over time, lead-
ing to convergent outcomes. Because ad libitum trials allow 
spontaneous changes in hunger, food intake, and behavioral 
compensation, they represent one of the most appropriate 
designs for evaluating key predictions of the contemporary 
CIM. However, the available long-term evidence gener-
ally does not demonstrate a large or sustained advantage 
of carbohydrate restriction for reducing spontaneous EI, 
body weight, or body fat. Instead, they align with the view 
that sustained fat loss depends primarily on maintaining an 
energy deficit, something achievable through many dietary 
strategies (low-carbohydrate included), but not inherently 
automatic with carbohydrate reduction.

In summary, evidence from long-term ad libitum trials, 
arguably the most relevant study design for evaluating the 
contemporary CIM, has generally failed to demonstrate a 
large or durable superiority of LCDs for weight loss or fat 
loss when compared with alternative dietary approaches 
receiving similar support. Although these findings may be 
partly consistent with contemporary formulations of the 
CIM, they do not provide compelling evidence that car-
bohydrate-related mechanisms play a predominant role in 
determining long-term weight or fat loss outcomes.

2. EE and the CIM

One of the central claims of the contemporary CIM is that 
dietary carbohydrate restriction may confer a metabolic 
advantage beyond its effects on EI by increasing total 
EE (TEE) during weight-loss phase. According to this 
framework, reducing dietary carbohydrate lowers insulin 
secretion, promotes lipolysis and fat oxidation, improves 
metabolic fuel availability, and may consequently reduce 
adaptive thermogenesis. As a result, individuals consum-
ing LCDs are hypothesized to expend more energy than 
those consuming high-carbohydrate diets, even when body 
weight is maintained [30].

Among the most frequently cited studies supporting this 
hypothesis is the controlled 3-way crossover feeding trial by 
Ebbeling et al. [63]. In this study, 21 overweight and obese 
young adults who had lost 10–15% of their body weight 
consumed LFD, low-GI, and VLCDs in random order dur-
ing weight-loss maintenance. Using doubly labeled water 
(DLW), the investigators reported that TEE declined the 
most during the LFD and the least during the VLCD, result-
ing in a difference of 326 kcal/day between the dietary 
extremes. Furthermore, a significant linear trend across 
dietary GL categories was observed. The authors suggested 
several potential mechanisms, including intrinsic effects of 
dietary composition on the availability of metabolic fuels 

or metabolic efficiency, changes in hormones other than 
thyroid hormones or autonomic tone affecting catabolic or 
anabolic pathways, and leptin-regulated skeletal muscle 
efficiency [63]. These proposed mechanisms are broadly 
consistent with the mechanistic framework of the contem-
porary CIM.

Additional support for this hypothesis came from the 
Framingham State Food Study conducted by Ebbeling et 
al. [64]. In this controlled feeding trial, 164 participants 
with overweight and obesity were randomly assigned to 
high- (60%), moderate- (40%), or low- (20%) carbohydrate 
diets for 20 weeks following approximately 12% weight 
loss. Participants consuming the moderate- carbohydrate 
diets and LCDs exhibited 91 and 209 kcal/day higher TEE, 
respectively, than those consuming the high-carbohydrate 
diet. Notably, the magnitude of the effect appeared greatest 
among individuals with higher pre-weight loss insulin secre-
tion, consistent with the prediction of the CIM that individu-
als with greater insulin secretion may be more responsive 
to carbohydrate restriction. Together, these studies represent 
some of the strongest experimental evidence supporting the 
EE component of the CIM [63, 64].

However, these findings have not been universally repli-
cated, and several investigators have questioned whether the 
reported metabolic advantage of LCDs is sufficiently large 
or robust to constitute strong evidence in support of the 
CIM. One of the most frequently cited counterarguments 
comes from a series of tightly controlled inpatient metabolic 
ward studies conducted by Hall and colleagues [45, 65]. In 
a controlled feeding study, Hall et al. reported that switch-
ing from a high-carbohydrate diet to an isocaloric ketogenic 
diet increased TEE by approximately 57 kcal/day when 
measured in metabolic chambers and by approximately 151 
kcal/day when estimated using DLW [45]. However, these 
increases were substantially smaller than those reported by 
Ebbeling et al. [63, 64], which ranged from approximately 
200 to 300 kcal/day, or by others [66], which reached up to 
600 kcal/day, and remained near the limits of detection of 
contemporary EE assessment methods. Moreover, despite 
a marked reduction in insulin secretion and a substantial 
increase in fat oxidation, the ketogenic diet did not acceler-
ate body fat loss; rather, fat loss initially slowed following 
the transition to the ketogenic diet, which was accompanied 
by increased protein utilization and a loss of fat-free mass 
(FFM) [45].

Hall and colleagues subsequently argued that the broader 
controlled-feeding literature does not consistently support 
a large metabolic advantage of carbohydrate restriction 
[65]. They noted that numerous inpatient studies compar-
ing isocaloric diets with matched protein but varying car-
bohydrate-to-fat ratios have generally reported either no 
significant differences in EE or only modest effects unlikely 
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to explain substantial differences in long-term weight 
regulation [65]. They further questioned whether some of 
the larger EE estimates reported using DLW could partly 
reflect methodological limitations inherent to the technique, 
including assumptions regarding respiratory quotient (RQ) 
and substrate utilization, particularly under ketogenic con-
ditions [65]. According to this interpretation, the available 
evidence is more consistent with a relatively modest effect 
of dietary carbohydrate content on EE than with the sub-
stantial metabolic advantage originally proposed by propo-
nents of the CIM.

Additional evidence challenging a large metabolic 
advantage of carbohydrate restriction comes from Hall et 
al.‘s metabolic ward crossover study directly comparing 
selective carbohydrate versus fat restriction under tightly 
controlled isocaloric and isonitrogenous conditions [50]. 
Despite substantially lower insulin secretion and markedly 
greater fat oxidation during carbohydrate restriction, dietary 
fat restriction resulted in significantly greater body fat loss 
than carbohydrate restriction. Specifically, participants lost 
approximately 89 g/day of body fat during fat restriction 
compared with 53 g/day during carbohydrate restriction 
[50]. Furthermore, mathematical model simulations sug-
gested that long-term differences in fat loss attributable 
solely to carbohydrate-to-fat ratio would likely remain mod-
est when calories and protein are matched [50].

Taken together, while the studies of Ebbeling et al. pro-
vide some of the strongest experimental support for the 
EE component of the CIM [63, 64], the overall evidence 
remains mixed. Supportive findings have been challenged 
by highly controlled metabolic ward studies, alternative 
interpretations of DLW-derived EE estimates, and repeated 
observations that reductions in insulin secretion do not con-
sistently produce the magnitude of fat loss advantage pre-
dicted by the model [45, 50, 65]. Consequently, the extent 
to which carbohydrate restriction confers a clinically mean-
ingful metabolic advantage independent of its effects on EI 
remains an area of active scientific debate.

3. Population Trends: Carbohydrate Intake 
and Obesity

Extending the CIM to whole populations would imply that 
the modern obesity epidemic stems primarily from a broad 
increase in carbohydrate consumption. In theory, if the CIM 
were true at the societal level, we would expect a clear posi-
tive correlation between rising carbohydrate intake (espe-
cially refined, high-glycemic carbohydrates) and rising 
obesity rates. A statistical association between increased 
carbohydrate consumption and higher obesity prevalence 
would be a necessary observation to support the CIM as 

an explanation for the obesity crisis. However, population-
level dietary data from many countries do not show such 
a consistent link. In fact, carbohydrate intake has often 
remained constant or even decreased in recent decades, 
even as obesity rates climbed dramatically. This disconnect 
raises doubts about the CIM as the sole explanation for the 
global obesity trend.

Although examining the CIM at the population level is 
important for assessing whether its predictions are reflected 
in real-world obesity trends, the limitations of population-
level data must also be considered. Such data generally do 
not directly capture individual GL, GI, carbohydrate quality, 
or other metabolic characteristics of dietary patterns. There-
fore, such observations cannot be considered definitive tests 
of the CIM. Assessing the validity of the model at the popu-
lation level would require more detailed information on GL, 
GI, food processing, and other dietary factors proposed to 
influence insulin dynamics and fuel partitioning. Despite 
these limitations, population-level trends in carbohydrate 
consumption and obesity may still offer valuable insight into 
the extent to which the predictions of the CIM are reflected 
at the societal level, especially when considered alongside 
evidence from controlled experimental and clinical studies.

Multiple high-income countries that experienced surges 
in obesity have not seen a corresponding increase in carbo-
hydrate intake at the population level. In the United States, 
for example, the contribution of carbohydrates to total 
energy has declined, not increased, during the period of ris-
ing obesity. A nationally representative analysis of data from 
9 NHANES cycles (1999–2016) among U.S. adults showed 
that the percentage of total calories coming from carbohy-
drates actually fell from 52.5% to 50.5% over that period 
[67]. Notably, “low-quality” carbohydrates (e.g. refined 
grains and added sugars) declined significantly, from 45.1% 
to 41.8% of energy, while intake of higher-quality carbohy-
drates (e.g. whole grains) increased slightly [67]. Despite 
these shifts away from carbohydrates (particularly refined 
carbohydrates), the prevalence of obesity in U.S. adults con-
tinued to rise throughout this period [68].

