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Abstract

Futile cycles (FCs), also known as substrate cycles, are a pair of opposing biochemical reactions
that continually convert a substrate into a product and back. In doing so, FCs waste ATP without
producing a tangible metabolic output (thus termed ‘futile’). Because ATP hydrolysis is
exothermic, recent studies have extensively focused on the thermogenic function of various FCs,
particularly in adipose tissue. However, the function of FCs on other target organs and their
primary  biological functions remain poorly defined. In this forward-looking
minireview/perspective, we discuss a few underexplored functions of FCs that underpin
metabolic flexibility and systemic metabolic health. We propose an integrative model in which
discrete FCs across metabolic organs act in concert to regulate cellular energetics and organismal
metabolic physiology. We postulate that FCs sense and integrate metabolic status, redox balance,
and metabolite signalling, with mitochondria serving as the central hub where energetic and
signalling cues converge to generate a calibrated cellular response. Given the broad regulatory
role of FCs, including in metabolic flexibility, future studies should aim to define the wider
functions vis-a-vis metabolic homeostasis in health and disease.

Keywords: Futile cycles, metabolic flexibility, mitochondria, thermogenesis, metabolic flux,
lipid metabolism

Introduction

In their simplest form, futile cycles (FCs) comprise a pair of opposing enzymatic reactions, at
least one of which is ATP-dependent. When active simultaneously, these reactions negate each
other’s productivity and dissipate ATP (Figure 1) [1]. Typically, the two enzymes participating
in an FC belong to counter-regulatory metabolic pathways, such as glycolysis/gluconeogenesis
or lipolysis/lipogenesis. In many cases, one enzyme catalyzes a catabolic reaction, whereas the
other drives an anabolic process. The precise coordination of these opposing activities in space,
time, and magnitude is essential for metabolic homeostasis and is often achieved through the
spatiotemporal segregation of FC enzymes [2]. In many physiological and certain pathological
conditions, however, these opposing reactions become concurrently active, resulting in futile
cycling [1], [3]. FCs may also arise as extended multi-step systems in which the product of



several sequential reactions is continuously salvaged in a futile manner [1], [4]. Such extended
FCs can operate across scales ranging from intracellular compartments to inter-organ metabolic
networks (Figure 1). Regardless of their organizational complexity, the primary function of FC
engagement appears to be the fine-tuning of metabolite concentrations and fluxes, with the futile
ATP dissipation being the cost of this precision [5]. Moreover, FCs may respond to metabolic
changes by sensing the cellular ATP levels or through alterations in metabolite intermediates. In
this bidirectional crosstalk, cellular energetic state influences FC activity, whereas FCs, by
consuming ATP, alter cellular energy charge, thereby increasing metabolic demand. Likewise,
the cellular redox environment is expected to modulate mitochondrial efficiency and,
consequently, FC activity, while increased FC flux may in turn enhance mitochondrial
respiration and ROS production. Together, these reciprocal interactions position FCs as both
sensors and modulators of cellular metabolic state [6].

