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Abstract

Background: Anorexia nervosa (AN) is a severe psycho-metabolic disorder characterized
by persistent energy restriction and substantial loss of adipose tissue. Despite profound
undernutrition and measurable immune alterations, individuals with acute AN (AN-acute)
have been reported to experience fewer clinically evident infections than expected from
conventional models of malnutrition. This creates an apparent immune paradox. Scope of
Review: Immune findings in AN are heterogeneous, reflecting differences in illness du-
ration, eating-disorder subtype, nutritional severity, and methodology. Furthermore,
persistent physical activity, a prominent feature of AN-acute, has received relatively
little attention despite its important immunomodulatory effects in healthy individuals.
This review presents a hypothesis integrating concepts from exercise physiology and
immunometabolism with findings on immune function in AN-acute. Hypothesis: The im-
mune phenotype of AN-acute may reflect selective allocation of limited energy, consistent
with immunometabolic principles. It is proposed that severe energy restriction may per-
mit sufficient neutrophil- and macrophage-mediated innate defense to contain pathogens
early while constraining the more metabolically demanding activation and expansion of
adaptive immunity. At the same time, multiple metabolic and endocrine mechanisms may
restrain systemic inflammation, potentially reinforced by repeated contraction-derived IL-6
myokine signaling associated with persistent hyperactivity. Conclusions: This model pro-
poses that preserved innate containment, constrained adaptive escalation, and restrained
systemic inflammation interact in AN-acute to reduce the clinical expression of infection.
It offers a testable framework linking starvation, hyperactivity, immunometabolism, and
immune function.

Keywords: acute anorexia nervosa (AN-acute); hyperactivity (HyAc); non-exercise activity
thermogenesis (NEAT); immunometabolism; leptin; innate immunity; adaptive immunity;
inflammation; myokine interleukin-6

1. Introduction
Anorexia nervosa (AN) is a psychiatric disorder that disproportionately affects fe-

males [1,2]. It is characterized by persistent restriction of energy intake despite food avail-
ability, resulting in substantial weight loss, often approaching 25%, driven primarily by
depletion of adipose tissue with accompanying reductions in lean mass [3,4]. Comparable
weight loss has also occurred during controlled semi-starvation [5].

A striking feature of AN-acute is the low incidence of clinically apparent infection
despite severe emaciation. Individuals with AN reportedly experience fewer symptomatic
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viral infections than expected [6–8] whereas severe starvation and malnutrition in other
contexts are often associated with increased infectious morbidity and mortality [9,10]. How-
ever, this comparison requires caution. Many reports of infection during starvation [9,10]
or severe malnutrition involve prolonged or complex nutritional deprivation accompanied
by protein and micronutrient deficiencies, greater pathogen exposure, poor sanitation, and
other environmental or physiological stressors [10]. These factors make it difficult to isolate
the effects of caloric restriction or weight loss on infectious burden. Severe malnutrition is
therefore an informative comparison, but not a direct physiological equivalent of AN-acute.

Nevertheless, reports spanning several decades describe fewer clinically apparent
infections than anticipated in AN, despite documented immune abnormalities or “dysreg-
ulation” [7,11,12]. This discrepancy, immune alterations coexisting with a low burden of
overt infection, constitutes the AN-acute infection paradox.

Research on immune function in AN has produced heterogeneous and often incon-
clusive findings, reflecting differences in illness duration, nutritional severity, metabolic
status, and methodology [7,13]. Another underexplored factor is persistent physical activity
in AN-acute, which may influence immune function through exercise’s well-established
immunomodulatory effects on healthy individuals [14,15].

This review proposes that immune alterations in AN-acute may reflect, at least in
part, a functional adaptation to severe energy restriction rather than simply generalized
immune dysfunction. The underlying premise is that, under profound energy limitations,
physiological systems may favor less energy-intensive processes while still maintaining
sufficient host defense.

For this hypothesis, AN-acute pragmatically refers to substantially underweight indi-
viduals with an illness duration of less than three years, consistent with prior staging work
that defines an early-stage group as illness duration < 3 years [2].

Three features of AN-acute are particularly relevant to the present model:

1. Low body weight: BMI is markedly reduced, falling below 15 kg/m2 in severe cases
and nearer 17 kg/m2 in milder presentations [16].

2. Reduced energy intake: Dietary energy intake is markedly reduced in AN compared
with healthy controls, although absolute intake and macronutrient composition vary
across studies and according to assessment method [17–19].

3. Hyperactivity/compulsive movement: Casper et al. [20] found that 95.1% of adoles-
cent females with restricting-type AN reported increased movement drive or rest-
lessness, consistent with historical and contemporary observations [21–24]. In this
hypothesis, HyAc is a fundamental feature of AN-acute and a starvation-associated
motor activation pattern with potential effects on multiple physiological systems,
including immunity [25–28].

The purpose of this review is to integrate evidence from immunology,
immunometabolism, starvation physiology, and exercise physiology to examine how the
differing energy demands of immune processes may shape immune function in AN-acute.
It proposes that adaptations to severe caloric restriction, together with persistent HyAc,
may selectively preserve some immune functions, constrain others, and restrain systemic
inflammation, thereby contributing to the limited clinical expression of infection.

2. Proposed Hypothesis
The central premise is that energy allocation principles may better explain the infection

paradox in AN-acute. Immune responses are metabolically demanding, requiring immune
cell activation, cytokine production, lymphocyte proliferation, antibody synthesis, and
tissue repair [29,30]. During prolonged starvation, increased movement compounds these
demands, and they compete for energy needed to maintain vital physiological functions.
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Life History Theory posits that when energy is limited, organisms allocate resources
among competing biological functions to favor immediate survival [31,32]. In this context,
energy-efficient immunity refers to preferentially using immune mechanisms that provide
meaningful host protection while minimizing metabolic expenditure.

The hypothesis has three components:

1. Innate immune functions may remain relatively preserved under severe energy re-
striction and may be further influenced by persistent HyAc, allowing early pathogen
recognition and containment despite reductions in cell number or selected functions.

2. Adaptive immune activation and clonal expansion may be more strongly constrained
because T- and B-cell activation, differentiation, and proliferation require substantial
nutrient and biosynthetic investment.

3. An inflammation-restrained systemic environment may arise from starvation physiol-
ogy associated with persistent HyAc, which may be an important modifier. Repeated
physical activity generates autonomic, endocrine, metabolic, thermal, and myokine
signals that influence immune function.

Taken together, the model proposes a selective reorganization of host defense under
severe energy restriction and persistent HyAc rather than generalized immune failure. This
framework is broadly consistent with immune findings reported in AN-acute [7,8] but
remains hypothetical and requires direct experimental testing.

The review develops this model by outlining immune organization and
immunometabolism, then examining key metabolic regulators, systemic inflammatory signals,
innate and adaptive immune function, and the potential modifying role of HyAc in AN-acute.

3. Hyperactivity in Acute Anorexia Nervosa
Persistent HyAc is one of the most characteristic and enduring clinical features of AN-

acute. Since Gull’s original description in 1874 [21] researchers have consistently documented
excessive physical activity across patient populations and treatment settings [33,34]. Although
often viewed as a secondary behavioral symptom, the present review proposes that HyAc
may be central to AN-acute physiology and may exert meaningful immunological effects.

This perspective matters because regular moderate exercise strongly modulates im-
mune and inflammatory function in healthy individuals [35,36]. Understanding the amount,
type, and physiological impact of physical activity in AN-acute is therefore essential for
evaluating its proposed contribution to the immune phenotype.

3.1. Components of Hyperactivity

In this review, HyAc refers to three related forms of movement that together contribute
to total daily activity and energy expenditure [28] and potentially immune function:

• Excessive Exercise (ExEx). Structured, intentional physical activity such as running,
cycling, swimming, resistance training, yoga, or organized sports. Intensity and
duration vary widely.

• Non-Exercise Activity Thermogenesis (NEAT). Energy expended during routine daily
activities outside formal exercise, including walking, shopping, household chores,
occupational tasks, standing, and pacing [37]. Because these activities occur repeatedly
throughout the day, NEAT can substantially increase total daily activity.

• Spontaneous Physical Activity (SPA). Low-intensity, non-goal-directed movements
such as fidgeting, postural adjustments, pacing, and frequent sit-to-stand transitions.
SPA is often grouped within NEAT but is distinguished here because these move-
ments may arise spontaneously and reflect an illness-related motor drive rather than
deliberate activity [38].
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3.2. Physiological Significance of NEAT in AN-Acute

Although NEAT is conventionally distinguished from structured exercise, some forms
may impose a meaningful physiological workload in AN-acute. In healthy controls HCs,
increased workload activates the sympathetic nervous system, raising heart rate (HR) and
reducing vagally mediated HRV. Individuals with AN-acute typically show low resting
HR and higher parasympathetically mediated HRV [39,40]. Yet even mild activity can
rapidly alter this pattern. Billeci et al. [41] found that light physical activity elicited marked
changes in HR and HRV in adolescents with AN-acute, whereas controls showed minimal
autonomic responses. Thus, activities that are physiologically trivial in HCs may represent
a greater relative workload in AN-acute.