A comprehensive global review by Sikorski et al. fur-
ther underscores the lack of a uniform relationship between 
carbohydrate intake and obesity across countries [69]. This 
systematic analysis examined dietary trends over 70 years 
(1950–2019) in 47 countries and found that macronutri-
ent trajectories vary widely by region. For instance, in East 
and Southeast Asia, diets shifted substantially away from 
carbohydrates (decreasing carbohydrate intake) and toward 
fats as economies developed. In contrast, North America 
exhibited the opposite pattern, carbohydrate intake actu-
ally increased over the decades while fat intake declined. 
Meanwhile, in Europe and Australasia, carbohydrate intake 
remained roughly stable (with a slight decline in fat intake) 
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over recent decades. Other regions (South Asia, Latin 
America, Middle East) showed relatively stable propor-
tions of carbohydrates and fat in the diet [68]. Crucially, 
all of these regions, despite their divergent dietary patterns, 
experienced significant rises in obesity prevalence in recent 
decades [70, 71]. In other words, whether a population’s 
carbohydrate consumption went down (East Asia, Europe), 
up (North America), or stayed constant, the outcome was 
the same: obesity rates soared. This broad epidemiologic 
evidence suggests that there is no consistent cross-country 
correlation between increased carbohydrate intake and obe-
sity, a necessary condition that CIM would predict is simply 
not observed.

Specific country examples reinforce this point. Japan, for 
instance, has long been noted for its high-carbohydrate tra-
ditional diet (centered on rice), yet its dietary trends have 
shifted over time toward lower carbohydrate and higher 
fat intake as the country modernized [72]. Since the 1970s, 
the average Japanese diet’s carbohydrate contribution has 
decreased rapidly, with fat making up a larger share of calo-
ries [72]. Despite this reduction in carbohydrate intake, 
Japan has seen a steady rise in obesity rates over the same 
period. Using Japan’s definition of obesity (BMI ≥ 25), the 
prevalence of overweight/obesity increased substantially, by 
over 15% points from 1990 to 2013, amid economic growth 
and dietary change [73]. By 2020, roughly 33% of Japanese 
men and 22.3% of women were classified as obese (BMI ≥ 
25), up from much lower levels a few decades earlier [74]. 
A similar pattern is evident in many other developed coun-
tries: for example, several nations in Western Europe and 
Australasia have seen little to no increase in per-capita car-
bohydrate intake in recent decades, yet their obesity rates 
reached record highs in the 2000s and 2010s [69]. Even in 
regions where carbohydrate intake decreased or remained 
static, obesity has climbed, underscoring that the obesity 
epidemic cannot be explained by carbohydrates alone [75]. 
In sum, available epidemiologic evidence suggests that 
the relationship between carbohydrate intake and obesity 
prevalence is more complex and heterogeneous than would 
be expected if carbohydrate intake alone were a dominant 
driver of obesity at the population level.

If carbohydrates per se are not uniquely culpable at the 
population level, what does explain the global obesity cri-
sis? The evidence is broadly consistent with contemporary 
mechanistic formulations of the EBM, i.e. that excess calo-
rie intake relative to expenditure is the primary cause of ris-
ing obesity. Put simply, people are eating more calories than 
before, and this over-consumption (rather than any single 
nutrient) is fueling weight gain across virtually all societies. 
National dietary surveys and food supply data from numer-
ous countries show that average daily EI has increased in 
tandem with obesity prevalence [76]. In the U.S. and other 

developed nations, total per-capita caloric intake today is 
substantially higher than in the 1970s–1980s, mirroring the 
upward trend in body weights [25, 76]. One economic anal-
ysis quantified this relationship and found that increased 
caloric intake accounted for about 93% of the increase in 
obesity prevalence among European adults from 1990 to 
2002, whereas reduced physical activity explained only ~ 
7% [77]. In other words, the dominant factor in the recent 
obesity surge was more food energy consumed. This con-
clusion is echoed by global research: as countries become 
wealthier, diets often shift to higher-calorie density (more 
fats, sugars, animal products) and food becomes more 
abundant and affordable, leading populations to eat more. 
Indeed, Sikorski et al. note that a greater increase in national 
GDP was associated with lower carbohydrate intake but 
higher fat and protein intake, effectively, a transition to 
more energy-dense diets with higher total calories [69]. The 
result in every region has been a positive energy balance and 
gradual weight gain in the population.

It is also important to note that within populations, indi-
viduals with obesity tend to consume more calories on aver-
age than those of normal weight, consistent with the energy 
balance mechanism. Repeated studies have shown a posi-
tive association between EI and BMI, excess caloric intake 
is disproportionately observed among those gaining weight 
or already obese [76]. This does not mean that all cases of 
obesity are caused solely by gluttony or that physical activ-
ity plays no role, but it reinforces that total calorie surplus 
is the fundamental driver. In line with EBM, virtually every 
high-obesity country exhibits evidence of increased per-
capita energy availability/consumption in the same time-
frame that obesity prevalence rose [76]. By contrast, no 
such universal pattern exists for any single macronutrient 
like carbohydrate.

In summary, population-level data generally show 
increasing obesity prevalence occurring alongside higher 
caloric intake, whereas trends in carbohydrate consumption 
have been more variable, with some populations showing 
increases, others relative stability, and others declines over 
time. Although updated formulations of the CIM incorpo-
rate multiple biological and environmental influences, they 
generally posit that these factors promote obesity primarily 
when accompanied by increased consumption of high-GL 
foods, particularly refined and low-quality carbohydrates. 
Population-level increases in obesity despite stable or 
declining carbohydrate consumption may therefore present 
a challenge for some interpretations of the model. Overall, 
the available epidemiologic evidence appears more consis-
tent with frameworks that emphasize the biological, behav-
ioral, and environmental determinants of sustained positive 
energy balance than with those that assign a primary causal 
role to carbohydrate intake. However, given the limitations 
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of ecological data, these observations should be interpreted 
cautiously and cannot definitively confirm or refute either 
the CIM or the EBM.

4. GI Manipulations

In addition to the total amount of carbohydrate intake, the 
CIM places particular emphasis on the type of carbohy-
drates consumed. According to this model, the consump-
tion of low-quality carbohydrates such as refined grains, 
simple sugars, sweets, and other foods with a high GI leads 
to greater insulin secretion and, consequently, increased 
fat storage. For this reason, proponents of the CIM recom-
mends that the majority of dietary carbohydrates be derived 
from low-GI foods in order to attenuate the insulin response 
and prevent weight gain. Under this framework, a high-car-
bohydrate diet composed of high-GI foods is hypothesized 
to be more obesogenic than a diet containing an equivalent 
amount of carbohydrates but with a low GI.

Some findings from RCTs are broadly consistent with 
predictions of the CIM, particularly those suggesting that 
low-GI diets may enhance satiety and, in certain circum-
stances, facilitate greater spontaneous reductions in EI. 
However, the available evidence also indicates that differ-
ences in dietary GI alone do not consistently translate into 
meaningful differences in weight loss or fat loss when total 
EI is controlled. These findings suggest that while GI may 
influence appetite regulation and food intake, the magni-
tude of weight and fat loss appears to be driven primarily 
by overall EI rather than by dietary GI per se. For example, 
in a six-month RCT conducted in adults with overweight or 
obesity, two isoenergetic diets with moderate carbohydrate 
content (approximately 42% of total energy) but differing 
in GI (high vs. low GI) were compared [78]. The results 
demonstrated that reductions in BMI and waist circumfer-
ence were nearly identical between the two dietary groups, 
with no statistically significant differences observed (BMI 
reduction: -2.45 units in the low-GI group vs. -2.30 units 
in the high-GI group). These findings indicate that when EI 
and macronutrient distribution are held constant, lowering 
dietary GI alone does not result in greater weight loss.

According to the CIM, low-GI diets should promote 
greater fat loss than high-GI diets, and this advantage 
should be evident even when total EI is matched. However, 
findings from RCTs have been mixed and inconsistent. 
Gomes et al. reported that a low-GI diet reduced body fat 
percentage in patients with type 2 diabetes mellitus (T2DM) 
despite similar EI and comparable changes in body weight 
between groups [79]. In contrast, McMillan-Price et al. 
compared four energy-restricted diets differing in GI and 
protein content and found similar overall weight loss across 

dietary groups, with no consistent evidence that lower GI 
alone produced greater reductions in FM [80]. Likewise, 
Rizkalla et al. compared isocaloric high- and low-GI diets 
matched for total energy and macronutrient composition 
and observed comparable changes in both body weight and 
total FM despite significant differences in postprandial gly-
caemic and insulinaemic responses [81]. Another random-
ized crossover trial conducted by Shikany and colleagues, 
participants followed a high-GI diet and a low-GI diet for 
four weeks under controlled conditions. Once again, no sig-
nificant differences in body weight were observed between 
the two dietary patterns [82]. Notably, and contrary to the 
predictions of CIM, the high-GI diet resulted in slightly 
greater, yet statistically significant, reductions in FM and 
increases in lean body mass compared with the low-GI 
diet [82]. In a systematic review and meta-analysis com-
bining data from 14 long-term RCTs, Schwingshackl and 
Hoffmann reported no significant differences in anthropo-
metric outcomes between low-GI and high-GI diets [83]. 
Specifically, long-term changes in body weight and waist 
circumference were comparable between the two dietary 
approaches. Although the meta-analysis showed that low-GI 
diets modestly improved fasting insulin levels and inflam-
matory markers (e.g., C-reactive protein), body weight and 
central adiposity were not directly influenced by dietary GI 
[83]. Collectively, these findings suggest that although low-
ering dietary GI may improve certain metabolic outcomes, 
its effects on fat loss and body composition under isocaloric 
conditions remain inconsistent across studies.

