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adiposity cycling as a
candidate amplifier of

mood seasonality in seasonal
affective and bipolar disorders
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Seasonal affective disorder (SAD) and bipolar disorder (BD) with a seasonal pattern are
conventionally framed as disorders of photoperiod and circadian timing, yet affected
individuals also show a striking, reproducible metabolic rhythm—carbohydrate crav-
ing and weight gain in winter, appetite reduction and weight loss in summer—that has
rarely been integrated into mechanistic models of seasonal mood cycling. Building
on an evolutionary “metabolic plasticity” view, in which seasonal shifts in energy
storage are conserved adaptations that can become maladaptive in predisposed
individuals, we propose the Seasonal Metabolic Oscillation (SMO) hypothesis: that the
seasonal expansion and contraction of adipose tissue is not merely a passive
symptom but a candidate mediator and amplifier of seasonal mood cycling. We
advance two claims of deliberately unequal evidentiary strength. The better-sup-
ported core claim is that winter adiposity amplifies and helps maintain the depressive
phase, by promoting low-grade neuroinflammation and indoleamine 2,3-
dioxygenase (IDO1) activation, which diverts tryptophan into the kynurenine pathway,
and by adding leptin resistance and stress-axis dysregulation that together bias the
brain toward depression. The more tentative, exploratory claim is that the sponta-
neous loss of adiposity in summer relieves this inflammatory burden and, through
photoperiod-driven changes in dopaminergic and circadian signaling, may lower the
threshold for mood elevation in predisposed individuals. Pleiotropic circadian and
metabolic variants, including ZBTB20 and NPAS2, are proposed to confer joint
vulnerability to SAD, obesity, and bipolar spectrum illness. The model yields a central,
falsifiable prediction—that within the same individuals seasonal swings in adiposity
statistically precede and account for a defined share of seasonal mood change—and
is directly testable through weight-stabilization experimental-medicine trials, within-
subject longitudinal biomarker tracking, and Mendelian randomization. We stress that
the model's two central assumptions—that seasonal adiposity change temporally
precedes mood change, and that a swing of the modest magnitude typical of SAD is
quantitatively sufficient to move central neurochemistry—remain experimentally
undemonstrated, and that photoperiod is a plausible common cause of both
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adiposity and mood that only designs decoupling the two can exclude. If supported,
SMO would reframe seasonal mood disorders as recurrent metabolic-
neuroimmune-mood conditions and motivate metabolically informed screening,
pharmacotherapy, and chronotherapy.

KEYWORDS

bipolar disorder, circadian clock genes, kynurenine pathway, metabolic psychiatry,
mood seasonality, neuroinflammation, obesity, seasonal affective disorder

1 Introduction

Seasonal affective disorder (SAD) is defined in DSM-5 and ICD-
11 not as an independent diagnostic entity but as a “seasonal
pattern” specifier applicable to recurrent major depressive disorder
(MDD) and to both types of bipolar disorder (BD) (1, 2). The
specifier requires that depressive episodes consistently begin in a
particular season—almost invariably in autumn or winter—and
fully remit at other times, that this cyclical pattern be present for at
least two consecutive years, and that seasonal episodes outnumber
non-seasonal episodes across the lifetime (3).

Epidemiological data indicate that the global prevalence of SAD
is approximately 5%, with prevalence increasing at higher latitudes;
for instance, rates have been reported to reach approximately 19-
21% in some high northern latitude samples (4, 5). SAD dispro-
portionately affects women, with reported female-to-male ratios
ranging from 3.5:1 to 9:1, and the first episode typically occurring
around the age of 30 years (6, 7).

The disorder exhibits a marked latitudinal gradient; prevalence
varies according to geographic location and diagnostic criteria. In
regions such as East Asia, measurement and classification issues may
influence prevalence estimates, whereas higher rates have been reported
in more extreme northern or southern locations (8, 9). Moreover,
clinical SAD should not be conflated with broader seasonal fluctuations
in mood and behavior. In a high-latitude population, clinical SAD
remained relatively uncommon, whereas seasonality was substantially
more prevalent, suggesting a pattern consistent with photoperiod-
related regulation of biological rhythms (10).

Epidemiological and clinical data consistently link a seasonal
pattern to the bipolar spectrum. A systematic review of 51 studies
showed that, in BD, manic and hypomanic episodes exhibit a robust
spring-summer peak while depressive episodes cluster in early winter
(11). The seasonal pattern (SP) is more prevalent in Bipolar II than in
MDD or Bipolar I; a prospective cohort found that Bipolar II carries
the highest SAD prevalence among early-onset mood disorders (11).
A multicenter study reported that SP is significantly associated with
hypomanic features during index depressive episodes, and in a clinical
cohort of 708 patients SP was present in 16.5%, with Bipolar IT showing
a particularly strong association (OR = 2.23, 95% CI 1.40-3.55) (12).
Seasonality further maps onto distinct clinical phenotypes and treat-
ment-related outcomes in BD (13). Together, these observations are
consistent with—though they do not establish—a shared neurobiolog-
ical continuum between SAD and bipolar mood cycling (14).