FCs have been investigated for decades, with multiple physiological roles attributed to them [1],
[2], [3], [4]. Nevertheless, recent work has predominantly emphasized their thermogenic
function, particularly in adipose-tissue non-shivering thermogenesis [7], [8], [9], [10]. By
contrast, several equally compelling functions of FCs [1], [11], [12], [13], [14], including the
regulation of metabolic flux and the generation of signaling metabolites [15], [16], [17], remain
poorly explored. Among the potential candidates for FC-regulated signaling metabolites are
PUFA-derived lipid mediators, whose production may be influenced by futile lipid cycling
through enhanced fatty acid elongation and desaturation [2], [12], [18]. In addition, by
modulating cellular energetic demand, FCs are expected to influence mitochondrial respiration
and, consequently, mitochondrial metabolite production [6]. Notably, the tricarboxylic acid
(TCA) cycle is a major source of signaling metabolites as well as intermediates that serve as
substrates for epigenetic modifications [19], [20], [21]. Thus, beyond their roles in regulating
metabolic flux, FCs may shape cellular signaling by controlling the production of bioactive
metabolites. This signaling dimension of FC biology remains largely unexplored and warrants
further investigation. It seems that thermogenesis is often a secondary consequence of futile
cycling rather than its principal physiological purpose. Our perspective does not discount the
thermogenic role or physiological relevance of FC-driven thermogenesis. Rather, we argue that
the requirement for heat production is generally not the primary driver of FC engagement. This
view is supported by the observation that, in cold-exposed humans, muscle shivering, rather than
adipose FCs, constitutes the dominant thermogenic mechanism [22]. Nevertheless, a subset of
FCs may be primarily recruited for thermogenesis [4], while others may support heat production
in a context-dependent manner [10]. We propose that, for most FCs, the principal evolutionary
and physiological pressure is not heat generation per se, but the need to regulate metabolic flux,
enhance regulatory precision, and enable metabolic flexibility. Importantly, conditions that
increase thermogenic demand simultaneously impose a greater need for precise flux control,
rapid substrate interconversion, and metabolite diversification to coordinate cross-tissue
communication and whole-body physiology. In this framework, thermogenesis represents one
manifestation of broader metabolic regulation rather than the primary purpose of FC
engagement. This interpretation is further supported by the observation that futile lipid and
glucose cycling remain active even under thermoneutral conditions [10], [23], [24]. In such
scenarios, FCs may facilitate substrate interconversions that continuously align substrate
availability with metabolic and energetic demand. For instance, gluconeogenic recycling of
glycerol and lactate during cold exposure may coordinate substrate supply with energy
requirements [1], [25]. Therefore, FCs act as dynamic regulatory mechanisms that sustain a



calibrated energy supply while simultaneously contributing to the replenishment of energy
stores. This perspective necessitates a broader investigation of FC biology. Indeed, one of the
earliest proposed functions of FCs was the regulation of metabolic flux and sensitivity [26].
Although these theoretical and biochemical frameworks were established nearly half a century
ago, the experimental approaches available at the time limited their comprehensive validation,
particularly at the systemic level. Despite major advances in analytical technologies and systems-
level metabolic understanding, this fascinating regulatory modality has received relatively little
recent attention. Revisiting FC biology with modern conceptual and technical tools is therefore
likely to yield important insights into organismal metabolic regulation.

FCs contribute to systemic metabolic homeostasis through multiple mechanisms. In addition to
thermogenesis and modulation of metabolic flux, they can mitigate metabolite toxicity and
influence metabolite partitioning at metabolic branch points [1], [2], [27], [28]. However, these
functions are typically studied in isolation, often within the context of a single metabolic
pathway. Because FCs dissipate substantial amounts of ATP, their chronic energetic burden on
mitochondria is plausibly considerable [6], and it may exert broader long-term effects on
mitochondrial health that extend well beyond acute energetic consequences and demands further
exploration in physiology and metabolic diseases.

The canonical roles of FCs have been extensively reviewed in recent years. We will therefore
revisit some of the foundational yet underexplored functions of FCs in regulating metabolic
flexibility, metabolite fate, and chronic mitochondrial health.

Metabolic flexibility is a physiological manifestation of coordinated FC action

Prandial and circadian metabolic transitions represent recurring physiological fluctuations that
extensively engage FCs as regulatory mechanisms [29]. Extended fasting leads to lower insulin
levels, which promotes lipid mobilization and FA oxidation as the primary energy source. Upon
meal ingestion, this regulatory program is reversed, where elevated insulin levels stimulate
glycolysis while promoting fatty acid (FA) esterification and storage as triglyceride (TG) in
adipose tissue [30], [31], [32]. The capacity to efficiently switch substrates is termed metabolic
flexibility (MetFlex) and is essential for maintaining metabolic homeostasis [30]. The oxidative
fuel selection is primarily driven by hormonally regulated processes broadly termed the Randles
cycle [33].

It is crucial to understand the mechanisms underpinning MetFlex as its impairment is causally
linked to several metabolic disorders, including metabolic dysfunction-associated steatotic liver
disease (MASLD) [32], [34].

