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Abstract

Energy restriction (ER) serves as both a corrective health measure in metabolically compromised individuals and as a strategi-
cally implemented tool to enhance athletic performance and/or meet sporting weight divisions. Individuals with overweight/
obesity who embark on a weight loss intervention often experience temporal improvements in metabolic health, only to be
undermined by the phenomenon known as adaptive thermogenesis, and subsequent weight regain. ER in elite sport settings,
whether a deliberate strategy to manipulate body composition or an unintentional failure to meet the high energy demands
of intense training, can also trigger a cascade of adaptive yet energy-conserving measures across biological systems, tis-
sues, and organs, ultimately compromising long-term health. Despite two comparatively different goals, these populations
share one common requirement: a sensitive monitoring tool. Predicting problematic ER, however, remains challenging.
Contemporary tools employed by practitioners and healthcare providers often suffer from a diagnostic latency, capturing
'whole-body' maladaptations only after they have passed the point of effective corrective input. In this Current Opinion, we
propose that metabolomics—the comprehensive analysis of all metabolites in a biological sample—may represent a promis-
ing tool to help identify the transition from adaptation to maladaptation by capturing subtle biochemical shifts that precede
whole-body changes. We explain how both populations could utilise this tool to identify when ER needs to be corrected to
prevent physiological decline and protect long-term health.

Key Points

Energy restriction is commonly used as a corrective
health measure in individuals with overweight/obesity
and by elite athletes seeking to optimise body composi-
tion and improve performance.

Although these populations represent opposite profiles of
metabolic health, both groups of individuals experience
a diagnostic delay when the body’s healthy adaptation to
energy restriction transitions into maladaptive metabolic
stress.

Traditional monitoring methods fail to identify this
transition, missing the opportunity to intervene before
symptomatic clinical complications appear. Metabo-
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1 Introduction

Energy restriction (ER) is among the most widely prac-
ticed interventions in both clinical and athletic contexts
[1,2]. For individuals with overweight/obesity, planned ER
in association with an increase in physical activity remains
the primary non-pharmacological strategy for reversing
the metabolic dysfunction that underpins insulin resist-
ance, type 2 diabetes mellitus (T2DM), and associated
cardiovascular complications [3,4]. For elite athletes,
periods of ER, whether deliberately imposed to optimise
body composition or inadvertently accrued due to failing
to match the energy intake (EI) demands of heavy training,
are a near-universal feature of high-level sport [5]. In both
populations, the physiological and metabolic responses
to ER can be adaptive and beneficial, but can also be
maladaptive—a protective mechanism that may become
harmful over time—ultimately compromising long-term
metabolic health.

The goal of intentional ER is to create a transient
energy deficit, stimulating lipolysis, and culminating in
a reduction in whole-body adiposity [6,7]. The desired
outcomes range from improved metabolic health in indi-
viduals with overweight/obesity [8] to enhanced athletic
performance through gains in efficiency (e.g., increased
power-to-mass ratio) and improved aesthetics (e.g., greater
muscular definition in judged sports) [7]. However, evo-
lutionary adaptations designed for survival during peri-
ods of energy scarcity lead to energy conservation at both
behavioural and physiological levels [9,10]. Metabolic
conservation, known as adaptive thermogenesis, involves
a partitioning of the reduced energy supply to support
critical bodily functions at the expense of others that are
reducible or situationally expendable [11]. According to
Life History Theory, in which energy trade-offs find a bal-
ance between survival and reproduction, the reallocation
of scarce energy supplies may change over the individu-
al’s lifetime and according to their environment [9, 12].
Although these adaptations to energy scarcity were once
essential for human survival, they are problematic in the
modern-day environment, both in thwarting the desired
body fat loss and in disrupting normal physiological
function, particularly if the targeted energy conservation
becomes irreversible.

The primary challenge of ER is not a lack of under-
standing of the effects of potential maladaptive responses,
but rather the inability to detect and predict such outcomes
before they manifest as symptomatic clinical complica-
tions. Current monitoring strategies (e.g., assessment of
body composition to detect whole-body consequences
of energy deficits, or measures of resting metabolic rate
[RMR] to establish metabolic conservation) only capture

the downstream effects of preceding biochemical and
metabolic changes. Consequently, by the time these con-
ventional markers detect a measurable shift, the under-
lying systemic physiological transition(s) are often well
advanced [13,14]. In both clinical and athletic settings,
this diagnostic latency means that deliberate or uninten-
tional ER continues to impose physiological harm rather
than allowing the capture of early signals to alter an indi-
vidual’s trajectory. While the clinical and athletic fields
traditionally operate in isolation, framing these divergent
populations together—at opposite ends of the Metabolic
Health Continuum (Fig. 1)—reveals a critical monitor-
ing gap whereby current tools fail to capture early-stage
molecular energy deficits before clinical symptoms appear.
By bridging this cross-disciplinary divide, identifying
shared and upstream markers allows us to transition from
reactive damage control to proactive, preventative inter-
vention in both fields.