This is particularly relevant to prolonged walking, which many patients do not recog-
nize as exercise. Kolnes [42] described individuals who walked several hours per day yet
denied exercising. Assessments limited to structured ExEx may therefore underestimate the
cumulative physiological impact of repeated low-intensity muscle contractions during NEAT.

A likely explanation for this exaggerated response is reduced aerobic capacity in
AN-acute [43] making identical absolute workloads more demanding. Sustained walking
and other whole-body NEAT may repeatedly activate sympathetic, endocrine, metabolic,
and thermal pathways while increasing energy expenditure. The proposal is not that all
NEAT is exercise-like, but that repeated or prolonged whole-body activity may become
physiologically significant under severe energy restriction.

3.3. Implications of Hyperactivity for the Present Immune Hypothesis

This broader view of HyAc is central to the proposed immune model. In healthy indi-
viduals, regular moderate exercise influences immune cell trafficking, innate and adaptive
immune function, and inflammatory regulation [15,35]. Persistent HyAc in AN-acute, includ-
ing physiologically meaningful NEAT, may therefore provide recurring sympathetic, endocrine,
metabolic, thermal, and myokine signals that shape immune function.

These effects are particularly relevant to mechanisms discussed later, including muscle-
derived IL-6, cortisol, neutrophil mobilization, immunometabolic signaling, and activity-
induced warming. If confirmed, assessments limited to structured exercise may under-
estimate both the physiological burden of HyAc and its contribution to the AN-acute
immune phenotype.

Experimental evidence relevant to several of these mechanisms comes from the activity-
based anorexia (ABA) model. First described in the late 1960s, ABA combines restricted
food access with voluntary running-wheel activity, producing progressive weight loss and
marked hyperactivity. The model does not fully capture the psychological and clinical
complexity of human AN-acute, but it reproduces several relevant physiological features
and has been widely used to study starvation-associated hyperactivity, neuroendocrine and
metabolic adaptations, stress and reward pathways, and thermoregulation. The relevant
sections below consider findings from the ABA model that parallel or help explain the
physiological features of human AN-acute [44].

4. The Immune System
4.1. Evolutionary Organization of the Immune System

The immune system comprises two highly integrated branches: innate and adaptive
immunity. Innate immunity is evolutionarily ancient and provides the immediate foun-
dation of host defense, whereas vertebrate adaptive immunity emerged approximately
500 million years ago, adding highly specific antigen recognition and immunological
memory. Although the two systems differ in evolutionary origin, speed, specificity, and
mechanisms of activation, they function cooperatively, with innate immune signals help-
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ing to initiate and shape adaptive responses [45,46]. These evolutionary and metabolic
differences provide important background for the hypothesis proposed in this review.

4.2. Functional Organization of the Immune System

Innate immunity provides the body’s immediate defense against invading pathogens
by recognizing conserved microbial or damage signals and rapidly initiating antimicrobial
activity, inflammation, clearance, and repair [47]. Innate responses are not inherently pro-
inflammatory. Depending on the physiological context, they may promote inflammatory
defense, metabolic regulation, resolution, or tissue repair.

Adaptive immunity provides highly specific protection through antigen-specific T and
B lymphocytes and generates long-lasting immunological memory [48]. During a novel
infection, rare antigen-specific lymphocytes must first activate, then undergo extensive
clonal expansion and differentiation before a substantial adaptive response develops [49].

Dendritic cells (DCs) link the two systems: they capture microbial antigens during
innate surveillance and, after appropriate activation, initiate adaptive immunity by activat-
ing naïve T cells [50]. This DC–T-cell transition is central to the present hypothesis because
metabolic constraint here could limit adaptive upregulation while leaving substantial innate
function available.

4.3. Energetics of Innate and Adaptive Immunity

Both innate and adaptive immune cells increase their metabolic activity during ac-
tivation, making immune function sensitive to nutrient and energy availability [29,30].
The important distinction is not that innate immunity is metabolically inexpensive, but
that many innate effector cells are already present and can respond rapidly, whereas a
primary adaptive response requires activation and extensive clonal expansion of antigen-
specific lymphocytes.

Full adaptive upregulation therefore requires sustained nutrient uptake, biosynthesis,
cellular growth, and repeated cell division. Under severe, prolonged energy restriction, this
additional metabolic investment may make adaptive expansion particularly vulnerable
to constraints.

This leads to the model’s central proposal: in AN-acute, limited resources may per-
mit sufficient rapid innate defense while restricting progression to the greater metabolic
investment required for adaptive expansion. Later sections examine the specific roles of
neutrophils, macrophages, and dendritic cells in maintaining early innate defense, as well
as potential metabolic constraints at the DC–T-cell transition.

5. Immunometabolism During Energy Restriction
Metabolism refers to the biochemical processes that convert nutrients into energy (e.g.,

ATP) and molecules required for cellular function. Immune cells use several metabolic
pathways and adjust their fuel use according to nutrient availability and functional de-
mands. Their ability to activate, proliferate, differentiate, produce cytokines, and perform
effector functions is therefore shaped by both metabolic fuel availability and the capacity to
activate the metabolic pathways required for each response. (Figure 1).
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Figure 1. Metabolic regulation of immune-cell activation during severe energy restriction. Low
circulating leptin reduces leptin receptor signaling, thereby limiting mTORC1 activation, while
reduced cellular ATP availability activates AMP-activated protein kinase (AMPK), which further
suppresses mTORC1 activity. Together, these signals favor an energy-conserving cellular state rather
than the anabolic metabolic reprogramming required for full immune-cell activation and proliferation.
Immune cells can generate ATP through glycolysis, which provides rapid but inefficient ATP pro-
duction, or through mitochondrial oxidative phosphorylation (OXPHOS), which yields substantially
more ATP but requires adequate oxygen and metabolic substrates. In acute anorexia nervosa, severe
nutrient restriction, potentially compounded by persistent hyperactivity, may therefore shift the
AMPK–mTORC1 balance toward energy conservation and constrain energetically demanding im-
mune activation. Abbreviations: AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate;
mTORC1, mechanistic target of rapamycin complex 1; OXPHOS, oxidative phosphorylation.

5.1. Immunometabolism: Metabolism as a Regulator of Immune Function

Immunometabolism examines how metabolism and energy availability regulate
immune-cell function. Metabolic conditions influence whether immune cells remain quies-
cent, activate, proliferate, migrate, produce inflammatory mediators, repair tissue, or form
long-term memory. Thus, metabolism provides not only fuel but also signals that govern
immune-cell behavior [29,30].

This concept is particularly relevant to AN-acute, where prolonged energy restric-
tion combined with persistent HyAc creates sustained metabolic stress and may strongly
influence how immune cells allocate and use limited resources [51].

5.2. Energy Availability and Metabolic Fuels

Immune cells use substrates such as glucose, fatty acids, and ketones to produce ATP
and provide the cellular building blocks required for immune function. The availability
of these fuels can therefore influence both the magnitude and character of an immune
response [29,30].

During prolonged energy restriction, immune cells must adjust their metabolism
to balance immediate functional demands with cellular maintenance and survival. This
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metabolic flexibility may allow some functions to continue even when resources for exten-
sive activation or proliferation are limited.

5.3. Major Metabolic Pathways

Immune cells use several metabolic pathways, with glycolysis and oxidative phosphory-
lation being particularly important [29,30]. Glycolysis rapidly converts glucose into ATP and
metabolic intermediates that support rapid immune activation and biosynthesis. Many immune
cells increase glycolysis when they need rapid functional responses, growth, or proliferation.

Oxidative phosphorylation (OXPHOS) occurs within mitochondria and generates ATP
using energy derived from several substrates, including fatty acids, glucose-derived pyru-
vate, amino acids, and ketone bodies. However, under severe caloric restriction, OXPHOS
relies primarily on fatty acids and ketone bodies, with amino acid oxidation contribut-
ing minimally to conserve protein. OXPHOS commonly supports cellular maintenance,
sustained function, and many regulatory or memory states.

The relative importance of these pathways varies across immune cell types and func-
tional states. Neutrophils, for example, rely heavily on glycolysis even at baseline, whereas
lymphocytes and macrophages can reprogram their metabolism following activation.

5.4. Metabolic Reprogramming During Immune Activation

A major advance in immunology is the recognition that immune cells reprogram
their metabolism to meet functional demands. Activation often increases nutrient uptake
and glycolysis, whereas other functions may depend more strongly on mitochondrial
metabolism, fatty-acid oxidation, or combinations of pathways [29,30]. These metabolic
programs help shape inflammatory, regulatory, antimicrobial, and tissue-repair functions.