MetFlex is governed by multiple regulatory factors, including substrate availability, hormonal
signaling, mitochondrial integrity, and enzymatic competence [30]. However, from a reductionist
perspective, MetFlex fundamentally reflects the coordinated regulation of opposing metabolic
pathways using FCs. The transition between glucose and lipid utilization is ultimately mediated
by the dynamic engagement of forward and reverse reactions within glucose and lipid FCs
(Figure 2A, B). By balancing anabolic and catabolic reaction rates, FCs fine-tune substrate
availability and optimize substrate utilization. For example, DGAT-driven re-esterification, in
conjunction with ATGL-driven lipolysis, regulates fatty acid oxidation (FAO) and quenches
excess FAs as a protective mechanism against autolipotoxicity [2], [10], [18], [23], [35]. Thus,
FCs serve as an effective regulator of MetFlex through the coordinated regulation of opposing
glucose and lipid metabolic pathways.



A closely related component of MetFlex, sometimes distinguished as metabolic plasticity
(MetPlast), is the regulation of metabolic flux. MetPlast refers to the capacity of cells and
organisms to dynamically calibrate anabolic and catabolic fluxes to optimize substrate storage
and mobilization [36], [37], [38]. Once again, FCs exert prominent regulatory control. By
continuously adjusting the relative activities of forward and reverse reactions, FCs provide
precise control over glucose and lipid fluxes (Figure 1C, D). In addition, they confer an extra
layer of regulation at metabolic branch points, thereby influencing metabolite fate while
enhancing metabolic sensitivity and responsiveness.

Through the continual interconversion of metabolites between two states, FCs maintain low
basal activity of transiently dormant pathways. This basal turnover effectively primes metabolic
systems, enabling rapid amplification of flux in response to hormonal or allosteric cues. In this
case, FCs function as highly sensitive metabolic rheostats that amplify small upstream regulatory
signals into substantial metabolic outputs (Figure 2C, D) [26], [27]. Moreover, subtle
adjustments in the balance between forward and reverse reactions allow FCs to maintain
relatively constant net fluxes despite large fluctuations in substrate availability (Figure 2C).
Importantly, this mechanism bypasses the delays associated with enzyme synthesis or
degradation, thereby minimizing metabolic response times. Consequently, rather than
functioning as on/off switches, FCs enable continuous and finely-tunable modulation of
metabolic flux.

Collectively, these considerations support the possibility that FCs are fundamental regulators of
systemic metabolism as controllers of MetFlex and MetPlast. Nevertheless, rigorous
experimental validation of these concepts remains limited, and mechanistic details are
unresolved. Given its importance in metabolic disorders, this area warrants renewed and
comprehensive investigation with a pathway-centric as well as unbiased exploration. From the
MetFlex perspective, a swift switch in the differential glucose and lipid metabolism is the most
important determinant and thus will be briefly discussed in the following section.

FCs regulate lipid fate and flux

Regulation of lipid flux is among the earliest studied functions of FCs [39], [40], [41], [42], [43],
and has been discussed thoroughly in recent comprehensive reviews [2], [4], [18]. We will
therefore highlight only a few critical points here.

The rate of lipid cycling regulates lipid storage, FA oxidation, diversification, and prevents
lipotoxicity [2]. Due to the large volume of daily lipid mobilization and the massive energetic
cost of lipid turnover [12], [18], it manifests as a considerable thermogenic mechanism [10].
Moreover, a few recent studies have noted an association between lipid mobilization and
metabolic health [44], [45], [46]. Therefore, the regulation of lipid FC has remarkable regulatory
implications for systemic metabolism.

Most previous studies on lipid FCs have focused on the terminal step of TG synthesis [10], [23],
[24], [47]. In this FC, TG hydrolysis is catalyzed by adipose triglyceride lipase (ATGL), while
parallel re-esterification is mediated by diacylglycerol acyltransferase (DGAT) 1 or 2 [2].
Regulatory aspects of this FC, including the functional implications of substrate
specificity/redundancy of DGATS, remain poorly understood. In addition, several other FC steps
exist within the lipolysis/lipogenesis pathway, many of which involve multiple lipogenic
isozymes and isoforms. For example, the four glycerol-3-phosphate acyltransferase (GPAT)
isozymes (GPAT1-4) have poorly resolved roles in futile cycling, including the possibility of
differential engagement under distinct cellular and metabolic conditions. Similarly, the activity



and cell- or state-specificity of multiple acyl-CoA synthetase long-chain (ACSL) and acyl-CoA
thioesterase (ACOT) FCs [2], as well as their combinatorial interactions, spatial localization, and
regulatory mechanisms, remain largely unexplored. Because FCs directly regulate FA flux and
oxidation, understanding their roles in homeostatic, pathological, and aging-associated MetFlex
requires careful and systematic investigation and is likely to generate insights of fundamental
significance.