However, it is important to note that modest differences 
in weight loss have primarily been observed in studies in 
which EI was not strictly controlled. Such findings are often 
interpreted as being consistent with contemporary formu-
lations of the CIM, which propose that low-GI diets may 
reduce spontaneous EI through effects on hunger, satiety, 
and fuel availability. Indeed, some studies [84–86], though 
not all [87–90] have reported greater satiety and reduced 
hunger following low-GI diets, potentially leading to lower 
voluntary EI. Consequently, several ad libitum trials have 
reported slightly greater weight loss among participants 
assigned to low-GI dietary patterns.

Nevertheless, these observations do not uniquely support 
the CIM. Contemporary formulations of the EBM can also 
accommodate such findings by proposing that low-GI diets 
may reduce EI through mechanisms including higher fiber 
content, greater food volume, altered food reward, delayed 
gastric emptying, and enhanced satiety, thereby facilitating 
a sustained energy deficit. Therefore, modest weight-loss 
advantages observed in some low-GI interventions can-
not be considered definitive evidence for either model, as 
both frameworks provide plausible explanations for these 
findings.
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5. GLP-1 Receptor Agonists Reduce Weight 
Despite Increasing Meal-Stimulated Insulin

The CIM assigns an important role to postprandial insulin 
responses in the regulation of fat storage and body weight, 
raising the question of how interventions that increase 
mealtime insulin secretion can nonetheless be associated 
with weight loss [27]. GLP-1 receptor agonists (GLP-1 
RAs) provide a clear counterexample to this prediction: 
these drugs enhance glucose-stimulated insulin secretion 
and thereby increase insulin release in a glucose-dependent 
manner, sustained weight loss in people with and without 
T2DM. This section reviews the physiology and clinical 
evidence for GLP-1 RAs and explores how these findings 
inform ongoing debates regarding the CIM.

It should be noted that, an important limitation of using 
GLP-1 RAs as a test of the CIM is that these agents simul-
taneously influence multiple physiological pathways impli-
cated in body-weight regulation. In addition to stimulating 
glucose-dependent insulin secretion, they reduce postpran-
dial glycemic excursions, delay gastric emptying, alter 
central appetite regulation, and may influence autonomic 
pathways involved in nutrient handling. Consequently, 
GLP-1 RAs do not selectively manipulate insulin signaling 
in isolation. From the perspective of contemporary formula-
tions of the CIM, these pleiotropic effects complicate direct 
inference regarding the specific causal role of insulin in obe-
sity pathogenesis.

Nevertheless, the clinical success of GLP-1 RAs dem-
onstrates that substantial and sustained weight loss can be 
achieved through interventions that primarily target appetite 
regulation and EI, despite simultaneously enhancing insu-
lin secretion. Therefore, even if GLP-1 RAs are not viewed 
as a direct falsification of the CIM, they challenge strong 
interpretations that place insulin-mediated fuel partitioning 
at the center of obesity pathophysiology while assigning a 
secondary role to neural regulation of food intake.

Endogenous GLP-1 is an incretin hormone from gut 
L-cells that is released during meals. It amplifies insulin 
secretion in a glucose-dependent manner (i.e. only when 
blood glucose is elevated) and concurrently suppresses glu-
cagon release [91]. Additionally, GLP-1 slows gastric emp-
tying and acts on the brain (via vagal afferents and direct 
central action for longer-acting analogues) to promote sati-
ety and reduce appetite [92]. The net physiological effect 
is that mealtime insulin responses are higher (appropriate 
to glucose levels) but nutrient absorption is slower and 
food intake is significantly reduced, tipping energy balance 
toward weight loss. These effects are reproduced and even 
amplified by pharmacologic GLP-1 RAs used in clinical 
practice. Notably, GLP-1 RAs do not cause hypoglycemia 

on their own because their insulinotropic action ceases as 
blood glucose falls. Instead, they primarily act as “anti-obe-
sity” hormones, causing patients to eat less and lose adipose 
mass despite the presence of increased insulin during meals.

Among GLP-1–based anti-obesity medications, FDA-
approved options for chronic weight management include 
injectable formulations of Saxenda® (liraglutide), Wegovy® 
(semaglutide), Wegovy® HD (semaglutide), and Zepbound™ 
(tirzepatide), as well as an oral formulation of Wegovy® 
(semaglutide) and Foundayo™ (orforglipron) (Table  1). 
In adults, the three injectable agents are indicated for indi-
viduals with an initial BMI ≥ 30 kg/m² (obesity) or ≥ 27 kg/
m² (overweight) in the presence of at least one weight-
related comorbid condition, such as hypertension, T2DM, 
or dyslipidemia. Similarly, Oral Wegovy® and Foundayo™ 
are indicated for chronic weight management in adults 
with obesity or overweight in the presence of at least one 
weight-related comorbid condition. Saxenda® and injectable 
Wegovy® are also approved for weight management in pedi-
atric patients aged ≥ 12 years with obesity; for Saxenda®, a 
body weight > 60 kg is additionally required. Wegovy® HD, 
Zepbound™, oral Wegovy® and Foundayo™ are currently 
approved for weight management only in adults.

Clinical trials have demonstrated substantial and progres-
sive weight loss with these agents. The mean body weight 
reductions reported across pivotal studies were approxi-
mately 3.8 kg with Saxenda®, 7.2 kg with Wegovy®, and 
11.8 kg with Zepbound™, highlighting a clear gradient in 
weight-loss efficacy across successive generations of incre-
tin-based therapies [93, 94].

Collectively, GLP-1 RAs demonstrate that it is pos-
sible to raise mealtime insulin and still drive major fat loss. 
Mechanistically, the key is that these drugs tilt energy bal-
ance negative, primarily by causing people to unconsciously 
eat less, thereby forcing utilization of stored fat despite 
insulin levels during meals being higher than they would be 
without the drug. The resulting caloric deficit explains the 
weight loss; insulin’s role is relegated to permitting nutrient 
storage when available, but it cannot override a sustained 
energy deficit. These observations are more readily accom-
modated by contemporary EBM formulations that empha-
size appetite regulation and food intake, because GLP-1 RA 
treatment can reduce adipose tissue mass despite enhancing 
postprandial insulin secretion when its effects on appetite 
and EI produce a sustained negative energy balance.

It is worth noting how metabolic parameters change with 
GLP-1 RA-induced weight loss, as these changes reinforce 
that improved insulin sensitivity is a result of fat loss, not 
the initial trigger. In obese individuals on semaglutide, as 
body weight falls, fasting insulin levels decline (reflect-
ing reduced insulin resistance (IR)) even though mealtime 
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insulin secretion was initially promoted [95]. For example, 
after ~ 48 weeks of continued semaglutide in STEP-4, fast-
ing serum insulin dropped ~ 18% compared to baseline, 
whereas those who stopped the drug saw no such improve-
ment [95]. This reduction in fasting insulin is secondary 
to weight loss and better glycemic control (lower glucose 
and insulin need overall), not the cause of the weight loss. 
Moreover, glycemic indices improve on GLP-1 RAs: post-
prandial glucose excursions are reduced due to slower 
absorption and enhanced insulin action, meaning that less 
insulin is ultimately required to maintain glycemic control 
[96]. Indeed, studies have documented that after months on 
a GLP-1 RA, the postprandial insulin area under the curve 
(AUC) may be lower than baseline despite the drug’s direct 
insulinotropic action, likely because meals are accompanied 
by smaller postprandial glucose excursions. Crucially, this 
pattern is generally considered an adaptive consequence 
of improved glycaemic regulation rather than evidence of 
impaired insulin action. Current evidence suggests that 
the substantial reduction in EI induced by GLP-1 RAs is 
likely a major contributor to the observed fat loss, although 
additional physiological mechanisms may also be involved. 
Even when insulin demand declines over time, insulin sig-
naling remains active, yet clinically meaningful fat loss 
is still observed. These findings have been interpreted as 
challenging simplistic interpretations of the CIM in which 
postprandial insulin elevations are viewed as the dominant 

determinant of fat accumulation. More broadly, GLP-1 RAs 
demonstrate that substantial fat oxidation and weight loss 
can occur in the presence of ongoing insulin signaling when 
EI is markedly reduced.

It should be acknowledged that proponents of the con-
temporary CIM have argued that the effects of GLP-1 
RAs do not necessarily contradict the model. In addition 
to stimulating glucose-dependent insulin secretion, GLP-1 
RAs reduce postprandial glycemic excursions, slow gastric 
emptying, suppress appetite through central nervous sys-
tem pathways, and may exert effects on peripheral nutrient 
partitioning through autonomic mechanisms. Consequently, 
supporters of the CIM argue that these drugs may improve 
metabolic fuel availability and reduce hunger through path-
ways that are broadly compatible with the model’s emphasis 
on hormonal regulation of energy balance. Whether these 
mechanisms are sufficient to reconcile the marked weight-
loss effects of GLP-1 RAs with the central predictions of the 
CIM remains debated.