This principle is especially relevant to adaptive immune upregulation. A primary T- or
B-cell response requires antigen-specific lymphocytes to activate, proliferate, differentiate,
and undergo extensive clonal expansion. These processes require substantial increases in
nutrient uptake, protein synthesis, lipid and nucleotide biosynthesis, and overall metabolic
activity [30,52]. Prolonged energy deficiency may therefore be particularly important
for adaptive expansion, not because innate immunity is metabolically inexpensive but
because a substantial primary adaptive response requires generating large numbers of new
antigen-specific cells.

5.5. Implications for AN-Acute

This framework underpins a central hypothesis of this review. How immune cells
recognize and respond to this limited energy availability depends on several interacting
metabolic signals. Three particularly relevant regulators are leptin, AMP-activated protein
kinase (AMPK), and mechanistic target of rapamycin complex 1 (mTORC1).

6. Key Metabolic Regulators of Immune Function
6.1. Leptin: A Systemic Signal of Energy Availability

Leptin is an adipocyte-derived hormone with cytokine-like properties, and its circu-
lating concentration broadly reflects body-fat stores. Individuals with AN-acute therefore
develop profound hypoleptinemia as adipose tissue is depleted [53,54]. ABA models have
shown similar reductions in leptin signaling [53].

Low leptin is an important systemic signal of energy deprivation. In the hypothalamus,
falling leptin concentrations suppress energetically costly reproductive and thyroid func-
tions and drive other neuroendocrine adaptations that conserve energy during prolonged
starvation [55].
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Leptin also links nutritional status to immune function. Adequate leptin signaling
supports T-cell activation, proliferation, cytokine production, effector differentiation, and
the metabolic reprogramming required to sustain these processes [56,57]. Experimental
starvation reduces leptin and impairs T-cell responses, whereas leptin replacement can
restore aspects of T-cell function [56]. Particularly relevant to the present hypothesis,
leptin has been described as metabolically “licensing” activated T cells by supporting the
increased glucose uptake and metabolic activity required for proliferation and effector
function [57]. Leptin and the broader nutritional and metabolic environment also influence
B-cell survival, proliferation, differentiation, and antibody production [58]. Thus, profound
hypoleptinemia could affect both arms of adaptive immunity, not just T-cell responses.

Leptin also influences innate immune cells, including neutrophils, monocytes/
macrophages, and dendritic cells. Profound hypoleptinemia should therefore not be
viewed as selectively affecting adaptive immunity [58]. However, cells already present can
perform many immediate innate antimicrobial functions without the extensive clonal pro-
liferation characteristic of a primary adaptive response. Substantial adaptive upregulation,
by contrast, requires antigen-specific lymphocytes to activate, proliferate, differentiate, and
undergo extensive clonal expansion.

In AN-acute, very low leptin may therefore create a metabolic environment in which
selected innate functions remain available, while full adaptive expansion becomes harder
to initiate and sustain. This interpretation remains hypothetical, because leptin-dependent
metabolic signaling in immune cells has not been directly characterized in AN-acute.

6.2. AMPK: The Intracellular Energy-Stress Sensor

AMP-activated protein kinase (AMPK) is a central intracellular energy sensor that
is activated when cellular energy availability declines, as reflected by changes in the
ATP/AMP/ADP balance. Once activated, AMPK acts as a metabolic brake on energy-
intensive processes: it suppresses anabolic activities such as cell growth and protein
synthesis while promoting ATP-generating pathways and cellular maintenance and sur-
vival [59,60].

Under conditions of adequate energy availability, AMPK activity need not constrain
the metabolic reprogramming required for immune activation. However, when cellular
energy becomes limited, increased AMPK signaling shifts resources away from growth and
biosynthesis toward energy conservation.

One key action of AMPK is inhibition of mTORC1, a nutrient-sensitive pathway that
promotes cell growth and biosynthesis [61]. This is particularly relevant to lymphocyte
activation. When T cells are activated, they require substantially more energy and nutrients
to grow and proliferate. During nutrient limitation, AMPK helps maintain cellular energy
balance and metabolic flexibility, but it can also constrain energy-intensive anabolic pro-
cesses required for sustained proliferation [62]. Thus, AMPK is better viewed not simply as
an inhibitor of immune activation, but as a metabolic checkpoint that helps match the scale of
the immune response to available cellular energy.

A similar pattern may occur in AN-acute. Severe caloric restriction creates sustained
systemic energy scarcity, while persistent HyAc further strains already limited fuel supplies.
Together, starvation and continued activity could favor energy-stress signaling in immune
cells, potentially increasing reliance on AMPK-dependent pathways that support cellular
maintenance and metabolic adaptation while constraining metabolically costly processes
such as sustained lymphocyte growth and clonal expansion.

Direct evidence for altered AMPK signaling in AN-acute is limited. In the ABA
model, Fraga et al. [63] found no detectable changes in hypothalamic AMPK signaling
despite profound metabolic effects, suggesting that hypothalamic AMPK may not mediate
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energy metabolism in key hypothalamic pathways. However, this finding is specific to the
hypothalamus and does not exclude AMPK activation in peripheral immune cells, where
AMPK responds directly to local cellular energy stress and nutrient deprivation [62].

Importantly, researchers have not directly demonstrated increased AMPK activity in
immune cells in AN-acute. Its proposed role in this model therefore remains hypothetical.
Nevertheless, AMPK provides a plausible mechanistic link between cellular energy status,
mTORC1 signaling, and the metabolic requirements of immune activation.

6.3. Mechanistic Target of Rapamycin Complex 1 (mTORC1)

mTORC1 is a central nutrient- and growth-sensing pathway that integrates signals
from amino acids, growth factors, hormones, and cellular energy availability. Functionally,
it can be considered a growth permission signal. When nutrients and energy are sufficient
and permissive hormonal signals are present, mTORC1 supports protein synthesis, cellular
growth, activation, and proliferation. When resources are scarce, its activity declines [61].

This pathway is particularly important during T-cell activation, which requires a major
increase in nutrient uptake and biosynthetic capacity [30]. Reduced mTORC1 signaling
during nutrient deprivation can therefore constrain T-cell differentiation and proliferation.
Importantly, experimental starvation and reduced leptin signaling have been shown to
decrease mTOR activity and impair CD4+ effector T-cell proliferation [64].

AMPK and mTORC1 function as opposing but coordinated regulators of cellular
resource use. When energy and nutrient availability are sufficient, mTORC1 supports
anabolic growth and immune cell activation. During cellular energy stress, increased
AMPK signaling can restrain mTORC1 and reduce energy-consuming biosynthesis [59,65].

In AN-acute, severe caloric restriction, reduced nutrient availability, profound hy-
poleptinemia, and persistent HyAc could collectively favor increased AMPK and reduced
mTORC1 signaling. Such an environment may be particularly consequential for adaptive
immunity, because activation and clonal expansion require sustained nutrient uptake,
biosynthesis, and cell growth [30,60].

Despite these constraints, during low energy availability, relatively quiescent naïve
and memory T and B cells may be maintained because they require substantially less
energy for basic survival than for activation, differentiation, and extensive clonal expansion.
Thus, the adaptive immune system may remain present but have a reduced capacity to
mount a large new response. This interpretation is consistent with the continued presence
of lymphocytes in AN-acute despite reported alterations in lymphocyte populations and
activation characteristics [7,66].

Studies of immune-cell numbers and functional responses in AN-acute have, how-
ever, yielded heterogeneous findings, with some cells and functions remaining relatively
preserved [7,66,67].

Moreover, researchers have not directly demonstrated altered AMPK–mTORC1 sig-
naling in immune cells from individuals with AN-acute. The proposed AMPK↑–mTORC1↓
metabolic constraint should therefore be regarded as a biologically plausible and testable
component of the present hypothesis rather than an established feature of AN.

7. Systemic Signals Shaping Inflammation and Fuel Allocation in AN-Acute
7.1. Cytokine Patterns and the Limits of Interpreting Inflammation in AN-Acute

Circulating cytokines provide valuable information about immune activity, but cy-
tokine concentrations alone do not define the overall inflammatory state. Cytokine findings
in AN-acute are heterogeneous. Meta-analytic evidence indicates that IL-6 is elevated in
AN, while findings for other inflammatory cytokines are less consistent [68]. Thus, the
available evidence does not support a uniformly pro-inflammatory state.
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A key limitation is that researchers often measure cytokines from single resting or
fasting blood samples without adequately accounting for recent physical activity. This is
particularly relevant to IL-6, because skeletal muscle can release substantial amounts of
myokine IL-6 during contraction [69].