From a metabolic sensitivity perspective, it is fascinating that adipose tissue is more sensitive
and responsive to insulin-induced lipid storage in healthy individuals than the liver is to insulin-
induced glucose disposal [48], [49], [50]. This implies that, at the systemic level, balancing
circulating lipids is more crucial than glucose disposal, highlighting the significance of FCs in
adipose insulin sensitivity and directly relates to metabolic flexibility. Consistently, individuals
with obesity show reduced uptake of meal-derived fats, linking adipose lipid storage defects to
metabolic impairments [51], [52], [53], [54]. In addition to cellular uptake, appropriate
partitioning to storage or oxidation and effective mitochondrial substrate handling seem to be
crucial pathophysiological determinants of metabolic flexibility.

FCs regulate glycolysis and gluconeogenesis

The regulation of glucose flux by multiple FCs represents a central mechanism governing
systemic metabolic homeostasis. The reciprocal control of glycolysis and gluconeogenesis by
FCs was extensively characterized between the 1950s and 1980s [15], [55], [56], [57]. However,
systematic exploration of these regulatory nodes has comparatively declined in recent decades.
Here, we revisit a few FC-mediated regulatory steps in glucose metabolism. It is important to
note that metabolic pathways are regulated through multiple complementary layers, including
allosteric control, enzyme expression, subcellular localization, and post-translational
modifications. However, for conceptual clarity and focus, this discussion is limited to FC-
mediated regulation as a practical compromise to highlight the contribution of FCs within the
broader regulatory framework.

Glycolysis is regulated by two key FCs: glucose (Glu) phosphorylation to glucose-6-phosphate
(G6P) and the differential utilization of fructose-6-phosphate (F6P) [58]. In the first committed
step of glycolysis, glucokinase (GCK) or hexokinase catalyzes the conversion of glucose to G6P,
thereby trapping glucose intracellularly. In contrast, during gluconeogenesis, glucose-6-
phosphatase (G6Pase) removes the phosphate group to regenerate glucose (Figure 3A). Together,
these opposing reactions constitute the first major FC of glucose metabolism and serve important
regulatory functions [57]. Futile cycling is generally minimized through the temporal segregation
of enzyme expression and hormonal activity regulation. Nevertheless, transient Glu/G6P futile
cycling, particularly in the liver, kidneys, and intestinal epithelium, is reported. Fasting and
refeeding transitions and pathological hyperglycemic states particularly engage Glu/G6P FC
[59]. A low affinity of GCK for Glu further allows basal futile cycling at smaller glucose surges
and is relevant to dysregulated hepatic glucose handling and the MASLD pathogenesis [60].
Besides, extensive engagement of futile glucose cycling is observed in insect flight muscles [17],
[61], [62]. It will be interesting to explore the kinetic features of this regulation through high-
resolution metabolic tracing in cells and model organisms to evaluate how altered cycling affects
the fate of cellular and extracellular glucose and its impact on MetFlex.

An even finer glycolysis regulation is achieved at the level of F6P phosphorylation.
Phosphofructokinase-1 (PFK-1) catalyzes the conversion of F6P to fructose-1,6-bisphosphate
(F1,6BP) and is widely regarded as the pacemaker of glycolysis. The opposing enzyme, fructose-



1,6-bisphosphatase-1 (FBPase-1), reverses this reaction during gluconeogenesis, forming a
typical FC [56], [63], [64]. While both enzymes are tightly controlled by allosteric regulation and
feedback mechanisms to prevent excessive futile cycling, occasional F6P/F1,6BP cycling is
noted, albeit with poorly defined functional implications. Remarkably, an additional layer of
regulation is achieved by engaging another FC at this step. Instead of directing F6P exclusively
toward F1,6BP, cells can convert it into F2,6BP through the bifunctional kinase/phosphatase
enzyme PFK-2/FBPase-2 [65]. F2,6BP is a potent allosteric activator of PFK-1 and
simultaneously inhibits FBPase-1. Insulin stimulates PFK-2 activity, increasing F2,6BP levels
and promoting glycolytic flux (Figure 3A). In contrast, during the gluconeogenic state, glucagon
activates FBPase-2, lowering F2,6BP concentrations and thereby favoring gluconeogenesis.
However, this precision incurs a substantial energetic cost. A significant amount of ATP is
consumed to maintain F2,6BP levels to achieve regulatory precision and signal amplification.
Thus, FCs create a new regulatory modality for glycolysis. However, certain pathological
conditions, such as cancer, hijack these mechanisms to promote disease progression.
Nevertheless, without these interconnected FCs, it is difficult to envision metabolic precision.
Together, both lipid and glucose metabolism are tightly regulated by multiple FCs. This is likely
to translate into the modulation and maintenance of MetFlex. However, an important area for
future investigation is determining whether specific FCs are perturbed under conditions of
pathological metabolic inflexibility and assessing their translational potential as restorative
therapeutic modalities.