Prominent proponents of the CIM, such as Dr. David S. 
Ludwig, have attempted to reconcile the success of GLP-1 
RAs with the insulin-centric model. Ludwig acknowledges 
the apparent paradox, a class of drugs that increases insulin 
secretion yet causes weight loss, but argues that this does 
not truly violate CIM when examined closely [27]. His 
rebuttal can be summarized in several points, each of which 
I analyze with current evidence: 

Generic Name Trade 
Name

Route Indication Approval 
Year

Class

Exenatide Byetta SC injection Type 2 diabetes 2005 GLP-1 receptor agonist
Liraglutide Victoza SC injection Type 2 diabetes 2010 GLP-1 receptor agonist
Dulaglutide Trulicity SC injection Type 2 diabetes 2014 GLP-1 receptor agonist
Liraglutide Saxenda SC injection Overweight/obesity 2014 GLP-1 receptor agonist
Lixisenatide Adlyxin SC injection Type 2 diabetes 2016 GLP-1 receptor agonist
Liraglutide + insu-
lin degludec

Xultophy SC injection Type 2 diabetes 2016 GLP-1 receptor agonist

Lixisenatide + insu-
lin glargine

Soliqua SC injection Type 2 diabetes 2016 GLP-1 receptor agonist

Exenatide 
(extended-release)

Bydureon 
BCise

SC injection Type 2 diabetes 2017 GLP-1 receptor agonist

Semaglutide Ozempic SC injection Type 2 diabetes 2017 GLP-1 receptor agonist
Semaglutide Rybelsus Oral Type 2 diabetes 2019 GLP-1 receptor agonist
Semaglutide Wegovy SC injection Overweight/obesity 2021 GLP-1 receptor agonist
Tirzepatide Mounjaro SC injection Type 2 diabetes 2022 Dual GLP-1/GIP 

receptor agonist
Tirzepatide Zepbound SC injection Overweight/obesity 2023 Dual GLP-1/GIP 

receptor agonist
Semaglutide Wegovy 

tablet
Oral Overweight/obesity 2025 GLP-1 receptor agonist

Semaglutide Ozempic 
tablet

Oral Type 2 diabetes 2026 GLP-1 receptor agonist

Semaglutide Wegovy 
HD

SC injection Overweight/obesity 2026 GLP-1 receptor agonist

Orforglipron Foundayo Oral Overweight/obesity 2026 GLP-1 receptor agonist

Table 1  Summary of Selected 
Currently Available FDA-
Approved GLP-1 Recep-
tor Agonists and Dual GIP/
GLP-1 Receptor Agonists. SC, 
subcutaneous
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	●  Point 1: “Other medications fit CIM (insulin ↑ causes 
weight gain; insulin ↓ causes weight loss). GLP-1 RAs 
are exceptions only in appearance.” Ludwig notes that 
drugs like insulin itself, sulfonylureas (which stimulate 
insulin secretion), or thiazolidinediones (which enhance 
insulin action in adipose) are associated with weight 
gain, consistent with CIM [27]. Conversely, agents 
that lower insulin levels (such as SGLT-2 inhibitors, 
α-glucosidase inhibitors, or diazoxide) tend to cause 
modest weight loss [27]. He implies that GLP-1 RAs 
might be a special case that do not actually raise net in-
sulin in the relevant context. 

 

Critique  It is true that several traditional diabetes medica-
tions are consistent with the observation that increased insu-
lin secretion or action is associated with weight gain, whereas 
interventions that reduce insulin exposure are sometimes 
associated with weight loss. However, these associations 
do not establish insulin as the primary causal driver of the 
observed changes in body weight, because the same patterns 
may also be explained, at least in part, by changes in energy 
balance. For instance, insulin therapy and sulfonylureas may 
promote weight gain through several mechanisms, includ-
ing reduced glycosuria and hypoglycemia-related increases 
in EI. Conversely, SGLT-2 inhibitors induce glycosuria and 
urinary energy loss, thereby promoting a negative energy 
balance, while reductions in insulin levels may occur sec-
ondarily to improved glycemic control. Indeed, the weight 
loss observed with SGLT-2 inhibition is substantially smaller 
than would be predicted from urinary energy loss alone, sug-
gesting compensatory adaptations in energy balance. Thus, 
the body-weight effects of these agents cannot be attributed 
to changes in insulin exposure alone.

GLP-1 RAs, as detailed above, cause weight loss primar-
ily through reductions in appetite and EI. The substantially 
greater weight loss achieved with high-efficacy incretin-based 
therapies, approximately 15–20% of body weight with agents 
such as semaglutide and tirzepatide, than with therapies asso-
ciated with reduced insulin exposure, such as SGLT-2 inhibi-
tors, which typically produce approximately 2–3% weight 
loss, suggests that the magnitude of weight loss is not sim-
ply proportional to reductions in insulin exposure. Rather, 
these observations are consistent with an important role for 
the magnitude and persistence of the negative energy balance 
produced by each intervention. Therefore, although Ludwig 
and colleagues correctly note that the body-weight effects of 
several pharmacological agents correlate with their effects on 
insulin secretion or action, this pattern alone does not estab-
lish the primacy of insulin in body-weight regulation [97, 98]. 

	●  Point 2: “GLP-1 RAs don’t actually raise circulating in-
sulin during a mixed meal in typical clinical conditions. 
They slow gastric emptying so much that insulin levels 
are lower, except perhaps in severe β-cell failure.” Lud-
wig argues that GLP-1 RAs may not increase overall 
circulating insulin during mixed meals because delayed 
gastric emptying lowers insulin requirements [27]. 
Acutely, by delaying gastric emptying (like effectively 
lowering a meal’s GI), GLP-1 agonists reduce the post-
prandial glucose spike and thus reduce insulin require-
ments, dominating over their direct insulinotropic effect 
[27]. He cites trials showing lower insulin levels in re-
sponse to a mixed meal with GLP-1 RA treatment, de-
spite the drug’s β-cell stimulation [27]. Chronically, the 
gastric slowing effect attenuates but doesn’t vanish, and 
slower gastric emptying correlates with greater weight 
loss outcomes. Moreover, he suggests GLP-1 RAs may 
“lower insulin secretion by improving β-cell sensitivity 
to glucose” over time [27]. 

 

Critique  It is correct that GLP-1 RAs, especially short-
acting ones, acutely blunt peak postprandial insulin by 
smoothing out glucose absorption. For example, in obese 
individuals after 12 weeks of semaglutide, the incremen-
tal insulin AUC over 5 hours after a test meal was indeed 
lower than with placebo [96], but this was a consequence 
of improved glycemic control (postprandial glucose AUC 
was substantially reduced). Importantly, this does not mean 
GLP-1 RAs function as “insulin-lowering” interventions in 
the way CIM would require. The primary action of GLP-1 
RAs is still to enhance insulin secretion in the face of ele-
vated glucose, that is how they treat diabetes. The fact that 
blood glucose itself is lower (hence less insulin needed over-
all) is a beneficial outcome of the drug orchestrating better 
insulin timing and quantity. It would be misleading to claim 
GLP-1 RAs cause weight loss by chronically suppressing 
insulin; patients on these drugs are not through inducing 
an insulin-deficient or pathologically insulin-suppressed 
state, on the contrary, their insulin levels relative to glucose 
are improved (higher early insulin when glucose rises, and 
lower later as glucose falls). The weight loss clearly cor-
relates with reduced calorie intake, not with some sustained 
insulin deficit.

Even Ludwig concedes that gastric emptying deceleration 
wanes over time [27]. By 16 weeks of liraglutide, gastric 
half-emptying time was still delayed relative to placebo, 
and notably this delay was positively correlated with degree 
of weight loss [92], indicating those who responded with 
more gastric slowing tended to lose more weight. However, 
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this correlation likely reflects that greater appetite suppres-
sion (partly mediated by gastric fullness and central signals) 
led to eating less, hence more weight loss. In other words, 
the gastric slowing is one mechanism to induce satiety and 
reduce intake, not an end in itself. Moreover, improvements 
in “β-cell sensitivity” simply mean the pancreas can secrete 
appropriate insulin at lower glucose levels once metabolic 
health improves, again a downstream effect of weight/fat 
loss and better glycemic control. It does not imply GLP-1 
RAs cause weight loss by directly dialing down insulin 
secretion; if anything, they restore a more normal insulin 
profile in diabetics (increasing early-phase insulin release 
and reducing late hyperinsulinemia).

The bottom line is that GLP-1 RAs do not promote 
weight loss by creating an insulin-deficient state, they 
require functioning insulin for glucose control. Weight 
loss ensues despite insulin being available, because caloric 
intake is lowered. This is fundamentally at odds with CIM’s 
assertion that postprandial insulin elevation is the driver of 
fat storage: here insulin elevation is present, yet fat is being 
liberated (as evidenced by weight loss).

 

	●  Point 3: “Central nervous system actions of GLP-1 RAs 
remain compatible with the CIM because the model in-
corporates brain-mediated regulation of appetite togeth-
er with peripheral metabolic feedback mechanisms.” 
Ludwig acknowledges that long-acting GLP-1 analogs 
have central nervous system actions (since unlike na-
tive GLP-1, they last long enough to reach the brain) 
[27]. He asserts that all obesity models must incorporate 
brain centers regulating appetite, and a drug working in 
the brain could still fit into a feedback schema involv-
ing peripheral metabolism [27]. He also references ani-
mal data that GLP-1 agonism has “calorie-independent” 
metabolic effects via the autonomic nervous system 
influencing how nutrients are partitioned (e.g. affecting 
liver fat production or brown fat thermogenesis) [27]. 
Accordingly, Ludwig argues that the central actions of 
GLP-1 RAs are compatible with, rather than contradic-
tory to, the contemporary CIM framework, and may co-
exist with peripheral metabolic mechanisms contribut-
ing to body-weight regulation [27]. 