Existing neurobiological models of SAD emphasize two mech-
anisms: (i) circadian phase disruption, in which prolonged winter
melatonin secretion desynchronizes central pacemakers from the
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photoperiod (15), and (ii) serotonergic dysregulation, characterized
by enhanced serotonin-transporter (SERT) activity during winter
(16). Both are supported by the antidepressant efficacy of bright-
light therapy (17, 18). However, the consistent winter hyperphagia,
carbohydrate craving, and weight gain—followed by appetite re-
duction and weight loss in summer—has not been systematically
incorporated into a unifying pathogenetic framework.

We propose that seasonal adiposity may function as a candidate
mediator and amplifier—rather than a passive correlate—within the
SAD-bipolar continuum. In brief (Figure 1); winter weight gain is
proposed to promote neuroinflammatory, neuroendocrine, and neu-
rotransmitter changes that deepen and maintain depressive states,
whereas summer weight loss may reverse these processes and lower
the threshold for hypomanic or manic elevation. Throughout, we
distinguish two claims of unequal evidentiary strength. The core
thesis—that winter adiposity metabolically amplifies and helps main-
tain the depressive phase—rests on the firmer foundation of meta-
analytic and cohort data. The auxiliary, more exploratory thesis—that
summer adiposity loss facilitates hypomanic elevation through dopa-
minergic mechanisms—is supported only by indirect and anecdotal
evidence and is flagged at every step as the model’s most tentative arm.
A central challenge for any such account—whether seasonal adiposity
mediates the photoperiod-mood relationship or is merely a parallel
consequence of changing daylength—is addressed explicitly in Sections
5 and 6. Because this common-cause alternative and the untested
sufficiency of a modest seasonal weight swing are the two assumptions
on which the entire model rests, we foreground them at the outset
rather than treating them as afterthoughts: throughout, adiposity is
presented as a candidate mediator whose causal status is provisional
and awaits the decoupling designs of Section 6. We call this the
Seasonal Metabolic Oscillation (SMO) hypothesis. The argument is
built on four converging evidence streams—(i) the metabolic pheno-
type of SAD, (ii) the bidirectional obesity-mood relationship, (iii)
neurobiological mechanisms linking adiposity to mood, and (iv)
shared circadian genetic architecture—which we marshal in turn
before integrating them into a single model, stating its assumptions,
and specifying how it could be falsified.

2 The metabolic signature of seasonal
affective disorder

The vegetative profile of winter-type SAD is distinct from
melancholic depression. Rather than insomnia and appetite sup-
pression, affected individuals exhibit hypersomnia, anergia, social
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The seasonal metabolic oscillation (SMO) hypothesis. Proposed seasonal loop linking photoperiod, adiposity, and mood polarity. (Left, winter) Short
photoperiod and prolonged melatonin secretion reduce satiety signaling and promote carbohydrate-driven hyperphagia and adipose expansion.
Increased adiposity drives (i) low-grade neuroinflammation (IL-6, TNF-o, CRP) and IDO1 activation, diverting tryptophan into the kynurenine
pathway, lowering serotonin and shifting the pathway toward neurotoxic quinolinic acid and 3-hydroxykynurenine; (ii) leptin resistance with impaired
hippocampal neurotrophy and HPA hyperactivity; and (iii) photoperiod-linked changes in striatal dopaminergic signaling (dopamine synthesis/
turnover and presynaptic D2/3 autoreceptor regulation; the most tentative arm—note that short winter photoperiods are associated with higher, not
lower, striatal D2/3 availability, so this link is shown as parallel to, rather than driven by, the adiposity loop)—together biasing the system toward the
winter depressive state. (Right, spring-summer) Lengthening photoperiod restores circadian entrainment and suppresses melatonin, while negative
energy balance reduces adiposity, reversing the inflammatory-metabolic burden, restoring serotonergic tone and—via photoperiod-driven dopamine
synthesis and transporter dynamics rather than receptor up-regulation—lowering the threshold for hypomanic elevation in predisposed individuals. A
shared circadian-clock and reward-gene diathesis (e.g.,, CLOCK, ARNTL/BMAL1, NPAS2, PER, CRY, ZBTB20, DRD4) acts as a moderating substrate.
Solid arrows denote proposed promoting effects; dashed arrows denote attenuation/reversal and moderating input. Arrow rendering additionally
encodes evidentiary strength: bold lines correspond to links supported by meta-analytic or well-replicated human data, thin lines to single-study or
observational human associations, and dotted lines to the highly tentative, as-yet-untested links—most importantly the dopaminergic arm, which
should be read as speculative. The model is hypothetical and awaits within-subject longitudinal confirmation.