FCs control the substrate interconversion

Triglycerides (TGs) serve as critical energy reserves and act as precursors for numerous
bioactive compounds, signalling molecules, and key constituents of cell and organelle
membranes. Owing to their high caloric value per unit mass, TGs are the preferred biological
energy storage molecules. To maintain healthy lipid pools, localization, and diversity, many cell
types synthesize FAs and glycerol, the two primary components of TGs, from glucose via de
novo lipogenesis (DNL). Notably, aberrant DNL can cause metabolic diseases, requiring
intricate regulation. Multiple FCs are recruited at the intersections of lipid and glucose metabolic
pathways, highlighting that in biological systems, metabolic precision is prioritized over
energetic efficiency (Figure 3A).

Glycolytic intermediate dihydroxyacetone phosphate (DHAP) is converted into glycerol-3-
phosphate (G3P), which serves as an essential glycerol backbone for TG synthesis. Alternatively,
glucose could be routed to G3P formation through a longer route involving the gluconeogenic
pathway of DHAP formation from mitochondrial phosphoenolpyruvate (PEP) [66]. On the other
hand, G3P can also be produced by phosphorylating existing glycerol using glycerol kinase
(GyK). Regardless of the mechanism, ATP is invested in generating G3P. However, when G3P
concentration rises, glycerol-3-phosphate phosphatase (G3PP) can efficiently dephosphorylate it
to free glycerol, thereby limiting the substrate availability for TG synthesis and modulating lipid
storage [2], [67]. Nevertheless, regulatory and functional understandings of G3PP are still blurry,
and the extent and conditions under which G3P/Glycerol FC is constituted remain to be defined.
Glucose-derived acetyl-CoA can be converted to malonyl-CoA, which functions as a precursor
for FA synthesis. Conversely, malonyl-CoA decarboxylase (MCD) can convert malonyl-CoA
back to acetyl-CoA, forming a regulatory FC that facilitates DNL flux regulation, thereby
governing substrate partitioning (Figure 3A) [68], [69]. A balanced activity of the two enzymes
not only regulates DNL but also fine-tunes mitochondrial FAO and is tightly regulated through



expression and allosteric mechanisms and AMPK. Muscles, including cardiac muscles, employ a
rapid transitioning activity of the ACC/MCD cycle to achieve a fast switch between FAO and
DNL, thus favoring enhanced MetFlex [70], [71], [72]. Since metabolic inflexibility and
increased DNL are key mechanisms behind metabolic and potentially cardiovascular diseases, it
would be interesting to explore the crosstalk between metabolic diseases and ACC/MCD FC.
Indeed, in cardiomyocytes, the evidence is quite convincing that ACC/MCD FC is constitutively
active and is a key regulatory mechanism of FAO [73]. This FC, therefore, is being investigated
as a target for heart failure using the MCD inhibitor, demonstrating the potential of FC
comprehensive research in all metabolic tissues, pathophysiological states, and FC types [74].