7.2. IL-6 Source Matters: Immune-Derived Versus Muscle-Derived Signaling

Researchers frequently report elevated circulating IL-6 in AN-acute and often interpret
it as evidence of inflammation. However, circulating IL-6 concentration alone cannot
determine its biological function, as multiple sources produce IL-6. During infection
or tissue injury, immune cells produce IL-6 as part of a broader inflammatory response,
typically accompanied by cytokines such as IL-1β and TNF-α. In contrast, contracting
skeletal muscle releases IL-6 into circulation, where it acts as a myokine with important
metabolic and inflammation-limiting actions [69].

Different signaling pathways also shape IL-6’s functional profile. In classical signaling,
IL-6 binds to membrane-bound IL-6 receptors on a restricted set of cells, including hepatocytes
and select leukocyte subsets. This pathway generally supports metabolic regulation, regenera-
tive responses, and short-lived anti-inflammatory effects. In pro-inflammatory trans-signaling,
IL-6 binds to soluble IL-6 receptors in the circulation, enabling IL-6 to act on a much broader
range of cells. This pathway promotes leukocyte recruitment and sustained inflammatory
activity and is considered the pro-inflammatory arm of IL-6 biology [70] (Table 1).

Table 1. Comparison of inflammation-associated IL-6 and contraction-induced muscle IL-6 myokine.
Inflammation-associated IL-6 and muscle-derived IL-6 are the same protein. Their differing ef-
fects reflect their sources, stimuli, concentrations, durations, receptor pathways, and surrounding
cytokine environments.

Feature Inflammation-Associated IL-6 Contraction-Induced Muscle IL-6 Myokine Selected
References

Meaning of the term IL-6 acts as an immune-signaling cytokine
during infection, injury, or inflammation.

The same IL-6 molecule is released by
contracting skeletal muscle; the term “myokine”
denotes its muscular source.

[69]

Principal source Mainly immune cells, including
macrophages, monocytes, and fibroblasts. Primarily contracting skeletal muscle fibers. [69]

Principal stimulus Pathogens, tissue damage, TNF-α,
and IL-1β.

Muscle contraction, low
muscle glycogen, increased energy demand,
adrenergic stimulation.

[69]

Predominant signaling
pattern

Persistent trans-signaling strongly
associated with leukocyte recruitment
and chronic inflammation.

More often associated with
short-lived local and classic signaling. [70]

Typical temporal pattern
Rises during infection or injury and
may remain elevated as long as the
inflammatory stimulus persists.

Rises during exercise, peaks near the end of or
shortly after activity, then declines. [69]

Duration of exposure May be prolonged or chronic. Usually brief, pulsatile, and transient. [69]

Magnitude
Ranges from modest, persistent
elevation to marked increases
during severe infection or trauma.

May increase dramatically, sometimes
approaching 100-fold during prolonged
strenuous exercise.

[69]

Impact on metabolism Persistent elevation may accompany insulin
resistance and metabolic dysfunction.

Mobilizes fuel by increasing glucose availability,
lipolysis, and fatty-acid oxidation. [69]

Impact on inflammation
Can promote or maintain inflammation
when persistent and combined
with TNF-α, IL-1β, and chemokines.

Often has indirect anti-inflammatory effects by
increasing IL-1ra, IL-10, and cortisol and
reducing TNF-α.

[69]

Impact on innate and
adaptive immunity

Supports innate defense and shapes
adaptive responses; persistent
signaling may contribute
to autoimmune inflammation.

May help regulate innate inflammation and
indirectly restrain excessive adaptive immune
activation; direct effects remain
context dependent.

[70]
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Table 1. Cont.

Feature Inflammation-Associated IL-6 Contraction-Induced Muscle IL-6 Myokine Selected
References

Impact on acute-phase
proteins

Sustained IL-6 strongly stimulates hepatic
acute-phase protein production,
including CRP.

Brief exercise-induced IL-6 may
produce only limited or transient
acute-phase responses.

[71]

Impact on fever
Contributes to fever via hypothalamic
prostaglandin E2 signaling during
inflammation.

Usually does not produce fever when released
transiently during exercise. [69]

Impact on sickness behavior

Together with IL-1β, TNF-α, and
prostaglandins, it may contribute to fatigue,
reduced appetite, lethargy, and social
withdrawal.

Does not normally produce the
sickness-behavior response
associated with infection.

[69]

Abbreviations: IL-6, interleukin-6; CRP, C-reactive protein; IL-1β, interleukin-1 beta; IL-1ra,
interleukin-1 receptor antagonist; IL-10, interleukin-10; TNF-α, tumor necrosis factor alpha.

Exercise-induced IL-6 can increase markedly, particularly during prolonged activity;
increases approaching 100-fold have been reported after strenuous endurance exercise,
although smaller increases are more common [69]. Persistent HyAc in AN-acute, including
prolonged walking and repeated bouts of activity, therefore provides a plausible recurring
stimulus for skeletal-muscle IL-6 release.

This hypothesis proposes that a substantial, potentially predominant, component
of elevated circulating IL-6 in AN-acute may be muscle-derived rather than a marker
of conventional systemic inflammation. Persistent HyAc could repeatedly generate the
myokine IL-6, whose physiological effects favor metabolic regulation and limit inflamma-
tory amplification. This model also plausibly involves a relative predominance of classical
anti-inflammatory signaling over pro-inflammatory trans-signaling. However, neither the
tissue source of circulating IL-6 nor the balance between these signaling pathways has been
directly established in AN-acute.

7.3. Myokine IL-6 as a Link Between Hyperactivity, Fuel Mobilization, and Inflammation Restraint

Muscle-derived IL-6 may perform two particularly relevant functions.

• First, it contributes to the exercise-induced anti-inflammatory response by increas-
ing mediators such as IL-1 receptor antagonist and IL-10, and by limiting TNF-α
production [69].

• Second, it helps coordinate fuel availability during muscular activity by influenc-
ing glucose uptake and glucose homeostasis and promoting lipolysis and fatty-acid
oxidation [69,72] (Figure 2).

In AN-acute, repeated IL-6 myokine signaling could therefore help mobilize scarce
metabolic fuels while restraining unnecessary inflammatory amplification. This provides
a potential mechanistic link between persistent HyAc, metabolic adaptation, and the
inflammation-restrained systemic phenotype proposed in this review.

Future studies should determine the source and signaling characteristics of circulating
IL-6 in AN-acute and relate these to recent physical activity, additional inflammatory
markers, and metabolic responses. Measurements before and after both structured exercise
and prolonged low-intensity activity would be especially informative. In addition, data
on IL-6 in the ABA model are limited, and no direct evidence supports increased myokine
IL-6 in ABA.

Whereas myokine IL-6 may help coordinate fuel use during continued activity, cortisol
may complement these adaptations by mobilizing stored substrates while also restraining
inflammatory signaling.
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Figure 2. Muscle-derived IL-6 released during contraction may exert coordinated anti-inflammatory
and metabolic effects.

7.4. Hypercortisolemia: Inflammation Restraint and Fuel Mobilization

Hypercortisolemia is one of the most consistent endocrine abnormalities in AN-acute.
A systematic review and meta-analysis of 101 studies involving more than 2500 females
found significantly higher cortisol concentrations in women with AN-acute than in normal-
weight controls [73]. Severe energy deficiency activates the hypothalamic–pituitary–adrenal
axis, and persistent HyAc may serve as an additional physiological stressor [74]. The
ABA model also reproduces the HPA-axis activation observed in human AN-acute and
shows significantly elevated circulating corticosterone, the principal rodent glucocorticoid,
paralleling the hypercortisolemia reported in patients with AN [75].

Cortisol has two broad actions that are central to the present hypothesis. First, it regu-
lates immune activity by reducing inflammation and limiting adaptive immune activation.
It suppresses pro-inflammatory cytokine signaling, including IL-1β, TNF-α, and IL-6, and
restrains lymphocyte activation, differentiation, and proliferation [76].

Cortisol also reshapes innate immune activity. It increases circulating neutrophil
numbers by redistributing and releasing them from the bone marrow, while reducing their
movement from the bloodstream into tissues. Thus, higher blood neutrophil counts do
not necessarily indicate greater participation in local inflammation. Cortisol also reduces
pro-inflammatory cytokine production by monocytes and macrophages and can favor
macrophage functions associated with inflammation resolution and tissue maintenance
(M2-like). It inhibits dendritic cell maturation and antigen presentation, further limiting
the initiation of adaptive immune responses [76].

In this way, glucocorticoids do not simply “switch off” immunity; they redistribute
and restrain innate and adaptive immune activity to prevent excessive or energetically
costly inflammatory responses [76].

Second, cortisol plays a central role in metabolism by maintaining the body’s energy
supply during starvation and physiological stress. It helps the liver generate new glucose
and mobilizes stored fuels by breaking down muscle protein and releasing fatty acids from
adipose tissue. These processes increase the availability of amino acids, glycerol, and fatty
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acids, which the body converts into energy when food intake is extremely limited. Cortisol
also reduces glucose utilization in less critical tissues, thereby preserving circulating glucose
for organs with immediate metabolic needs, such as the brain [77,78].