Critique  It is certainly true that the brain is central to body-
weight regulation in any comprehensive model, hunger and 
satiety signals ultimately determine intake. However, the 
existence of powerful central satiety effects is exactly what 
undermines the CIM’s one-dimensional focus on insulin. 
GLP-1 RAs cause weight loss because they engage these 
brain circuits to eat less, demonstrating that modifying neu-
ral inputs can bypass the purported insulin-driven “internal 

starvation” mechanism of CIM. In CIM, insulin acting on 
adipose is supposed to drive hunger by trapping nutrients 
within adipose tissue. However, in patients treated with 
GLP-1 RAs, hunger is reduced despite the continued avail-
ability and action of postprandial insulin, while FM declines 
over time as EI decreases. This suggests that brain-directed 
interventions can override or negate the hypothesized 
insulin→hunger pathway.

Ludwig’s suggestion of a feedback loop is somewhat specu-
lative, e.g. one could argue that lower intake due to GLP-1 
RA might secondarily lower insulin (via weight loss), which 
then contributes to fat mobilization. Yet, the available 
human evidence is more consistent with GLP-1 RAs initiat-
ing weight loss through central and gastrointestinal effects 
on appetite, satiation, and food intake, with improvements 
in fasting insulin and other metabolic parameters occurring 
subsequently as weight and adiposity decline [95]. Thus, the 
initial trigger appears to be reduced appetite and EI rather 
than a primary decline in insulin.

Regarding “calorie-independent” autonomic effects, 
while interesting in rodents (e.g. GLP-1 might increase 
sympathetic nervous activity to adipose), such effects in 
humans have not been shown to make a major contribution. 
Human trials consistently identify reductions in appetite and 
ad libitum EI as the dominant demonstrated mediators of 
weight loss with GLP-1 RAs. If GLP-1 RAs had substantial 
effects on metabolic inefficiency, such as markedly increas-
ing EE, one might expect weight-loss patterns inconsistent 
with changes in EI and body size; however, human studies 
provide little evidence for a clinically meaningful increase 
in resting metabolic rate or total EE. Instead, EE generally 
follows the expected response to weight loss, including 
reductions associated with a smaller body size and adaptive 
thermogenesis. Thus, proposing substantial but unproven 
calorie-independent partitioning effects is unnecessary to 
explain the observed weight loss, and it does not rescue the 
CIM from the fundamental observation that people can lose 
substantial body fat without entering an insulin-deficient 
state and despite continued postprandial insulin availability 
and signaling.

In summary, Ludwig’s response attempts to fit GLP-1 
RAs into the CIM by contending that these drugs effectively 
lower insulin in practice or work via peripheral metabolic 
tweaks. This explanation is not consistently supported by 
the available evidence. GLP-1 RAs unequivocally increase 
glucose-dependent, meal-stimulated insulin secretion (this 
is how they improve glycemic control), yet they cause sig-
nificant fat loss through reduced EI and appetite. While 
they attenuate extreme glycemic swings (thereby avoid-
ing excessive insulin spikes), at no point do they induce 
a state of insulin deficiency akin to fasting or a VLCD, 
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rather, insulin is appropriately present to metabolize meals, 
and net fat mobilization and loss proceed as total EI falls 
below expenditure. The observed sequence of events does 
not appear to fully align with the causal pathway proposed 
by the CIM: instead of insulin driving energy storage which 
then causes hunger, here we directly modulate hunger (via 
GLP-1 pathways), which leads to less eating, weight loss, 
improved insulin sensitivity, and consequently lower insu-
lin levels after weight loss (a feedback that is secondary). 
Taken together, the GLP-1 RA literature suggests that sub-
stantial weight loss can be achieved through mechanisms 
that extend well beyond postprandial insulin signaling 
alone. These findings challenge simplistic interpretations of 
obesity that assign a dominant causal role to insulin, while 
also highlighting the importance of central appetite regula-
tion, gastrointestinal signaling, and overall energy balance 
in body-weight regulation.

Moreover, brain-targeted or behavior-modulating thera-
pies like GLP-1 RAs can produce weight loss despite 
preserved postprandial insulin secretion and signaling, 
indicating that insulin-mediated fuel partitioning is not the 
dominant proximate driver of weight loss in this context. 
Therefore, while GLP-1 RAs may not be sufficient to defini-
tively refute the contemporary CIM, their clinical success 
suggests that obesity regulation involves multiple interact-
ing pathways beyond insulin-mediated fuel partitioning 
alone. Any comprehensive model of obesity must account 
for the powerful effects of central appetite regulation, gas-
trointestinal signaling, and behavioral changes on long-term 
EI and body-weight regulation. Any robust model of obe-
sity must accommodate that modifying dietary intake and 
satiety (despite preserved postprandial insulin secretion) 
produces weight change, whereas simply altering insulin 
without addressing intake often falls short. The success 
of GLP-1 RAs thus supports a paradigm in which energy 
balance and neural controls of appetite are paramount, and 
insulin is just one piece of a much more complex puzzle 
rather than a single overriding causal factor in obesity.

6. Fat Overeating vs. Carbohydrate 
Overeating: Evidence from Overfeeding 
Studies

A key implication of the CIM is that carbohydrate over-
eating should be intrinsically more fattening than fat 
overeating, because carbohydrate intake elicits higher post-
prandial insulin responses, which under CIM, should pro-
mote greater triacylglycerol storage in adipose tissue. By 
contrast, fat overeating is predicted to have comparatively 
weak effects on weight gain because dietary fat does not 
produce a large insulin spike. The overfeeding literature 

provides a direct empirical test of this claim: when adults 
are deliberately placed in positive energy balance, does car-
bohydrate overfeeding produce more weight and fat gain 
than fat overfeeding?

Across controlled and free-living overfeeding experi-
ments, the most consistent finding is that energy surplus 
itself predicts increases in body weight, and that both fat 
and carbohydrate overfeeding can increase adiposity, even 
though they differ in insulin responses. This pattern is dif-
ficult to reconcile with a strong CIM claim that insulin is the 
primary causal driver of weight gain.

One of the seminal controlled studies is the 14-day cross-
over trial by Horton and colleagues, in which lean and obese 
men were overfed isoenergetic surpluses (~ 50% above 
requirements) with the excess energy provided entirely as 
fat or entirely as carbohydrate. Both conditions produced 
positive energy storage and weight gain, and the study was 
explicitly designed to examine whether excess fat vs. excess 
carbohydrate differentially affects body energy storage 
under matched caloric surplus. The study does not support 
the notion that carbohydrate overfeeding uniquely drives 
weight gain; rather, the study demonstrated that both mac-
ronutrients, when overconsumed, contribute to net energy 
storage and almost similar body-weight gain after 14 days, 
with differences driven by how readily the body adjusts sub-
strate oxidation to match intake [99].

A second influential paired-design study in young men 
overfed by ~ 5 MJ/day for 21 days compared a fat-rich vs. 
carbohydrate-rich overfeeding regimen under near free-
living conditions but with structured pairing to help match 
activity. Participants gained on average ~ 1.5 kg body 
weight, including ~ 0.9 kg FM, demonstrating that a sus-
tained caloric surplus even when delivered largely as car-
bohydrate or as fat, yields measurable fat gain over weeks 
[100].

Importantly, broader syntheses of human overfeeding 
experiments emphasize that weight gain track closely with 
the magnitude of excess EI, with the relative contributions 
of dietary fat and carbohydrate modulating substrate parti-
tioning and oxidation dynamics but not overriding the fun-
damental relationship between surplus calories and stored 
body energy.

It could be argued that body weight alone is not the most 
relevant outcome for evaluating the CIM. According to 
the model, carbohydrate overfeeding should preferentially 
direct energy toward adipose tissue through altered fuel par-
titioning. Therefore, even when total weight gain is similar, 
a greater proportion of the gained weight would be expected 
to be stored as fat during carbohydrate overfeeding.

However, evidence from overfeeding studies does 
not consistently support this prediction. Horton et al. 
reported similar increases in body weight and FM during 
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carbohydrate and fat overfeeding, with no significant dif-
ferences in body composition between diets [99]. Likewise, 
Claesson et al. observed no significant between-group differ-
ences in adiposity outcomes despite substantial differences 
in macronutrient composition [101]. Similarly, Lammert 
et al. found comparable increases in body weight and FM 
between high-carbohydrate and high-fat overfeeding diets; 
interestingly, the proportion of weight gain represented by 
FM was numerically lower in the carbohydrate-overfeeding 
group than in the fat-overfeeding group [100]. Collectively, 
these findings provide limited evidence that carbohydrate 
overfeeding results in preferential fat storage independent 
of total energy surplus.

Taken together, overfeeding studies suggest that both 
carbohydrate and fat excess can promote increases in body 
weight and adiposity when they result in a sustained posi-
tive energy balance. While macronutrient composition may 
influence short-term substrate utilization, EE, and nutrient 
partitioning, the available evidence does not consistently 
demonstrate that carbohydrate overfeeding leads to greater 
weight gain or preferential fat storage compared with fat 
overfeeding when energy surplus is matched. Thus, current 
overfeeding studies provide limited support for the predic-
tion that carbohydrate-induced insulin responses alone are a 
dominant determinant of fat accumulation.