This perspective proposes that the diagnostic gap in
monitoring ER in both athletic populations and individuals
with overweight/obesity is potentially remediable. Because
the metabolic shifts preceding maladaptive outcomes leave
biochemical ‘signatures’ before manifesting as whole-body
physiological changes, metabolomic profiling—the analysis
of small-molecule metabolites within biological samples—
may offer a viable early-detection tool. Specifically, we pro-
pose that metabolomics can identify signatures of maladap-
tive energy partitioning earlier than traditional indicators by
identifying specific biochemical pathways that lie upstream
of major physiological systems compromised by energy defi-
cits. Of course, the clinical utility of this approach varies
across populations; the metabolic context of ER fundamen-
tally dictates both the nature of the maladaptive response
and the risk associated with delayed detection. Understand-
ing these nuances requires a systematic examination of each
population.

2 The Athlete: When Detection Comes Too
Late

Elite athletes exhibit extreme and fluctuating patterns of
energy expenditure associated with the extreme demands of
multiple daily workouts and intensive competition schedules
[15,16]. Indeed, it is not uncommon for energy expendi-
ture in elite endurance-trained athletes to exceed 30 MJ
(~7200 kcal) per day [17]. Elite cyclists will typically race
40-80 days each year [18], creating an environment charac-
terised by high energy flux in which EI does not always meet
energy expenditure, due to a variety of inadvertent/uninten-
tional and intentional causes [5]. The former includes factors
such as a lack of nutrition knowledge and/or the resources
or time to consume the required EI. Meanwhile, deliberate
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Fig. 1 The metabolic health continuum. Individuals with overweight/
obesity (high adiposity and inflammation) use a deliberate period
of energy restriction (ER) to improve their metabolic health status,
attaining more favourable lipid profiles and reduced adipose tis-
sue. For a subset of individuals, however, short-term health accrue-
ments are often undermined by adaptive thermogenesis, resulting in
weight regain. In contrast, many elite athletes are typically exposed
to low energy availability (LEA) for sporting purposes. Accidental
(e.g., mismanaged training volumes), severe, and/or prolonged LEA
exposures place the athlete at risk of developing relative energy defi-

energy shortfalls occur when endurance and weight-cate-
gorised athletes implement periods of ER to optimise body
composition, meet sport-specific competition requirements,
and/or improve performance [19]. Within the sporting envi-
ronment, this energy mismatch is known as low energy avail-
ability (LEA) [1], and regardless of the underlying cause,
the lack of real-time visibility into an athlete’s metabolic
status represents a key challenge for athletes, coaches, and
practitioners. However, because the onset of energy defi-
ciency is often unintentional, the shift from a homeostatic
to a compromised state may go undetected, effectively clos-
ing the window for correction. This may be particularly
important for pivotal development phases, transition from
junior to senior level, return to competition or commenc-
ing sports college. Under current monitoring frameworks

ciency in sport (REDs). Note: the large colour arrows depict the tran-
sition between metabolic states, the timeframe of which is situation-
ally dependant on the individual. Within boxes; {1 indicates metric
increases; | indicates metric decreases; <> indicates no change to met-
ric/variable. BMD bone mineral density, GH growth hormone, HDL
high density lipoprotein, /GF-1 insulin-like growth factor 1, IMTG
intramuscular triglycerides, LDL low-density lipoprotein, 73 triiodo-
thyronine, VO,max maximal oxygen uptake. Created in BioRender.
Dunlop, K. (2026) https://BioRender.com/y6e8{9r

(e.g., Relative Energy Deficiency in Sport (REDs) Clini-
cal Assessment Tool 2, RMR, hormonal markers), clinical
detection typically occurs concurrently with injury and/or
dysfunction, meaning that the first sign of a metabolic shift
is often also evidence of its consequences.