Within the present hypothesis, hypercortisolemia in AN-acute may therefore serve
a dual function: restraining energetically costly immune-inflammatory activity while
maintaining access to metabolic fuel during severe energy scarcity. By limiting adaptive
immune activation, modulating innate immunity, and mobilizing internal energy stores,
cortisol may help preserve resources for essential physiological functions.

7.5. Elevated Adiponectin: Fuel Efficiency, Inflammation Restraint, and Macrophage Regulation

Adiponectin is an adipocyte-derived hormone with important metabolic and immune-
regulatory functions. Unlike leptin, which declines markedly with adipose tissue loss,
circulating adiponectin is paradoxically elevated in AN-acute. Pannacciulli et al. [79]
reported significantly higher adiponectin concentrations in women with AN-acute.

Adiponectin may be particularly relevant during prolonged energy restriction because
it promotes fatty acid oxidation, enhances insulin sensitivity, and supports metabolic fuel
utilization in active tissues [80,81]. These actions may help optimize the use of limited
metabolic substrates.

Adiponectin also has important inflammation-limiting effects. It can reduce macrophage
production of pro-inflammatory mediators such as TNF-α and IL-6, increase anti-
inflammatory mediators including IL-10, and promote macrophage characteristics as-
sociated with tissue repair and resolution of inflammation [82].

Within the present hypothesis, elevated adiponectin in AN-acute may therefore con-
tribute to more efficient fuel utilization and restraint of excessive inflammatory activ-
ity, including modulation of macrophage function. Its elevation is therefore consistent
with, rather than proof of, the proposed inflammation-limiting immunometabolic state of
AN-acute.

7.6. Ketone Bodies: Alternative Fuel and Selective Inflammatory Restraint

Ketone bodies rise during prolonged caloric restriction as the body shifts from greater
reliance on glucose toward increased use of stored fat. The principal circulating ketone,
β-hydroxybutyrate (BHB), functions both as an alternative fuel during starvation and
as a metabolic signaling molecule. Ketone production also increases during fasting and
prolonged exercise, particularly when carbohydrate availability is limited [83].

BHB suppresses specific innate inflammatory pathways. Most notably, it inhibits an
inflammasome, a danger-sensing complex in macrophages and other innate immune cells
that normally promote production of the pro-inflammatory cytokines IL-1β and IL-18 [84].
BHB may therefore reduce inflammatory amplification.

Ketone bodies can also be elevated in individuals with AN-acute during severe caloric
restriction [85]. Persistent HyAc could potentially further increase ketone production and
utilization under conditions of limited carbohydrate availability [86].

Within the present hypothesis, increased ketone availability could therefore have two
complementary effects: providing an alternative metabolic fuel when glucose is scarce
and selectively restraining excessive inflammatory signaling [83,84]. BHB may therefore
contribute to the proposed inflammation-limiting immunometabolic state of AN-acute,
although its specific role in AN-acute and the extent to which HyAc modifies these effects
remain hypothetical.
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8. Cellular Maintenance, Damage Control, and Inflammatory Resolution
in AN-Acute
8.1. Autophagy: Recycling, Survival, and Immune-Cell Maintenance

Autophagy is an intracellular recycling system that breaks down damaged proteins,
mitochondria, and other cellular components so their constituents can be reused. During
nutrient deprivation, this can provide metabolic substrates while removing damaged
material that might otherwise impair cellular function or promote inflammation [87].

Autophagy also supports immune-cell survival and homeostasis. In T cells, it helps
maintain mitochondrial quality, metabolic stability, and long-term survival and contributes
to memory-cell formation. Autophagy similarly supports B-cell development and sur-
vival [88]. Thus, during prolonged energy restriction, autophagy could potentially help
maintain existing T- and B-cell populations even when the greater metabolic investment
required for activation and clonal expansion is constrained.

These functions may be particularly relevant in AN-acute because nutrient deprivation
increases reliance on autophagic recycling. Additionally, exercise can stimulate autophagy
and mitophagy, particularly in skeletal muscle, helping remove damaged proteins and
mitochondria and support adaptation to repeated metabolic stress [89].

Under this hypothesis, severe caloric restriction and persistent HyAc may therefore
increase reliance on autophagy to conserve limited substrates, maintain cellular integrity,
and support the survival of existing immune cells.

8.2. Apoptosis: Controlled Removal of Damaged or Infected Cells

Apoptosis is a controlled form of programmed cell death that removes damaged, stressed,
infected, or unnecessary cells while limiting inflammatory disruption [89]. Nutrient deprivation
can shift cells from autophagic survival toward apoptosis when metabolic stress becomes more
severe or prolonged, and acute strenuous exercise can also transiently increase apoptosis [90,91].
Short-term fasting may further amplify exercise-associated T-cell apoptosis [92].

In AN-acute, severe energy restriction combined with persistent activity could there-
fore increase cellular stress and favor apoptosis when damage exceeds the capacity for
repair or autophagic recycling. However, direct evidence that apoptosis is increased in
AN-acute is currently lacking, so this remains a proposed mechanism rather than an
established finding.

8.3. Efferocytosis and Supporting Cellular Maintenance Mechanisms

Efferocytosis is the clearance of apoptotic cells by macrophages and other phagocytes.
By removing dying cells before secondary necrosis occurs, it limits inflammatory spillover
and promotes resolution and tissue repair [93].

In the present model, apoptosis and efferocytosis are considered secondary extensions
of autophagy’s better-established role during nutrient deprivation. Together, these pro-
cesses may support cellular maintenance and inflammatory resolution under metabolic
stress. During severe caloric restriction, autophagy may promote cellular recycling and
survival. When damage becomes irreversible, apoptosis removes cells in a controlled man-
ner, followed by efferocytotic clearance that may limit secondary inflammation. Because
nutrient deprivation and strenuous exercise can increase apoptosis in selected cell popula-
tions, these processes could help preserve tissue integrity while restraining inflammatory
amplification. Direct evidence for altered apoptosis or efferocytosis in AN-acute is limited,
and their contribution remains speculative.
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9. Acute-Phase Response
The acute-phase response (APR) is a coordinated systemic reaction to infection or

tissue injury, involving inflammatory cytokines that stimulate the production of acute-
phase proteins, fever, and characteristic behavioral changes such as fatigue and reduced
activity [71]. These responses support host defense but also require substantial metabolic
resources. In AN-acute, several APR components appear attenuated. The present model
proposes that the absence of an APR may contribute to an inflammation-restrained host-
defense strategy under severe energy restriction and persistent HyAc.

9.1. Acute-Phase Proteins in AN-Acute

During systemic inflammation, cytokines stimulate the liver to increase acute-phase
protein production that supports host defense, pathogen containment, tissue repair, and
inflammation regulation. C-reactive protein (CRP) is one of the best-known positive acute-
phase proteins. IL-6 primarily drives its hepatic synthesis, with additional modulation by
cytokines such as IL-1β and TNF-α [71].

Importantly, CRP does not appear elevated in AN. A recent systematic review and meta-
analysis found significantly lower circulating CRP concentrations in individuals with AN than
in HCs [94]. This is notable because circulating IL-6 has frequently been reported as elevated in
AN-acute. The combination of elevated IL-6 with low CRP suggests that IL-6 elevation alone
should not be interpreted as evidence of a coordinated systemic APR. One possibility proposed
in the present model is that some circulating IL-6 reflects skeletal muscle release associated
with HyAc rather than with conventional inflammatory activation. However, the source and
signaling characteristics of IL-6 in AN-acute remain unestablished.

A similar lack of inflammation is suggested by the erythrocyte sedimentation rate
(ESR), an indirect marker of inflammation that rises partly because of acute-phase proteins
such as fibrinogen. In a study of 327 adolescent girls with eating disorders and weight
loss, ESR values were within normal reference ranges [95]. These findings do not suggest
prominent systemic inflammatory activation.

Taken together, low CRP and normal ESR argue against interpreting isolated cytokine
elevations as evidence of generalized systemic inflammation in AN-acute. Instead, these
findings are consistent with the inflammation-restrained phenotype proposed in this review.

9.2. Thermoregulatory Adaptation in AN-Acute
9.2.1. Fever as Part of the Acute-Phase Response

Fever is a major component of the acute-phase response (APR). During infection,
pyrogenic cytokines promote prostaglandin E2 signaling in the hypothalamus, raising
the thermoregulatory set point and core temperature. Fever-range temperatures can en-
hance leukocyte trafficking and selected innate and adaptive immune functions while also
restricting the replication of some pathogens [96].

Fever is also metabolically expensive. A 1 ◦C rise in core temperature is associated
with a 10–12% increase in metabolic rate. Generating and sustaining fever may therefore be
particularly costly in AN-acute, where energy availability is already severely constrained.
Consistent with this, attenuated febrile responses have been reported during bacterial
infection in AN [13,97].