Cross-organ FCs maintain systemic metabolic balance

Appropriate storage within designated tissues and coordinated, on-demand mobilization of
substrates (glucose and lipids) is essential for maintaining metabolic balance [29]. FCs facilitate
bidirectional control of the mobilization of substrates (Figure 3B). During fasting, adipose tissue
lipolysis is activated to generate FAs for systemic energy supply [29]. Importantly, re-
esterification remains active both under basal conditions and during fasting-induced lipolysis [2].
However, the rate of lipolysis exceeds that of re-esterification, resulting in a net release of FAs.
In parallel, the liver transitions to gluconeogenesis, producing glucose from residual glycogen
stores while utilizing adipose-derived glycerol and muscle-derived lactate as gluconeogenic
substrates, with each step facilitated by FC reactions (Figure 3B). Collectively, these
observations underscore that (i) FCs distributed across multiple metabolic pathways act in
coordination to maintain metabolic balance, and (ii) FCs operating at anatomically distinct
organs collectively support systemic nutrient availability and energy homeostasis. Therefore, we
advocate that rather than viewing each FC as an isolated entity, its coordinated activity across
metabolic organs more accurately reflects its regulatory landscape and should be investigated in
an integrated manner.

Mitochondrial convergence expands the role of FCs in cellular and organismal physiology
FCs dissipate energy through continuous ATP turnover, thereby imposing a sustained energetic
burden on mitochondrial physiology and driving compensatory increases in oxidative
metabolism [6]. Beyond ATP production, mitochondria generate signaling metabolites and
reactive oxygen species (ROS) as intrinsic byproducts of respiration, coupling energetic state to
cellular and systemic physiology [75], [76], [77]. We propose that FC-driven ATP demand
represents a previously underappreciated determinant of mitochondrial redox output. In this
framework, FC activity functionally converges on mitochondria, establishing a bidirectional FC—
mitochondrial crosstalk that integrates energetic and metabolic signals to shape adaptive
physiological responses.

Supporting this model, cold exposure rapidly increases mitochondrial ROS (mtROS) production
in brown adipose tissue (BAT), a thermogenic tissue enriched in multiple FCs [78]. Here,
MtROS emerge not as passive byproducts of oxidative metabolism, but as regulated signaling
intermediates that couple metabolic flux to cellular adaptation. FC-driven mitochondrial activity
may therefore influence diverse ROS-sensitive processes, including transcriptional and
translational regulation, protein organization, metabolic enzyme activity, and lipid peroxidation,
collectively shaping cellular homeostasis and metabolic flexibility [75], [76].

In this model, FCs do not merely dissipate energy; rather, they act as integrators of energetic and
redox signaling through mitochondrial function (Figure 4). This framework reconciles metabolic



demand with adaptive redox signaling, extending the role of FCs beyond flux control to the
broader regulation of cellular and physiological processes. Given the rising prevalence of
metabolic disease, the influence of FCs on mitochondrial function and metabolic flexibility may
represent a critical yet underappreciated determinant of metabolic health with substantial
translational potential.

Resolving the functional distribution of FCs

Most discussions of metabolic regulation implicitly assume cellular homogeneity within
metabolic tissues. However, it is now well established that these tissues exhibit substantial
cellular heterogeneity, raising the possibility that specialized subpopulations engage distinct FCs
across multiple scales [79]. Such subpopulations may play critical regulatory roles yet remain
obscured in bulk approaches such as RNA-seq or immunoblotting [79], [80]. Spatial context is
also likely to be a key determinant of this heterogeneity, with anatomical positioning potentially
shaping differential FC engagement among otherwise similar cell types. For instance,
hepatocytes located in proximity to the hepatic artery or portal vein may experience distinct
metabolic and oxygenation environments that differentially influence cellular physiology and FC
engagement relative to more distal hepatocytes [81], [82], [83]. These considerations highlight
the need to incorporate spatial and cellular heterogeneity when assessing FC function.

Increasing evidence indicates that metabolic pathways are spatially compartmentalized within
cells, including glycolytic enzyme localization to lysosomes and its coupling to mTOR signaling
[84], [85], [86]. Such an organization suggests that FC activity depends not only on enzyme
abundance but also on subcellular localization, a dimension not captured by conventional bulk
expression analyses and therefore critical for interpreting FC functionality.

Finally, FC regulation appears to extend beyond expression-level control. Protein modifications
and metabolite-driven feedback collectively shape enzyme activity in ways that remain
incompletely characterized for most FC-associated enzymes. While classical allosteric models
provide an important foundation, emerging findings, including metabolite-dependent regulation
of creatine cycling [87], suggest additional layers of non-canonical control that remain to be
defined. Accordingly, a comprehensive understanding of FC biology will require integration of
enzyme localization, post-translational modification, and non-canonical allosteric regulation,
rather than reliance on expression-based inference alone.