The functional consequences of LEA follow a well-
described hierarchy of metabolic prioritisation. Short-term
and/or modest deficits are tolerated through coordinated
shifts in both whole-body and skeletal muscle patterns of
fuel utilisation. As deficits persist and/or become more
severe, the body reallocates finite energy resources, pro-
gressively withdrawing support from systems deemed
non-essential to immediate survival, including reproduc-
tive function, immune response, and bone health [14, 20].
When these evolutionary trade-offs occur within an athletic
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context, the resulting clinical syndrome, characterised by
multi-systemic impairment, is defined as REDs [14]. What
makes this situation clinically urgent is not the existence
of these consequences but their potential to be irreversible.
Some effects of LEA resolve with the restoration of adequate
El, while other systems may not [14]. Bone mineral density
(BMD) lost during periods of LEA may not be recovered
even after energy status is corrected, and among adolescent
athletes whose LEA exposure coincides with critical win-
dows of growth and skeletal development, the deficit may
be permanent [21,22]. Suppressed reproductive function and
impaired immunity, while serious, are generally recoverable
with adequate nutritional rehabilitation [23,24], although
there is some evidence of persistent negative effects on
subsequent pregnancy outcomes [25]. Knowing which of
these systems is compromised and the time course of the
effects on clinical implications enhances our insights into
the physiological model of REDs [1]. The clinical question
is therefore not simply whether LEA is occurring, but rather
what the physiological consequences are and whether these
adverse effects can be reversed. Under current monitoring
frameworks, this question cannot be answered until the con-
sequences are already visible, which, for the most serious
outcomes, is too late.

3 Overweight/Obesity: Beyond Weight
Regain

In individuals with overweight/obesity, the monitoring
problem takes a different but structurally analogous form.
Many Western populations now live in environments of
chronic energy surplus in the face of low levels of daily
energy expenditure [26,27]. There are 2.5 billion adults
globally classified as overweight, with 890 million of those
individuals living with obesity [28]. In these individuals, a
sustained energy deficit leads to improvements in insulin
sensitivity, reduced ectopic fat deposition, lower circulating
lipids, and the potential for disease remission in those with
T2DM [28-32]. The difficulty for a subset of individuals is
that a period of successful weight loss (> 5% body weight)
is often followed by a maladaptive response that progres-
sively undermines the benefits of the prior weight reduction
[33]. The multifaceted nature of weight loss often results in
a cycle of weight loss and regain, termed ‘yo-yo’ dieting.
Indeed, on average, adults with overweight/obesity attempt
eight weight-loss strategies before the age of 50 [34]. The
defining features are persistent adaptive thermogenesis [35]
and RMR suppression that exceeds that expected from tis-
sue loss alone. Crucially, this suppression persists even after
regaining the lost weight [36]. The result is a chronic mis-
match between EI and energy expenditure that drives pro-
gressive weight regain, often ‘overshooting’ initial baseline

weight values, and reversing the clinical benefits of the
intervention [37]. The ‘Biggest Loser’ cohort provides the
most striking illustration of this phenomenon. Many of the
participants who achieved substantial weight loss during
the intervention (~ 58 kg over 30 weeks) showed persistent
RMR suppression six years later—both in absolute terms
(~705 kcal/day below baseline) and after adjusting for body
composition (metabolic adaptation of ~ — 500 kcal/day)—
underscoring an average weight regain of ~41 kg [36, 38].

The physiological mechanisms underlying weight regain
remain unresolved, although compensatory responses to
non-exercise thermogenesis, increases in EI, and altera-
tions to neuroendocrine regulation (e.g., ghrelin and leptin
concentrations) are likely to contribute substantially [17,
39-42]. Of course, our understanding of this paradigm is
becoming ever more complex, with the rising popularity of
glucagon-like peptide-1 (GLP-1) receptor agonists to help
curb overweight/obesity [43]. Here, GLP-1 administration
reduces ad libitum EI by up to~40% [44,45], resulting in
significant weight loss (up to 15% of body mass) [46—48].
By conventional clinical metrics (e.g., blood pressure, endo-
crine markers, body weight during the intervention), indi-
viduals exposed to ER appear to have successfully adapted
to the weight-loss program. Indeed, within the monitoring
framework used, there is typically no signal to suggest that
the metabolic trajectory was already moving toward a mala-
daptive state, compromising long-term health and potentially
leaving the individual ‘worse off’ than had the intervention
never occurred.