withdrawal, and hyperphagia with specific craving for carbohy-
drate-rich foods. A systematic review of 11 studies found larger
evening meals, more frequent night-time snacking, higher rates of
binge eating, and greater external and emotional eating relative to
comparison groups (19). Caloric and carbohydrate intake normal-
ize during remission, indicating that hyperphagia is state-depen-
dent (20).

Seasonal body-weight variation is a reproducible feature. In a
community study of 636 Amish individuals, a greater winter-to-
summer weight differential was inversely associated with plasma
adiponectin, implicating adipose dysfunction even at subclinical
levels of seasonal weight gain (21). Among individuals with SAD,
those with greater pre-existing adiposity and more pronounced
emotional and restrained eating styles show the largest seasonal
weight change, suggesting that pre-existing adipose burden ampli-
fies the metabolic oscillation (20).

Several systems link seasonal light deprivation to hyperphagia.
Short photoperiods and prolonged nocturnal melatonin are associ-
ated with blunted satiety signaling, enhanced carbohydrate
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preference, and reduced energy expenditure (2, 22). Circadian
misalignment independently increases metabolic-syndrome and
obesity risk through disrupted appetite and glucose regulation
(23). Serotonergic dysfunction is also central to carbohydrate
craving: enhanced winter SERT activity reduces synaptic serotonin
(16), and because insulin-stimulated carbohydrate intake facilitates
tryptophan transport across the blood-brain barrier, carbohydrate
craving may represent partial self-medication aimed at restoring
serotonergic tone (24). Paradoxically, chronic carbohydrate over-
consumption sustains weight gain and thereby activates inflamma-
tory pathways that further suppress serotonin synthesis.

Genetic evidence reinforces the metabolic dimension. The
dopamine D4 receptor variant DRD4-7R was associated with a
threefold increase in binge eating in 131 women with SAD
(OR = 3.25, 95% CI 1.43-7.41), and among 182 women with
SAD, spring-born 7R carriers showed a maximum BMI of 33.7 +
8.6 versus 26.7 + 5.4 kg/m? in non-carriers, with an obesity odds
ratio of 4.68 (95% CI 1.67-13.07) (25, 26). These findings have been
interpreted as a “seasonal thrifty phenotype”—an evolutionary

frontiersin.org


https://doi.org/10.3389/fpsyt.2026.1921655
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Oztiirk and Aydemir

hypothesis, rather than an established mechanism—in which do-
paminergic reward circuitry, food intake, and seasonal energy
storage are proposed to be biologically intertwined. CLOCK,
ARNTL, and NPAS2 polymorphisms have likewise been associated
with seasonal variation in appetite and body weight in healthy
adults (27).

3 The bidirectional obesity—mood
relationship

The obesity-depression relationship is bidirectional and epidemio-
logically robust. A landmark meta-analysis of longitudinal studies
showed that baseline obesity predicts future depression (OR = 1.55)
and baseline depression predicts future obesity (OR ~ 1.58) (28). A bias-
adjusted meta-analysis of 21 studies confirmed prospective associations
in both directions, particularly in young and middle-aged women (29),
and in the Nurses’ Health Study of 65,955 women, depression increased
10-year obesity risk (OR =~ 1.38-1.51) while baseline obesity modestly
raised incident depression (OR = 1.10-1.11) (30).

In BD, obesity prevalence is substantially elevated (=39%), with
high BMI independently associated with chronic course, reduced
functioning, greater medical comorbidity, and poorer treatment
outcomes (31). A US survey of 1,853 patients with Bipolar I linked
obesity to greater comorbidity, lower quality of life, and higher
emergency utilization (32); and among adolescents with BD, excess
weight is associated with substantially worse clinical outcomes,
including higher rates of suicide attempts, hospitalization, and
comorbid eating pathology (33). In a pediatric Medicaid cohort,
pre-existing obesity preceded BD diagnosis in a notable proportion,
raising the possibility that metabolic dysregulation contributes to
the phenotypic expression of bipolar illness (34). Importantly,
DSM-5 mixed features in both bipolar depression and mania are
specifically associated with higher rates of obesity and metabolic
disturbance (35), consistent with a model in which adipose burden
modulates the polarity and complexity of mood episodes.