Conclusion and future perspectives

FCs are undoubtedly important players in systemic energy balance and metabolic homeostasis.
Despite being hypothesized decades ago, multiple aspects of FC function remain poorly studied.
We posit that thermogenesis is merely a byproduct of futile cycles, whereas the main function of
FCs is to refine metabolic sensitivity and sustain metabolic flexibility. The regulation of
metabolic flux, signaling metabolites, and chronic mitochondrial health are among the
unaccomplished frontier research areas with clear relevance in metabolic health and diseases.
Additionally, the advancements in the field of (single-cell) multiomic analyses, metabolite
tracing, and mouse genetic and disease models should be combined to study broader distribution
and functions of FCs, which would yield insight into subtle cellular FC heterogeneity associated
with human health and potential translation prospects.
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Figure legends

Figure 1. Operational organization of futile cycles. FCs may range from a simple single-step
biochemical reaction (left) to an extended cascade of reactions (middle), or to systems spanning
multiple anatomically distant organs (right).

Figure 2. FCs modulate substrate availability and flux to regulate metabolic flexibility.
Calibrated activities of forward and reverse FC reactions within glucose and lipid metabolic
pathways regulate substrate abundance and storage (A), thereby enabling an apt switch in
substrate utilization to maintain metabolic flexibility (B). In the absence of FCs, such substrate
switching is likely to be delayed, potentially resulting in ectopic lipid accumulation and impaired
energy homeostasis. Similarly, coordinated modulation of FC reactions in response to external
cues, for example, upstream metabolic signals such as F2,6BP in glycolysis, helps maintain
stable intracellular metabolite levels despite substantial fluctuations in extracellular metabolite
availability (C). This mechanism also enables rapid amplification of metabolic signals, whereby
FCs adjust forward reaction fluxes to enhance downstream responses to enhance metabolic
sensitivity (D).

Figure 3. Multiple FCs from different metabolic pathways coordinate to maintain systemic
metabolism. In a metabolic cell (e.g., an adipocyte or hepatocyte), multiple FCs within the
glucose metabolic network regulate not only glycolysis but also influence glucose partitioning
toward glyceroneogenesis and de novo FA synthesis (A). The red bidirectional arrows represent
enzymatic, non-spontaneous, FC reactions that exert key regulatory control over pathway flux.
Importantly, such cross-pathway FC coordination is not restricted to individual cells. FCs
operating across distinct metabolic pathways and anatomically distant organs must function in
concert to maintain systemic metabolic homeostasis (B). In the example shown, timely and
finely tuned mobilization of lipids and glucose during fasting and refeeding is achieved through
coordinated adjustments in forward and reverse FC reactions governing lipid and glucose
metabolism across adipose tissue, liver, and skeletal muscle.

Figure 4. FCs as integrators of metabolic networks through mitochondrial convergence.
Conceptual model illustrating FCs as dynamic regulators of cellular and organismal physiology
by coordinating substrate flux, fuel selection, and energy-redox homeostasis. Each box
represents an FC commonly active in metabolically relevant tissues, including adipocytes and



hepatocytes, highlighting the diversity, versatility, and physiological prevalence of FCs. Arrows
depict metabolic crosstalk mediated through shared metabolite intermediates. Persistent FC
activity imposes mitochondrial demands, including increased respiratory flux and ATP
production, partly mediated through acetyl-CoA metabolism, together with context-dependent
alterations in ROS. These interconnected processes facilitate extensive cross-pathway
communication, linking nutrient sensing, mitochondrial function, and systemic metabolic
regulation, and positioning mitochondria as a central hub for metabolic integration and
adaptation.



Declaration of interests

X The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

LI1The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:



Highlights

Coordinated FC activity across metabolic pathways and tissues fine-tunes
substrate partitioning, metabolic sensitivity, and systemic energy homeostasis.
The primary physiological role of most FCs may be to regulate metabolic flux and
flexibility, with thermogenesis being a byproduct rather than the principal function.
Mitochondria integrate energetic and metabolite-derived signals generated by
FCs to orchestrate adaptive cellular and metabolic responses.

Defining the spatial, cellular, and molecular regulation of futile cycles may
uncover new therapeutic opportunities for metabolic disease.
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