7. Protein-Induced Insulin Secretion vs. 
Obesity

Dietary protein robustly stimulates insulin secretion, espe-
cially rapidly digested proteins like whey. For example, 
whey protein elicits a brisk early insulin response via spe-
cific plasma amino acid patterns [102]. According to the 
CIM, nutrients that stimulate insulin secretion may influ-
ence fuel partitioning toward adipose tissue. The model 
proposes that postprandial hyperinsulinemia suppresses fat 
oxidation and promotes energy storage, potentially reduc-
ing fuel availability in other tissues and contributing to 
increased hunger and EI [103]. From this perspective, the 
insulinotropic effect of dietary protein could be expected to 
favor fat storage. However, protein ingestion also stimulates 
the secretion of glucagon and incretins and has a limited 
capacity for storage, meaning that a substantial proportion 
of ingested amino acids must be metabolized, a process 
associated with increased EE [104, 105]. Furthermore, a 
large body of evidence indicates that higher protein intake 
is associated with greater satiety, increased thermogenesis, 
preservation of lean mass, and, in many cases, reductions in 
FM [106, 107]. These observations may be difficult to fully 
reconcile with interpretations of the CIM that place primary 

emphasis on insulin secretion as the principal determinant 
of fat storage.

Proponents of the CIM have attempted to reconcile this 
apparent contradiction by arguing that protein differs fun-
damentally from carbohydrate because it simultaneously 
stimulates glucagon secretion, increases TEF, and enhances 
satiety. According to this interpretation, the insulin response 
to protein is offset by counter-regulatory mechanisms that 
limit fat storage and promote EE. While these mechanisms 
are physiologically plausible, they introduce an important 
conceptual challenge. If the metabolic consequences of 
insulin depend on the simultaneous presence of multiple 
modifying factors, then insulin alone cannot be regarded 
as a sufficient predictor of adiposity outcomes. In this con-
text, the protein example raises questions regarding the 
specificity and falsifiability of insulin-centric explanations 
of obesity, because observed outcomes can be attributed to 
additional counterbalancing mechanisms whenever predic-
tions based on insulin alone are not observed.

In tightly controlled trials, higher-protein diets con-
sistently produce equal or greater fat loss than lower-pro-
tein diets, despite identical calories. A meta-analysis by 
Wycherley et al. of 24 energy-restricted RCTs found that 
isocaloric high-protein diets (∼30% of energy as protein) 
induced significantly greater weight loss and FM loss than 
standard-protein diets (∼17% of energy as protein) [108]. 
Specifically, the high-protein groups lost on average 0.79 kg 
more total body weight and 0.87 kg more FM than standard-
protein diets, while preserving more lean mass and resting 
EE (REE) [108]. Similar findings are reflected across mul-
tiple meta-analyses [109, 110]. A quality-assessed review of 
RCTs concluded that “all studies that compared high- and 
low-protein diets reported greater EE for the higher-pro-
tein diet” and that “the majority of studies reported greater 
weight and fat loss with higher protein” [111].

Extending the evidence from energy restriction to con-
ditions of energy surplus, overfeeding experiments provide 
a complementary test of this hypothesis. If the insulinotro-
pic effects of dietary protein were sufficient to substantially 
promote fat storage, chronic protein overfeeding might 
be expected to result in disproportionate increases in FM. 
Instead, classical overfeeding trials show no excess fat gain 
from high-protein surpluses, and often improved body com-
position [112]. In an 8-week controlled overfeeding study 
involving an approximately 40% caloric surplus, Bray et 
al. randomized participants to diets containing 5%, 15%, or 
25% of energy from protein [113]. All groups gained similar 
amounts of fat mass, approximately 3.4–3.7 kg, with no sig-
nificant between-group difference. Fat gain accounted for 
more than 90% of the excess stored energy in the low-pro-
tein group and approximately 50% in the normal- and high-
protein groups. However, the high-protein group gained 
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substantially more lean body mass, approximately 3.2 kg, 
and exhibited an increase in REE of approximately 227 
kcal/day, whereas lean body mass and REE did not increase 
significantly in the low-protein group [113]. The authors 
concluded that “calories alone account for the increase in 
fat; protein affected EE and storage of lean body mass, but 
not body fat storage”. In other words, higher protein intake 
promoted lean-tissue accretion and increased EE without 
producing greater fat gain. Previous studies have consis-
tently shown that when calories are abundant, extra protein 
does not drive adiposity but instead fuels thermogenesis and 
muscle growth. If anything, protein overfeeding tends to 
improve body composition: it increases FFM and EE at the 
cost of relatively less fat gain. These findings are difficult to 
reconcile with formulations of the CIM that assign a domi-
nant causal role to postprandial insulin concentrations [114, 
115]. Although proponents of the CIM may invoke addi-
tional mechanisms, including glucagon secretion, increased 
thermogenesis, greater protein turnover, and appetite-related 
effects, to explain these observations, doing so suggests that 
postprandial insulin concentrations alone cannot reliably 
predict long-term adiposity outcomes. Rather, the metabolic 
fate of excess energy appears to depend on the integrated 
effects of multiple physiological processes, of which insulin 
is only one component.

8. Appetite-Suppressing Effects of Insulin

Although the CIM proposes that postprandial hyperinsu-
linemia may promote fat storage and hunger [43], insulin 
acting within the brain has also been shown to exert anorex-
igenic effects in both animal and human studies. Classic 
reviews and experimental studies have established that 
“brain insulin has a negative, anorexigenic effect on food 
intake” [116]. For example, targeted disruption of insulin 
signaling in the hypothalamus causes overeating: rats given 
antisense oligonucleotides to knock down hypothalamic 
insulin receptors develop rapid hyperphagia and increased 
body fat [117]. Similarly, insulin receptors on midbrain 
dopamine neurons relay satiety signals, mice lacking those 
receptors become more gluttonous and obese [118, 119]. 
These animal models show that intact central insulin signal-
ing normally suppresses feeding, so that impairment (as in 
IR) removes a brake on eating.

Human meal studies likewise indicate that higher post-
meal insulin corresponds to greater satiety, not hunger. In 
classic feeding experiments, individuals given test foods 
that provoked higher insulin responses subsequently ate less 
at the next meal [120]. Holt et al. fed subjects 38 different 
foods and found a negative correlation between postprandial 
insulin AUC and later food intake: foods eliciting higher 

insulin AUC produced more satiety and reduced ad libitum 
intake [121]. In other words, greater insulin secretion from 
carbohydrate-rich foods was associated with suppressed 
appetite over the next two hours, even more satiating than 
fat-rich foods [121]. Moreover, in other controlled settings, 
higher insulin levels did not drive people to eat more; on the 
contrary, insulin elevation went hand-in-hand with reduced 
hunger signals [122–125].

Provocative human trials using intranasal insulin (which 
delivers insulin directly to the brain) further confirm its 
anorexigenic action [126]. In well-controlled crossover 
studies, healthy subjects given intranasal insulin ate fewer 
calories from snacks than when given placebo. For example, 
after lunch Hallschmid et al. administered 160 IU insulin 
nasally to young women and later offered palatable cook-
ies in a “taste test.” Postprandial intranasal insulin mark-
edly intensified satiety, so that women ate fewer cookies and 
rated them as less palatable compared with placebo [127]. 
In contrast, administering insulin nasally to fasting women 
(no prior meal) had little effect, suggesting insulin’s sati-
ety signal is strongest in the postprandial state [127]. These 
studies show that boosting central insulin acutely reduces 
hunger and snack consumption in humans.

Similarly, acute intranasal insulin suppresses sweet-food 
craving and boosts satiety in lean men. In one experiment, 
40 IU insulin administered nasally before a buffet break-
fast raised brain high-energy phosphate levels (ATP and 
PCr) and inversely correlated with intake: the greater the 
insulin-induced brain energy rise, the fewer calories men 
subsequently consumed [128]. In effect, intranasal insulin 
enhances brain energy status, and the resulting increase 
in cerebral high-energy phosphates appears to contribute 
to satiety signaling and reduced food intake. Collectively, 
human trials confirm that exogenous brain insulin reduces 
caloric intake and dampens hedonic hunger, especially in 
the fed state [129].

These appetite-related effects of insulin are difficult to 
reconcile with straightforward interpretations of the CIM. 
The model proposes that increased postprandial insulin 
secretion promotes nutrient sequestration within adipose tis-
sue, reducing metabolic fuel availability to other tissues and 
thereby contributing to hunger and increased EI. However, 
experimental evidence also indicates that insulin functions 
as a central satiety signal. For example, increases in brain 
insulin signaling suppress food intake, and intranasal insu-
lin administration acutely reduces subsequent snack intake 
in humans.

Taken together, the available evidence suggests that cen-
tral insulin functions predominantly as a satiety-promoting 
signal rather than an acute stimulus for hunger. These obser-
vations also raise an important question for the CIM: why do 
many individuals with obesity exhibit both hyperinsulinemia 
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and increased hunger? One proposed explanation is that 
obesity is associated with brain IR, whereby elevated circu-
lating insulin fails to adequately activate hypothalamic insu-
lin signaling, thereby attenuating its normal satiety effects. 
Even this interpretation, however, is consistent with insu-
lin’s physiological role as a central satiety signal, implying 
that impaired insulin signaling, rather than insulin itself, 
contributes to excess food intake. Overall, evidence from 
both human and animal studies supports a central anorexi-
genic role for insulin, making simplistic interpretations that 
hyperinsulinemia alone increases appetite difficult to recon-
cile with the available experimental evidence.