The combination of a reduced conventional febrile response and a relatively low burden
of clinically apparent infection suggests that non-febrile warming may intermittently achieve
some temperature-dependent immune effects. Experimental evidence indicates that some
immune effects of fever-range heat depend partly on the temperature attained and duration
of exposure, rather than solely on the signaling pathways that generate fever [96]. Physical
activity as well as passive heating may provide one such source of warming.
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9.2.2. Activity-Induced Warming: Intermittent Fever-like Thermal Exposure

Skeletal-muscle metabolism is highly thermogenic. More than 75% of the energy
generated during substrate oxidation is released as heat [98]. In healthy individuals,
sustained exercise can raise core temperature by one or more degrees and, during strenuous
activity, sometimes into the mild fever range [99].

This capacity is retained in AN-acute. Davies et al. showed that 60 min of submaximal
cycling substantially increased rectal temperature in individuals with AN despite their low
resting temperature; they were able to reach values that overlapped with mild fever [43].
Although exercise-induced warming is not true fever because the hypothalamic set point is
unchanged, immune cells are nevertheless exposed to the attained temperature. Repeated
bouts of ExEx and NEAT in AN-acute could therefore produce intermittent fever-like
thermal exposure and reproduce selected temperature-dependent immune effects. This
remains untested.

Passive thermoregulation may also be important. During the Minnesota Starvation
Experiment, semi-starved subjects became markedly cold-sensitive and sought warmth
through extra clothing, blankets, radiators, hot showers, sunlight, and hot food or bever-
age [100]. Similar behaviors have been reported in AN. Luck and Wakeling [101] provided
direct evidence of altered heat-seeking behavior by showing that a subgroup of malnour-
ished patients with AN preferred significantly warmer thermal stimuli than HCs. These
observations suggest that severe energy deprivation can generate a strong drive to conserve
or obtain external heat, although they do not establish that passive warming raises core
temperature into the fever range.

An evolutionary parallel is seen in ectotherms. In infected desert iguanas, selecting
warmer environments raised body temperature by about 2 ◦C and improved survival, whereas
preventing this rise reduced survival [102]. Although this is not equivalent to passive warming
in humans, it shows that behaviorally acquired heat can influence host defense.

Researchers have studied the thermoregulatory role of activity extensively in the ABA
model. Food restriction combined with wheel access produces progressive weight loss,
hypothermia, and hyperactivity. Gutiérrez and colleagues proposed that running may
serve, at least in part, as an active thermoregulatory response, generating heat that helps
counteract falling body temperature [103–106].

Complementary evidence from food-restricted mice suggests that exercise-induced
warming remains effective during severe nutritional restriction. Filteau et al. [107] provide
particularly relevant evidence that exercise-induced warming is retained during severe
nutritional restriction. Mice were either fed ad libitum or subjected to food restriction that
resulted in a loss of approximately 25% of their initial body weight over three weeks. Half
of each group performed treadmill exercise for 30 minutes per day, five days per week. The
published temperature figure shows that food restriction progressively lowered resting
body temperature, whereas exercise produced marked elevations in body temperature in
the food-restricted mice. Visual inspection of the graph indicates that post-exercise tem-
perature approached 39–40 ◦C, comparable to values observed in the ad libitum-fed mice.
Although this was not an ABA model, the study provides direct experimental evidence
that exercise-induced warming remains effective during severe nutritional restriction.

Alongside activity-generated heat, ABA animals also use passive warmth when it is
available. Increasing the ambient temperature reduces wheel running, limits weight loss,
and promotes recovery [26,104]. In addition, access to a heated surface prevents hypother-
mia and reduces wheel running and weight loss [108], while housing at approximately 32
◦C markedly reduces hypothermia, hyperactivity, and loss of body and muscle mass [63].
Together, these findings suggest that external warmth can reduce the thermoregulatory
drive for activity.
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It remains unclear how much core temperature rises during individual bouts of ABA
running and whether these transient increases reach the mild fever range. Similarly,
it is unclear whether passive warming produces comparable temperature excursions.
Continuous core-temperature telemetry during running and passive warming would
directly test whether either form of thermoregulation produces intermittent fever-like
thermal exposure.

9.2.3. Resting Low Core Temperature: Energy Conservation and Immune Restraint

At rest, individuals with AN-acute commonly exhibit reduced core temperature and
marked cold intolerance [109,110], sometimes reaching clinically significant hypother-
mia [96]. This likely reflects starvation-related reductions in metabolic rate and heat
production, together with loss of insulating adipose tissue.

Lower temperature can also restrain immune function. Mild experimental hypother-
mia reduces selected neutrophil antimicrobial functions, including reactive oxygen produc-
tion and, in some studies, phagocytosis [111]. In this context, its significance may therefore
lie less in enhancing pathogen clearance than in reducing metabolic demand and limiting
energetically costly inflammatory activity.

This distinction aligns with experimental evidence suggesting that fever and hypother-
mia represent contrasting physiological responses to severe infection. Fever can enhance
antimicrobial defense but is energetically costly, whereas hypothermia may preserve host
function under severe metabolic stress [112]. In rats with severe LPS- or Escherichia coli-
induced systemic inflammation, spontaneous hypothermia was associated with reduced or-
gan dysfunction and improved survival despite a greater bacterial burden in the liver [113].
Thus, improved host survival did not necessarily require more effective pathogen clearance.

Within this hypothesis, resting hypothermia in AN-acute may therefore contribute to
an energy-conserving, disease-tolerant phenotype characterized by reduced inflammatory
expenditure. This possibility remains speculative and has not been directly demonstrated
in AN.

9.2.4. Proposed Thermal Cycling in AN-Acute

The present model tentatively proposes two complementary thermal states in AN-
acute: a low resting core temperature that conserves energy but may constrain selected
immune functions, and intermittent behaviorally induced warming that may transiently
support temperature-dependent immune processes. This alternation, termed thermal
cycling here, may arise from a combination of severe energy restriction, resting hypothermia,
and persistent HyAc rather than a specific immune adaptation.

Initially, activity-induced warming, as an alternative to sustained fever, may seem
contradictory, since physical activity, like fever, is energetically costly. However, HyAc in
AN-acute serves multiple functions simultaneously, including food-seeking behavior, mood
and anxiety modulation, thermogenesis, substrate mobilization, and myokine signaling. In
this context, the energetic cost of movement may yield broader physiological benefits than
heat production alone.

Whether thermal cycling occurs and meaningfully influences immune function in
AN-acute remains to be tested.

9.3. Sickness Behavior, Starvation Lethargy, and Recovery in AN-acute

Semi-starved individuals commonly become lethargic and less physically active; how-
ever, this should not necessarily be interpreted as classical sickness behavior. In uncompli-
cated starvation, reduced activity more likely reflects reduced metabolic energy availability
and thus energy conservation, including reduced thyroid activity, diminished energy avail-
ability, loss of muscle mass, and other adaptations that lower energy expenditure [114].
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In contrast, many individuals with AN-acute remain restless and physically active
despite profound caloric restriction [115]. This relative absence of lethargy could suggest
attenuated sickness behavior, particularly because fever and marked acute-phase responses
also appear limited.

However, HyAc may instead arise from starvation-related neural, metabolic, and
thermoregulatory mechanisms, potentially influenced by genetic predisposition, that are
distinct from classical sickness-behavior pathways [34,116]. Thus, persistent HyAc should
not by itself be interpreted as evidence that sickness behavior is absent.

Another issue concerns how infection is subjectively experienced in AN-acute. If
severe undernutrition attenuates the APR, an infected individual may experience fewer
noticeable sickness-related symptoms, such as fatigue, lethargy, malaise, or fever, and may
therefore be less likely to feel unwell.

However, nutritional rehabilitation can improve immune responsiveness, including
monocyte production of IL-1, IL-6, and TNF-α, cytokines involved in generating sickness
behavior [116,117]. Weight restoration could therefore increase the capacity to express more
typical infection-related symptoms. If so, previously muted fatigue, malaise, lethargy, or
fever might become more apparent and contribute to reports of feeling “less well” during
recovery. This interpretation remains untested and requires direct investigation.

9.4. Disease Tolerance in AN-Acute

The combined findings of reduced febrile responses, low resting temperature, and
restrained systemic inflammation raise a broader question: whether AN-acute may rely
more heavily on disease tolerance as a host-defense strategy.

Disease tolerance differs from pathogen resistance. Whereas resistance mechanisms
act primarily to reduce pathogen burden, tolerance mechanisms limit the physiological and
tissue damage caused by both pathogens and the host’s inflammatory response, thereby
preserving host function without necessarily reducing pathogen load [118,119].