The ‘Biggest Loser’ phenomenon raises two major ques-
tions. First, why do identical interventions cause persistent
adaptive thermogenesis in some individuals but not in oth-
ers? Second, what is the physiological impact of chronic sup-
pression of RMR beyond its contribution to weight regain?
If RMR is suppressed by as little as 1200 kJ (~285 kcal) per
day for several years after an intervention, the biological
systems previously supported by that energy may be chroni-
cally under-supported. Current monitoring frameworks lack
a mechanism to identify which systems are affected or the
functional consequences. BMD losses following weight
loss in this population are routinely attributed to reduced
mechanical loading [49,50], but whether bone metabolism
is itself subject to energy partitioning as part of a systemic
conservation response has received little scientific inquiry.
Clinicians and other health professionals are measuring
outcomes without interrogating their metabolic origin, and
the tools to do so are currently lacking. The same princi-
ple applies to the athlete: existing frameworks can identify
that something has gone wrong, but cannot tell the clini-
cian, practitioner, or coach which system is affected, how
advanced the damage is, or whether the window for recov-
ery has already closed. In both populations, the absence of
system-level information is not a minor limitation; it is the
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difference between an intervention that changes the outcome
and one that merely documents it.

4 An Early Signal: The Case for Metabolomic
Monitoring

Advances in human exercise metabolism, largely driven
by molecular and omics-based approaches, have provided
greater appreciation of how exercise and nutrient interac-
tions activate selected molecular, cellular, and biochemical
systems [51]. Identifying shifts in energy availability and
tracking responses to extreme exercise and dietary interven-
tions may reveal ‘early warning signals’ of a maladaptive
response. Metabolomics occupies a unique position among
current monitoring approaches because it has the potential
to capture a ‘real-time’ snapshot of metabolic status prior
to any measurable physiological disruption. As the most
downstream product of the omics cascade, the metabolome
integrates the cumulative influences of genetic predisposi-
tion, protein expression and environmental stimulus simul-
taneously [52]. In the context of ER, shifts in circulating
metabolite profiles reflect whole-body perturbations involv-
ing the redistribution of substrates across competing biologi-
cal processes.

Metabolomics-based analysis has several strengths for
monitoring exposure to energy deficits. First, metabolomics
has sufficient sensitivity to detect biochemical maladaptive
responses before conventional markers can identify changes
in metabolic health status. In athletes exposed to short-term
LEA in controlled settings, perturbations in fatty acid (FA)
oxidation intermediates (e.g., long-chain FA), ketone body
concentrations (f-hydroxybutyric acid), and muscle protein
turnover (3-methylhistidine) are observed before fluctua-
tions in RMR or declines in BMD [53,54]. The practical
utility of individualised monitoring lies in its early warn-
ing capability, identifying maladaptive patterns long before
biological systems become measurably impaired. This
inter-individual variability in response to ER is reflected in
a distinct metabolomic signature among those who achieved
predicted weight-loss targets, characterised by elevated con-
centrations of B-hydroxybutyrate, citrate, acetylcarnitines,
and branched-chain amino acids, reflecting acetyl group
production that exceeds oxidative capacity [55]. Critically,
individuals who did not achieve predicted weight loss failed
to exhibit this signature despite equivalent ER, suggesting
an ‘invisible’ metabolic constraint that precedes the persis-
tent adaptive thermogenesis observed in cohorts exposed
to chronic ER (e.g., the ‘Biggest Loser’) [36, 55]. These
findings illustrate that metabolomic frameworks can detect
signals of metabolic maladaptation, providing a window for
corrective action before physiological resistance is formally
established.

Metabolomics could also help identify which body sys-
tems are bearing the cost of energy partitioning. Markers of
skeletal muscle proteolysis (e.g., 3-methylhistidine) [56,57],
mitochondrial oxidative capacity (e.g., citrate, long chain
acylcarnitines) [53, 58], and markers of reproductive health
(e.g., D-erythro-sphinganine-1-phosphate) [59] can simul-
taneously provide mechanistic insight into discrete physio-
logical systems. Consistent with a coordinated multi-system
energy preservation response, pronounced energy deficits
(5 days of 78% reduction in energy availability) elicit subtle
biochemical and molecular changes, in line with suppressed
endocrine function, that favour an oxidative phenotype dur-
ing periods of exercise stress [60]. Tracking shifts across
these physiological systems in parallel could reveal not only
whether energy partitioning is occurring, but also where
its effects are concentrated (i.e., musculoskeletal, repro-
ductive, immune, or metabolic systems). These are novel,
quantitative data that eclipse current monitoring frameworks
and precisely represent the information required to assess
whether emerging consequences are likely to be reversible.