9. Insulin Spikes, GI, and 24-Hour Fat Balance

Insulin rises after meals and transiently suppresses lipolysis 
and fat oxidation; while promoting carbohydrate oxidation 
and glycogen synthesis, this is normal postprandial physi-
ology. In some readings of the CIM, acute insulin excur-
sions are viewed as particularly important determinants of 
fat storage, leading to the inference that larger postprandial 
insulin responses may promote greater adiposity. In reality, 
however, postprandial insulin excursions are transient and 
part of normal metabolism, and net adipose change reflects 
the integrated daily fat balance rather than momentary fluc-
tuations. The most sensitive method for detecting the rate 
of body fat change requires calculating daily fat balance as 
the difference between fat intake and net fat oxidation (i.e., 
fat oxidation minus DNL) measured by indirect calorimetry 
while residing in a metabolic chamber [130]. Especially 
when changes are small, even high-precision body composi-
tion methods, such as DXA, may lack sufficient sensitivity to 
detect subtle differences in FM change. In a well-controlled 
feeding study, carbohydrate restriction decreased 24-hour 
insulin secretion and increased fat oxidation (as reflected by 
a lower 24-h RQ), but these metabolic adaptations did not 
automatically translate into greater body fat loss or a more 
negative fat balance [50]. In this study, two isocaloric, iso-
protein diets, a LCD and a LFD, both induced weight loss 
and reductions in fat mass; however, the LFD (with higher 
carbohydrate content) resulted in greater cumulative fat 
loss than the LCD, despite the latter producing greater fat 
oxidation [50]. Both diets generated a negative fat balance, 
but the LFD produced a substantially larger cumulative 
fat imbalance (approximately − 463 g vs. − 245 g). Thus, 
despite a higher 24-h RQ (indicating greater carbohydrate 
oxidation), body fat declined more on the LFD because the 
lower dietary fat intake more than offset the lower rate of fat 
oxidation. Importantly, lower 24-hour insulin secretion did 
not translate into greater fat loss. Rather, cumulative fat loss 

was determined by the balance between dietary fat intake 
and net fat oxidation [50].

Moreover, in an RCT by Goldenshluger et al., partici-
pants with moderate abdominal obesity and/or dyslipidemia 
were randomly assigned to either an LCD or an isocaloric 
weight-loss LFD and underwent detailed metabolic assess-
ments [131]. After six months, body weight decreased simi-
larly in both dietary groups. However, the LCD, produced a 
significantly greater reduction in RQ than the LFD. Despite 
this metabolic shift, the greater reduction in RQ was not 
accompanied by greater weight loss. These findings suggest 
that a lower fasting RQ or greater reliance on fat as a fuel 
source does not necessarily translate into superior weight-
loss outcomes under isocaloric conditions.

In sum, studies show that acute manipulations of mac-
ronutrients change fuel oxidation but not fat and/or weight 
loss when energy is held constant. In practice, swapping car-
bohydrates for fat in an isocaloric diet temporarily lowers 
RQ, but it also increases dietary fat intake by design, so the 
increased fat burning is offset by eating more fat. Moreover, 
transient insulin spikes and shifts in substrate oxidation 
are not the primary drivers of adiposity. Instead, 24-hour 
calories-in/calories-out and daily fat balance determine FM 
change. Even large insulin elevations after a meal quickly 
abate, and later meals or fasting periods rebalance fuel use. 
It is the sustained energy deficit and net negative fat balance 
that predict fat loss, not single-meal insulin peaks.

10. Hyperinsulinemia as Consequence of 
Obesity

While some interpretations of the CIM emphasize hyper-
insulinemia as a primary driver of adiposity, a substantial 
body of evidence suggests that elevated insulin levels may 
also emerge as a consequence of excess adiposity and sus-
tained positive energy balance. Prospective cohort studies 
consistently show that weight gain precedes rises in fasting 
insulin and HOMA-IR, whereas weight loss leads to insulin 
declines [132, 133]. For example, a population-based study 
of 2,272 middle-aged men found that greater weight gain 
was associated with progressively higher odds of hyperinsu-
linemia and IR syndrome [133]. Similarly, BMI-discordant 
monozygotic twin studies indicate that acquired obesity is 
accompanied by greater IR and hyperinsulinemia [134]. 
These findings imply that hyperinsulinemia is secondary to 
adiposity-related metabolic changes.

Calorie-restricted diets producing ~ 5–10% weight loss 
consistently lower fasting insulin and improve insulin sensi-
tivity, largely independent of macronutrient composition. In 
diabetes and obesity trials, modest weight loss led to clini-
cally significant drops in HbA₁c and in hyperinsulinemia. 
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For instance, in a 12-month weight loss diet study by Gard-
ner et al., there was no significant difference in weight 
change between a healthy LFD vs. a healthy LCD, and 
neither genotype pattern nor baseline insulin secretion was 
associated with the dietary effects on weight loss [57]. Simi-
lar reductions in fasting insulin and improvements in insu-
lin sensitivity following weight loss have been reported in 
other randomized trials comparing LFDs and LCDs, with no 
significant between-diet differences in these outcomes [135, 
136]. Collectively, these findings suggest that reductions in 
fasting insulin and improvements in insulin sensitivity can 
occur with weight loss across diets differing substantially in 
carbohydrate content and are therefore not unique to carbo-
hydrate restriction.

Anti-obesity drugs that suppress appetite or inhibit fat 
absorption, and whose mechanisms of action are largely 
independent of insulin signaling, further confirm this pat-
tern. For example, orlistat (a lipase inhibitor) induces sus-
tained weight loss and, in long-term trials, led to lower 
fasting insulin and glucose versus placebo [137]. Likewise, 
combination therapy with phentermine (a sympathomi-
metic) and topiramate yields substantial weight reduction 
and concomitant insulin improvements [138]. The SEQUEL 
extension of the CONQUER trials found that phentermine-
topiramate treatment produced marked decreases in fasting 
glucose and insulin levels (and nearly halved progression to 
diabetes) relative to placebo [138]. These findings demon-
strate that substantial improvements in insulin-related out-
comes can occur following weight-loss interventions whose 
primary mechanisms do not involve direct suppression 
of insulin secretion, consistent with an important role for 
reduced adiposity and negative energy balance in improving 
insulin metabolism.

The same pattern is also observed following interven-
tions that produce substantially greater weight and fat loss. 
Gastric bypass and sleeve gastrectomy generate large fat 
and weight losses [139] and produce far greater reduc-
tions in HOMA-IR than lifestyle diet alone [140]. Con-
trolled studies have shown that bariatric surgery produces 
marked reductions in HOMA-IR, generally exceeding those 
achieved with dietary intervention alone. However, these 
improvements appear to be largely explained by the greater 
magnitude of weight and fat mass loss [141]. In compara-
tive analyses, adjustment for weight loss substantially atten-
uated or eliminated differences in insulin resistance between 
surgery and dietary intervention, while separate studies 
have demonstrated that improvements in glucose metabo-
lism and insulin sensitivity closely correlate with reductions 
in fat mass. Together, these findings suggest that the supe-
rior improvements in insulin resistance following bariat-
ric surgery are primarily attributable to the greater loss of 

adiposity, although surgery-specific metabolic mechanisms 
cannot be completely excluded [142, 143].

Collectively, across these modalities, a uniform pattern 
emerges that insulin rises as people gain fat and falls as they 
lose fat. These findings suggest a causal sequence that may 
differ from that proposed by the CIM.

11. DNL in Humans: Minimal Except During 
Large Caloric Surplus

DNL is the metabolic pathway by which excess carbohy-
drates are converted into fatty acids and stored as fat [144]. 
In humans, however, DNL is normally a very minor route 
unless carbohydrate intake far exceeds energy needs [144]. 
Comprehensive reviews find that replacing dietary fat with 
carbohydrates at constant calories does not induce hepatic 
DNL to any substantial degree [145]. In fact, as long as car-
bohydrate intake remains below TEE, dietary carbohydrates 
simply displace fat as fuel rather than being turned into new 
fat. Only when carbohydrate calories exceed the body’s 
needs (and glycogen stores become full) does DNL become 
significant [145]. In practical terms, under conditions of 
energy balance or modest energy surplus, carbohydrate 
and fat are metabolized largely through distinct pathways, 
with carbohydrate preferentially oxidized or stored as gly-
cogen rather than converted into fat via DNL. Several lines 
of evidence indicate that DNL is an inefficient pathway for 
converting carbohydrate-derived energy into lipid [146]. 
In short, humans preferentially burn or store carbohydrate 
as glycogen; only in large caloric surpluses does convert-
ing carbohydrates to fat appreciably contribute to adipose 
energy.

Controlled metabolic studies support the above prin-
ciples. For example, in Acheson et al. study, six healthy 
men consumed a single massive carbohydrate meal (479 g 
of starch) [147]. Gas exchange and balance measurements 
showed that about 346 g of carbohydrate were stored as 
glycogen. Importantly, fat synthesis from carbohydrate will 
not exceed fat oxidation after this meal. In other words, 
dietary carbohydrates simply suppressed fat burning rather 
than creating net new fat. The authors concluded that even 
an unusually large carbohydrate meal contributes little to 
net body fat accumulation under these conditions [147]. 
In another study by Acheson et al.’s, after depleting sub-
jects’ glycogen stores, researchers overfed healthy men with 
extremely high-carbohydrate diets (approximately 800–
1000 g/day). They estimated that human glycogen storage 
capacity is approximately 15 g/kg body weight, allowing 
about 500 g of glycogen to be replenished before apprecia-
ble DNL begins [148]. As glycogen stores became saturated, 
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additional carbohydrate was disposed of through markedly 
increased carbohydrate oxidation and DNL. Even under 
these extreme conditions, estimated DNL reached approxi-
mately 150 g of newly synthesized lipid per day, requiring 
about 475 g of carbohydrate [148], a level of carbohydrate 
conversion observed only during massive carbohydrate 
overfeeding far beyond habitual intakes. These findings 
indicate that appreciable conversion of carbohydrate to fat 
occurs only after glycogen stores have been substantially 
replenished and become saturated.