In the present model, reduced febrile signaling, low resting temperature, restrained
systemic inflammation, and constrained adaptive immune expansion may collectively
reflect greater reliance on disease tolerance. This strategy could be particularly relevant
under severe energy restriction, because inflammatory amplification, fever, and large
adaptive responses carry substantial metabolic and tissue costs.

Disease tolerance may also help explain reports of bacterial infection in AN-acute
accompanied by remarkably limited fever or other clinical signs [120] These observations do
not establish disease tolerance in AN-acute, but they are consistent with the possibility that
preserving physiological function while limiting inflammatory costs becomes increasingly
important when energy availability is severely constrained.

The question, therefore, is not simply why systemic inflammatory responses appear
muted, but how the body manages microbial challenges when systemic inflammatory
responses, including pro-inflammatory cytokines, fever, and acute-phase proteins, are re-
strained. This leads directly to the innate defenses considered next, particularly neutrophils,
macrophages, and dendritic cells.

10. Innate Immune Defenses in AN-Acute
Innate immunity provides a rapid, first-line defense against invading pathogens

through cells such as neutrophils (PMNs), macrophages, dendritic cells (DCs), and natural
killer (NK) cells, as well as soluble defenses such as cytokines and complement. These de-
fenses recognize conserved microbial or damage signals and can often contain or eliminate
pathogens before the adaptive immune response is needed.
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In healthy controls, when early pathogen containment is insufficient, innate immune
cells, particularly dendritic cells (DCs), help initiate the slower, antigen-specific adaptive
immune response [50]. This hypothesis proposes that AN-acute may retain sufficient innate
function for early containment, while limited energy availability constrains progression to
a larger adaptive response when needed.

10.1. Neutrophils: Front-Line Antimicrobial Defense in AN-Acute

Neutrophils are the most abundant circulating leukocytes and are among the first im-
mune cells recruited during acute infection. Although they can cause collateral tissue damage,
they also contribute to wound healing and inflammatory resolution. Contemporary research
has reframed neutrophils from simple, destructive cells to highly adaptable participants in
host defense. They eliminate microorganisms through phagocytosis, release antimicrobial
granules, produce reactive oxygen species (ROS), and form neutrophil extracellular traps
(NETs). They also interact with macrophages, DCs, and other immune cells, contributing to
pathogen clearance and to the regulation and resolution of inflammation [121].

Severe starvation can impair neutrophil biology without necessarily eliminating front-
line innate defense. In AN, leukopenia and neutropenia are well recognized, particularly
with greater nutritional severity, and bone-marrow hypoplasia or gelatinous transformation
may further reduce neutrophil production and reserve [122]. Functional impairments have
also been reported. Gotch et al. [123] demonstrated reduced granulocyte bactericidal
activity in severely malnourished individuals with AN, with improvement following
nutritional rehabilitation. Other studies describe abnormalities in selected neutrophil
functions, although findings have been inconsistent [7]. Thus, starvation may reduce
neutrophil numbers, reserves, and selected antimicrobial functions without necessarily
producing a complete failure of front-line defense.

Neutrophils also have a metabolic profile that may be particularly relevant to AN-
acute. They rely heavily on glycolysis for rapid energy production and can mobilize
intracellular glycogen stores when extracellular fuel is limited. Experimental work indicates
that glycogen synthesis and mobilization support neutrophil survival and bacterial killing
under metabolically restricted conditions [124]. This metabolic flexibility could help sustain
selected antimicrobial functions during nutrient limitation, although its importance has not
been directly demonstrated in AN-acute.

Physical activity may further influence neutrophil availability. Acute exercise rapidly
increases circulating neutrophil numbers by mobilizing them from vascular and bone-
marrow pools, with stress hormones contributing to this response. Exercise can also
transiently alter neutrophil functional activity, although these responses depend on exercise
intensity, duration, and recovery [125].

In AN-acute, repeated bouts of activity or prolonged low-intensity movement could
therefore repeatedly mobilize existing neutrophils into circulation. The hypothesis is not that
HyAc makes neutrophils unusually effective, but that it may provide a partial “salvage” effect:
starvation reduces neutrophil numbers and reserves, but repeated movement may temporarily
increase the circulating availability of the remaining cells. Their predominantly glycolytic
metabolism and ability to generate and mobilize intracellular glycogen may further help
sustain rapid antimicrobial responses when extracellular fuel availability is limited [124].

Thus, PMNs may remain a critical component of rapid innate defense during severe en-
ergy restriction. Their numbers and some functions may be impaired, but metabolic flexibility
together with repeated activity-related mobilization could help preserve sufficient front-line an-
timicrobial capacity for early pathogen containment. Whether this occurs in AN-acute remains
hypothetical and requires direct study of neutrophil numbers, mobilization, antimicrobial
function, and metabolism, ideally before and after controlled physical activity.

https://doi.org/10.3390/jcm15218538

https://doi.org/10.3390/jcm15218538


J. Clin. Med. 2026, 15, 8538 20 of 31

10.2. Macrophages: Pathogen Defense, Inflammatory Resolution, and Exercise

Macrophages are highly adaptable innate immune cells whose functions change in
response to pathogens, metabolic conditions, and local cytokine signals. During acute
infection, they can adopt more inflammatory functions and produce cytokines such as
TNF-α, IL-1β, and IL-6, contributing to pathogen defense, the acute-phase response, fever,
and sickness behavior [116]. As the threat is controlled, macrophage activity can shift
toward resolution, including clearance of apoptotic cells through efferocytosis, restraint of
excessive inflammation, and tissue repair [126,127].

Exercise can also influence macrophage function. Acute strenuous or tissue-damaging
exercise may transiently increase inflammatory signaling, whereas repeated moderate
activity is associated with a more inflammation-limiting systemic environment [36]. In
experimental metabolic-tissue models, exercise training can reduce macrophage infiltration
and shift the phenotype away from strongly inflammatory states toward more repair-
oriented states [128]. These findings do not prove a universal M1-to-M2 transition across
tissues, but they show that macrophage function responds to repeated physical activity.

This flexibility may be particularly relevant to AN-acute. Persistent physical activity
occurs within a metabolic environment characterized by severe energy restriction, ele-
vated cortisol and adiponectin, increased ketone availability, and repeated muscle-derived
signaling. Glucocorticoids strongly restrain inflammatory gene expression and immune ac-
tivation [76] while β-hydroxybutyrate can suppress NLRP3 inflammasome activation [84].
Adiponectin has also been associated with inflammation-limiting effects on macrophage
signaling. In this hypothesis, these signals may collectively bias macrophage activity away
from sustained inflammatory amplification and toward more pro-resolving functions.

Importantly, pro-resolving activity does not imply loss of antimicrobial capacity.
Macrophage phenotypes exist along a continuum rather than as fixed M1 or M2 states [129].
Macrophages can therefore retain phagocytic and clearance functions while simultaneously
limiting unnecessary inflammatory amplification and promoting resolution.

Thus, PMNs and macrophages may provide sufficient early innate containment. How-
ever, escalation to a substantial adaptive response requires dendritic cell activation and
maturation to initiate antigen-specific T-cell responses, along with B-cell activation and
antibody production. The activation and expansion of these lymphocytes may represent a
critical point of metabolic constraint in AN-acute.

10.3. Dendritic Cells: The Critical Bridge Between Innate and Adaptive Immunity

Dendritic cells (DCs) are specialized innate immune cells that continuously survey
tissues for microbes, foreign antigens, and signs of cellular damage. In their relatively
immature or steady-state, they focus on antigen sampling and local surveillance without
necessarily initiating a strong adaptive response. With appropriate activation signals, DCs
mature, migrate to lymphoid tissues, and become highly effective antigen-presenting cells
that can initiate antigen-specific T-cell responses [130,131].

DCs are not typically reported as a distinct category in routine white blood cell counts.
They are relatively uncommon in peripheral blood, whereas substantial populations reside
in tissues and lymphoid organs [132]. Routine leukocyte counts in AN-acute therefore
provide little information about DC abundance, activation state, or functional capacity.

10.3.1. From Surveillance to Activation: A Metabolic Transition

DC activation involves substantial metabolic reprogramming. After recognizing
sufficiently strong microbial or danger signals, DCs increase glycolysis and anabolic activity
to support maturation, cytokine production, co-stimulatory molecule expression, migration,
and effective T-cell stimulation [133].
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This distinction may be particularly relevant to AN-acute. Neutrophils are highly
glycolytic and can mobilize intracellular glycogen to support survival and antimicrobial
function when extracellular substrates are limited [124]. By contrast, DCs must make an
additional metabolic investment when moving from relatively economical surveillance to
an activated, immunogenic state.

Severe energy restriction could therefore make this transition more difficult when
substrates and anabolic resources are limited. Under this hypothesis, the problem may
not be DCs’ failure to detect pathogens. Rather, the metabolic transition from surveillance
to full immunogenic activation may be constrained. Severe energy restriction could raise
the threshold for DC maturation and effective T-cell stimulation while permitting con-
tinued antigen sampling and innate surveillance. This mechanism has not been directly
demonstrated in AN-acute.