Finally, a similar metabolite signature may indicate
opposite outcomes depending on the metabolic context
in which it arises. Elevated ketone body concentrations in
those with overweight/obesity undergoing ER may signal
increased rates of lipolysis and fat oxidation, resulting in
improved metabolic flexibility [61]. The same signature in
an athlete operating under conditions of high substrate flux
may indicate that FA supply has exceeded mitochondrial
oxidative capacity, an early marker of bioenergetic stress
rather than adaptation [62,63]. This population-specific
divergence in metabolomic meaning stems from a differ-
ence in the hormonal response to energy deficits. Sup-
pression of the hypothalamic-pituitary-thyroid (HPT) axis
during LEA lowers circulating free triiodothyronine (T3),
a regulator of mitochondrial biogenesis. This downregu-
lates peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha (PGC-1a) and carnitine palmitoyl-
transferase 1 (CPT-1)—the rate-limiting step in long-chain
FA transport—creating a bottleneck which may reduce the
capacity to oxidise lipids. In contrast, ER in individuals
with overweight/obesity activates similar nutrient-sensing
pathways without suppressing the HPT axis, leaving the
mitochondrial machinery intact. This mechanistic diver-
gence explains why identical upstream metabolic signals
can signify functional recovery in one population yet
progressive dysfunction in another. Such context-specific
dependency necessitates a shift from population-level ref-
erence ranges to individualised baseline profiling at the
outset of ER or periods of an intensified training load.
In practice, this would involve repeated sampling (e.g.,
weekly) of biological samples such as blood plasma or
urine across a period of ER. Tracking these measures
against an individual’s baseline would allow practitioners
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to determine more accurately where a patient or athlete
falls along the metabolic health continuum (Fig. 1). Criti-
cally, it would also allow for intervention prior to adaptive
LEA/ER developing into a problematic/pathological state.

5 Limitations and Research Priorities

While conceptually attractive, the clinical translation of
metabolomic profiling to detect early ER states is not with-
out several complications, including the associated costs
and analytical expertise required to perform the analysis.
The signatures of true energy deficiency may mirror those
of endurance athletes deliberately training with low car-
bohydrate availability—both are associated with elevated
ketones, FA intermediates, and induce shifts in tricar-
boxylic acid cycle pathways, even in the absence of an
overall energy deficit [53, 64]. Such ambiguity risks both
false positives and missed signals of genuine deficiency.
Resolving this challenge will necessitate experimental
studies that isolate metabolomic responses to ER by con-
trolling for carbohydrate manipulation. A lack of known
and validated reference ranges, as well as inter-individual
variability, sex differences, and training status continue
to pose barriers to clinical translation. Although adaptive
and maladaptive ER signatures are characterised in con-
trolled laboratory or clinical settings, within-individual
variability across diverse training loads and dietary pat-
terns remains poorly understood. Without ‘thresholds’
calibrated to individual baseline measures and repeated
measures over a specified intervention period, the interpre-
tive infrastructure for clinical decision making is absent.
Consequently, research must prioritise two critical areas.

First, this framework must be established through lon-
gitudinal studies, tracking metabolomic trajectories from
ER onset to physiological outcome. Second, systematic
comparisons of exercise-induced versus diet-induced
ER across the metabolic health continuum are needed.
Whether maladaptive metabolomic signatures are deter-
mined primarily by the magnitude of energy deficit or are
shaped by the manner of restriction and its interaction
with baseline metabolic state remains unresolved. This has
direct implications for how a monitoring framework needs
to be designed and applied across different populations and
modes of intervention. Translating these capabilities into
clinical and athletic practice requires a targeted, validated
monitoring panel capable of detecting the transition from
adaptation to maladaptation before conventional mark-
ers detect clinical or overt change. Crucially, interpretive
thresholds for such a panel must be individualised, cali-
brated against a baseline profile and an individual’s posi-
tion on the metabolic health continuum.

6 Conclusion

ER is neither inherently beneficial nor harmful; rather, its
effects depend on the metabolic context in which it takes
place. Across the metabolic health continuum—from elite
athletes to clinical patients—we currently lack the diagnostic
precision that is required to answer three pivotal questions:
(1) is the individual’s response adaptive or maladaptive,
(2) what biological systems are being compromised, and
(3) is there still time to intervene? Current conventional
monitoring frameworks lack diagnostic precision, captur-
ing only downstream effects of ER manifestation. Though
the populations discussed here represent the polar extremes
of metabolic health, they share a common unmet need: a
monitoring tool that identifies the transition from functional
adaptation to metabolic decline. While metabolomics may
not be the standalone silver bullet, we contend that the ana-
lytical capacity to advance early detection warrants further
targeted investment. Closing this gap not only represents a
technical challenge, but perhaps one of the most critical pri-
orities in the modern age of human metabolism and health.
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