Moreover, Horton et al. conducted a 14-day crossover trial 
in which lean and obese men were overfed by 50% above 
their energy requirements, with the excess energy provided 
entirely as either carbohydrate or fat [99]. Carbohydrate 
overfeeding progressively increased carbohydrate oxidation 
and TEE, resulting in 75–85% of the excess energy being 
stored. In contrast, fat overfeeding had minimal effects on 
fat oxidation and TEE, leading to the storage of 90–95% of 
the excess energy. Thus, although both forms of overfeed-
ing resulted in substantial energy storage, excess dietary fat 
was stored more efficiently than excess carbohydrate. As the 
authors concluded, “excess dietary fat leads to greater fat 
accumulation than does excess dietary carbohydrate” [99].

Similarly, McDevitt et al. examined DNL during 96 hours 
of 50% overfeeding with either sucrose or glucose in lean 
and obese women. Although DNL increased two- to three-
fold relative to the energy-balance control condition, the 
estimated absolute very-low-density lipoprotein (VLDL) 
production remained small, ranging from 2 g/day under con-
trol conditions to a maximum of 10 g/day during overfeeding. 
By comparison, the cumulative positive fat balance averaged 
approximately 275 g over the 96-hour overfeeding period 
[149]. The type of carbohydrate consumed (sucrose vs. glu-
cose) did not significantly affect DNL, and DNL responses 
to overfeeding were broadly similar between lean and obese 
women. Thus, despite increasing in relative terms during sub-
stantial carbohydrate overfeeding, DNL made only a minor 
contribution to the overall positive fat balance [149].

Taken together, the findings from these controlled stud-
ies suggest that under normal or moderately hypercaloric 
conditions, ingested carbohydrate largely fuels activity and 
replenishes glycogen, with negligible conversion to fat. Even 
with significant overeating, DNL contributes only a small 
fraction of the fat gained. By contrast, dietary fat is readily 
stored as adipose when calorie intake exceeds expenditure. 
These findings are consistent with comprehensive reviews 
indicating that, under isoenergetic conditions, replacing 
dietary fat with carbohydrate does not substantially induce 
hepatic DNL and that, even during carbohydrate surplus, 
DNL is not a quantitatively major pathway for fat accumula-
tion [150, 151]. In metabolic terms, carbohydrate and fat are 

handled almost independently, carbohydrates are oxidized 
first and fat is stored directly.

While these findings do not definitively invalidate the 
CIM, they may be difficult to fully reconcile with some of 
its central predictions. Among the mechanisms proposed 
within the CIM is the hypothesis that high-glycemic car-
bohydrates may increase insulin secretion and thereby 
contribute to adipose tissue expansion through changes in 
fuel partitioning and related metabolic pathways, including 
DNL. However, human data indicate that this mechanism 
is very limited in practice. Unless carbohydrate intake sub-
stantially exceeds EE and glycogen storage capacity, DNL 
generally remains quantitatively minor. Under eucaloric 
or modest surplus conditions, virtually all surplus carbo-
hydrates either replace fat as fuel or refill glycogen, rather 
than convert into adipose fat. In fact, net fat accumulation 
is driven primarily by sustained positive energy balance. 
In controlled overfeeding studies, excess energy provided 
as dietary fat is generally stored more efficiently than an 
equivalent excess provided as carbohydrate, particularly 
in the short term. As one recent review summarizes, fat 
storage resulting from fat intake is more favorable for FM 
accrual than that from carbohydrates, because DNL carries 
metabolic costs [152]. Importantly, excessive consumption 
of simple sugars can increase liver fat accumulation and 
contribute to metabolic dysfunction; however, these effects 
appear to be largely attributable to chronic energy surplus 
rather than a direct and inevitable conversion of carbohy-
drate to fat under normal physiological conditions.

Strengths and Limitations

This review has several important strengths. To our knowl-
edge, it is the first critical review to systematically evaluate 
the CIM across eleven complementary lines of mecha-
nistic, clinical, and epidemiological evidence, rather than 
relying predominantly on dietary intervention trials alone. 
By integrating evidence from RCTs, metabolic ward stud-
ies, population-level dietary trends, GLP-1 RA studies, 
overfeeding experiments, insulin physiology, DNL, and 
temporal analyses of hyperinsulinemia, this review pro-
vides a broader and more comprehensive assessment of 
the explanatory value of the contemporary CIM. In addi-
tion, the review explicitly distinguishes between earlier and 
contemporary formulations of the CIM and critically evalu-
ates each line of evidence within the context of the model’s 
current mechanistic framework. Wherever appropriate, 
evidence supporting the CIM was also discussed, with the 
aim of providing a balanced and evidence-based appraisal 
rather than advocating for either theoretical framework. 
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Rather than evaluating individual studies in isolation, this 
review examines whether the overall pattern of evidence 
converges toward or contradicts the central predictions 
of the contemporary CIM across multiple independent 
domains. Importantly, although no single line of evidence 
is likely to be sufficient to confirm or refute the CIM on its 
own, considering these complementary lines of evidence 
together provides a more comprehensive and informative 
assessment of the extent to which the model is consistent 
with the current body of evidence.

Several limitations should also be acknowledged. First, 
this review was designed as a critical synthesis of the avail-
able evidence rather than a systematic review or meta-anal-
ysis. Although a structured literature search was performed 
and the evidence was evaluated systematically, formal 
quantitative synthesis was not feasible because of substan-
tial heterogeneity in study designs, dietary interventions, 
participant characteristics, and outcome measures across 
the included literature. Second, the quality and certainty 
of evidence differed across the eleven domains evaluated, 
with some conclusions relying on highly controlled mecha-
nistic studies and others on observational or ecological 
evidence, each with inherent methodological limitations. 
Third, because the CIM has undergone substantial concep-
tual evolution over time, interpretation of older studies in 
the context of the contemporary model inevitably requires 
some degree of conceptual judgment. Finally, although 
every effort was made to present both supportive and con-
tradictory findings, interpretation of complex and compet-
ing theoretical frameworks inevitably involves a degree of 
scientific interpretation.

Conclusion

The CIM has played an important role in challenging sim-
plistic interpretations of obesity and has stimulated valuable 
research into the interactions among dietary carbohydrate, 
insulin biology, appetite regulation, and energy balance. 
In this review, I critically examined the CIM from eleven 
complementary perspectives.

No single line of evidence reviewed here can be con-
sidered sufficient to definitively refute the CIM. More-
over, several findings, particularly those related to GL, 
appetite regulation, and individual variability in meta-
bolic responses, remain compatible with contemporary 
formulations of the model. However, across multiple 
domains, the available evidence appears difficult to fully 
reconcile with some of the CIM’s central predictions. 
Isocaloric feeding studies generally fail to demonstrate 
a meaningful fat-loss advantage of carbohydrate restric-
tion; ad libitum trials do not consistently show superior 

long-term weight loss with LCDs; evidence for a large 
metabolic advantage through increased EE remains 
mixed; population trends do not consistently align with 
carbohydrate-centric explanations of obesity; GI manipu-
lations produce inconsistent effects on adiposity; GLP-1 
RAs induce substantial weight loss despite increasing 
glucose-dependent insulin secretion; overfeeding stud-
ies do not consistently support preferential fat storage 
during carbohydrate overfeeding; protein-induced insu-
lin secretion is not associated with increased adiposity; 
central insulin signaling often appears to suppress rather 
than stimulate appetite; acute postprandial insulin excur-
sions and shifts in substrate oxidation do not necessar-
ily predict integrated 24-hour fat balance or net fat loss; 
temporal evidence does not consistently support hyperin-
sulinemia as a primary event preceding the development 
of common obesity; and DNL contributes minimally to 
fat storage under most physiological conditions.

Taken together, these observations suggest that while 
insulin and carbohydrate quality undoubtedly contribute 
to metabolic regulation, the CIM may not provide a suf-
ficiently comprehensive explanation for the etiology of 
common obesity. The overall pattern of evidence appears 
more consistent with frameworks that emphasize the bio-
logical, behavioral, and environmental determinants of 
sustained positive energy balance, while recognizing that 
hormonal and metabolic factors modulate, rather than 
solely determine, long-term body-weight regulation.
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	● Flier JS. Moderating “the great debate”: the carbohy-
drate-insulin vs. the energy balance models of obesity. 
2023;35(5):737-41.

This article provides a comprehensive overview of 
the physiological determinants of energy balance 
and their roles in body weight regulation. The author 
describes how EI, EE, and metabolic adaptations 
interact dynamically to influence long-term body 
weight. The paper emphasizes that obesity emerges 
from sustained positive energy balance driven by 
complex biological and environmental factors rather 
than a single hormonal mechanism. These insights 
contribute to the broader debate on competing mod-
els of obesity, particularly the relationship between 
the energy balance model and carbohydrate-insulin–
based explanations.
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