10.3.2. Activation of CD4+ Helper T Cells: The Bridge to Adaptive Immunity

Following activation, mature DCs migrate to lymph nodes and provide the signals
needed to activate naïve T cells. Productive T-cell activation requires antigen recognition
through the T-cell receptor, along with co-stimulatory signaling, while cytokines from
DCs and the surrounding inflammatory environment further determine the magnitude
and differentiation of the response. These are commonly described as signals 1 (antigen
recognition), 2 (co-stimulation), and 3 (cytokine instruction) [134,135].

Once activated, CD4+ T cells proliferate and coordinate multiple components of
adaptive immunity, including B-cell antibody responses and effective CD8+ T-cell responses.
This expansion is metabolically demanding. Naïve T cells are comparatively metabolically
quiescent, whereas activation produces a marked increase in nutrient uptake, glycolysis,
biosynthesis, and cellular growth to support differentiation and rapid clonal expansion [52].

The DC–CD4+ axis may therefore contain two linked metabolic checkpoints in AN-
acute. First, DCs must have sufficient metabolic resources to mature and provide effective
antigen presentation, co-stimulation, and cytokine signaling. Second, activating CD4+
T cells must have sufficient resources for the metabolic reprogramming, growth, and
proliferation required for clonal expansion [51].

Severe energy restriction could constrain either checkpoint without eliminating the
lymphocytes already present (Figure 3). Naïve and memory T cells can persist in compara-
tively quiescent metabolic states, whereas activation and rapid expansion require greater
nutrient and biosynthetic support [52]. The presence of circulating adaptive immune cells
in AN-acute therefore does not establish that their capacity for full activation and expansion
is preserved.
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Figure 3. Proposed DC–CD4+ metabolic bottleneck in AN-acute, allowing continued dendritic-cell
surveillance while constraining CD4+ T-cell activation and adaptive immune expansion.

10.3.3. What Is Known About DCs in AN-Acute?

Direct evidence regarding DC function in AN is limited. Pászthy et al. [66] found no
generalized reduction in circulating myeloid or plasmacytoid DC populations. However,
preserved cell numbers do not establish that DC maturation or T-cell activation capacity is
intact.

Related work from the same group reported altered lymphocyte activation responses,
including delayed intracellular calcium signaling and a lower proportion of IL-2-positive
CD4+ cells following stimulation. These findings illustrate that preserved cell numbers do
not necessarily imply preserved activation capacity. Broader reviews similarly describe
heterogeneous findings in lymphocyte populations and function and emphasize the limited
information available regarding DC function in AN [7].

Importantly, existing studies have not directly tested the complete sequence proposed
here: DC metabolic activation → maturation and migration → effective co-stimulation →
CD4+ T-cell activation → clonal expansion.

The present hypothesis is therefore not that DCs or lymphocytes are absent or globally
defective in AN-acute. Rather, severe metabolic constraint may permit continued DC
surveillance while limiting the transition to full immunogenic activation and subsequent
CD4+ expansion. This proposed DC–CD4+ metabolic bottleneck could restrict adaptive
upregulation while leaving substantial innate defense available. Whether such a bottleneck
occurs in AN-acute remains unknown and represents an important testable prediction of
the present model.
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11. Summary of the Proposed Immune Hypothesis (Figure 4)
The present model integrates established physiological and immunologic findings in

AN-acute with mechanisms that remain untested. It proposes that the immune phenotype
reflects not generalized immune failure but a selective reorganization of host defense
under prolonged energy constraint and persistent hyperactivity. Severe caloric restriction,
compounded by HyAc, may reduce leptin signaling, increase AMPK activity, and suppress
mTORC1-dependent anabolic processes. These changes may favor cellular survival and
energy conservation while making metabolically expensive adaptive immune activation
more difficult.

In this environment, muscle-derived IL-6 signaling associated with repeated activity,
along with elevated cortisol, adiponectin, and ketone bodies, may promote fuel mobi-
lization while restraining excessive inflammatory amplification. These signals may also
support cellular maintenance and resolution processes, including autophagy and, po-
tentially, apoptosis followed by efferocytosis. The resulting immune environment may
therefore favor preservation, repair, and controlled inflammation rather than maximal
systemic activation.

This restraint may extend to aspects of the acute-phase response, including lower
acute-phase protein responses and attenuated fever. Persistent HyAc may arise through
distinct neural, metabolic, and thermoregulatory mechanisms. However, as weight and
immunity recover, the capacity to express more typical sickness-related symptoms during
infection may increase. This could contribute to reports of feeling “less well” during weight
restoration, although this possibility remains untested.

At the same time, selected innate defenses may remain relatively resilient. Neutrophils
are highly glycolytic and can mobilize intracellular glycogen, while macrophages can
combine antimicrobial clearance with pro-resolving functions. Persistent HyAc may further
mobilize innate cells and provide repeated autonomic, myokine, and thermal signals. Thus,
PMNs and macrophages may retain sufficient capacity to contain pathogens early, despite
restrained systemic inflammation.

The principal metabolic bottleneck may occur at the transition from innate to adap-
tive immunity. DCs may continue antigen surveillance, while full maturation, migration,
co-stimulation, and subsequent CD4+ T-cell activation require substantial metabolic repro-
gramming. A second constraint may arise during T-cell clonal expansion, which requires
increased nutrient uptake, glycolysis, biosynthesis, and mTORC1-dependent growth. The
proposed result is a DC–CD4+ metabolic bottleneck that limits adaptive escalation without
eliminating the adaptive immune cells already present.

Taken together, the model predicts energy conservation, selective preservation of
innate containment, restrained inflammatory amplification, and constrained adaptive
upregulation. Some microbial challenges may be contained early. Others may remain rela-
tively “silent” because pro-inflammatory cytokines, fever, and other acute-phase responses
are attenuated. In some circumstances, host protection may rely more heavily on disease
tolerance than on complete pathogen elimination.

This hypothesis does not propose that AN-acute confers superior immunity. Rather, un-
der extreme metabolic constraint, the immune system may prioritize functions immediately
necessary for survival while limiting prolonged, energetically costly, or tissue-damaging
responses. Persistent HyAc may help shape this state. The model is testable by measuring
neutrophil and macrophage function, DC–CD4+ activation, acute-phase responses, and
changes during nutritional restoration and controlled physical activity.

https://doi.org/10.3390/jcm15218538

https://doi.org/10.3390/jcm15218538


J. Clin. Med. 2026, 15, 8538 24 of 31

Figure 4. Summary of the proposed hypothesis illustrating how low caloric intake combined with
hyperactivity (HyAc) may influence immune defense in AN-acute.
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12. Testable Predictions
The present hypothesis can be tested by comparing immune and physiological re-

sponses in AN-acute with those of healthy controls and by following patients during
nutritional recovery.

First, studies should determine whether low-intensity movement elicits a meaningful
physiological response in AN-acute. Continuous monitoring of activity, heart rate, HRV,
and temperature, together with blood measurements before and after a standardized
walking task, could show whether mild movement produces repeated exercise-like effects.

Second, the model predicts that innate immune defenses are relatively preserved,
particularly neutrophil and macrophage functions involved in early pathogen containment
and inflammatory resolution.

Third, researchers should directly test the proposed dendritic-cell–CD4+ bottleneck.
The key question is whether dendritic cells can maintain basic immune surveillance while
having greater difficulty fully activating and stimulating CD4+ T cells during severe
energy restriction.

Finally, studies should examine whether adaptive immune responses and the acute-
phase response strengthen with nutritional restoration, using measures such as vaccine
responses, delayed-type hypersensitivity, fever, and pro-inflammatory markers.

Together, these studies could determine whether AN-acute is characterized by general-
ized immune impairment or, as proposed here, by preserved innate containment, restrained
systemic inflammation, and constrained adaptive upregulation.

13. Conclusions
The apparent immune paradox in AN-acute is that, despite profound undernutri-

tion and reported immune abnormalities, individuals have historically been described as
experiencing fewer clinically apparent infections than expected [12].

The present model treats this not as a true paradox but as an unresolved clinical
observation. It remains unclear whether infections are genuinely less frequent or whether
microbial challenges are contained or clinically expressed differently under severe energy
restriction and persistent HyAc.

In summary, the proposed immune phenotype for AN-acute reflects a shift toward
energy conservation, preserved innate containment, restrained inflammatory amplification,
and constrained adaptive upregulation. Some infections may be contained early. Others
may present with muted clinical signs. In some circumstances, host protection may rely
more on disease tolerance.

The central question, therefore, may not be whether individuals with AN-acute expe-
rience fewer infections, but rather how they manage microbial challenges and how these
challenges are clinically expressed when extreme energy restriction and sustained physical
activity shape immune defenses.
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