4 Proposed mechanisms

4.1 Neuroinflammation and the kynurenine
pathway

Visceral adipose expansion generates a chronic low-grade
inflammatory state through secretion of IL-6, TNF-a, and CRP.
These mediators act on the brain, activating microglia and sustain-
ing hypothalamic and hippocampal neuroinflammation that dis-
rupts synaptic plasticity, impairs neurogenesis, and promotes
depressive-like states (36). A key downstream consequence is
activation of indoleamine 2,3-dioxygenase (IDO1), which diverts
tryptophan from serotonin-melatonin synthesis into the
kynurenine pathway (KP). Under chronic inflammation, the KP
favors neurotoxic metabolites—quinolinic acid (an NMDA-recep-
tor agonist) and 3-hydroxykynurenine—over neuroprotective
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kynurenic acid, and shifts in the kynurenine/tryptophan ratio
correlate with depressive severity (37, 38).

In individuals with obesity, elevated CRP is associated with
reduced plasma tryptophan and more severe depression (38), and a
high-fat-diet mouse model reproduced depressive- and anxiety-like
behaviors alongside KP imbalance, with behavioral disturbance
tracking neurotoxic-metabolite accumulation (39). These data are
consistent with—though they do not establish—the interpretation
that winter weight gain may actively participate in maintaining
depressive episodes through sustained KP activation and serotonin
depletion, whereas the spring-summer reversal of adiposity could
reduce IDOI1-driven tryptophan diversion, attenuate microglial
activation, and improve hippocampal plasticity in a manner mech-
anistically consistent with seasonal remission. We emphasize that
this evidence is largely cross-sectional or derived from chronic-
obesity and high-fat-diet models; its application to a months-long
seasonal amplitude is an inference that the designs in Section 6 are
intended to test. A further complication must be acknowledged
here. The serotonergic side of this account cannot be attributed to
winter adiposity alone, because the seasonal epidemiology of
tryptophan availability does not coincide with the winter adiposity
peak: longitudinal sampling shows that plasma L-tryptophan and
the tryptophan/competing-amino-acid ratio reach their nadir in
spring rather than in winter, paralleling the spring excess of violent
suicide (40). This argues against a model in which serotonergic
depletion is driven solely by winter fat mass, and it favors a more
integrated reading: photoperiod exerts a direct, adiposity-indepen-
dent influence on tryptophan availability, while winter carbohy-
drate craving and weight gain may represent, in part, a
compensatory (self-medication) effort to sustain insulin-facilitated
tryptophan transport into the brain rather than a purely pathogenic
process. On this view—consistent with the evolutionary metabolic-
plasticity perspective developed in Section 5—adiposity-driven
inflammation operates alongside, and partly downstream of, pho-
toperiodic control of tryptophan metabolism rather than replac-
ing it.

4.2 Photoperiodic neuroendocrine control:
the pars tuberalis—tanycyte thyroid switch

A conserved neuroendocrine pathway provides a direct molec-
ular route from daylength to central metabolic state, upstream of
and independent of adipose tissue itself. In seasonal mammals, the
duration of nocturnal melatonin secretion is decoded by melatonin
MT]1 receptors on thyrotroph-like cells of the pars tuberalis of the
pituitary. Lengthening photoperiod (short-duration melatonin)
increases pars tuberalis expression of thyroid-stimulating hormone
B-subunit (TSHP); this locally released TSH acts retrogradely on
TSH receptors of ependymal tanycytes lining the third ventricle,
where it reciprocally regulates the deiodinase enzymes DIO2 and
DIO3. A shift toward DIO2 raises local hypothalamic conversion of
thyroxine (T4) to bioactive tri-iodothyronine (T3), whereas short
winter photoperiods favor DIO3 and lower local T3. Because
hypothalamic T3 availability gates seasonal programs of appetite,
energy expenditure, and body-weight set-point, this pars tuberalis—
tanycyte axis constitutes a well-established mechanism of seasonal
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metabolic adaptation in photoperiodic species (41-43). Its transla-
tional relevance to human SAD and BD has not been established
and should be regarded as an open question rather than a demon-
strated mechanism. Nonetheless, it supplies precisely the upstream
neuroendocrine bridge the SMO framework requires: a photoperi-
od-driven, adiposity-independent route by which shortening
autumn-winter daylength could initiate the winter metabolic phe-
notype—reduced energy expenditure, hyperphagia, and adipose
expansion—before, and in parallel with, the adiposity-driven in-
flammatory-kynurenine cascade developed above. Framing the
thyroid switch in this way also clarifies how photoperiod can act
as a common cause on the metabolic side of the loop (Sections 5-6):
seasonal hypothalamic T3 dynamics therefore become a natural
additional mediator to sample in the longitudinal designs of Section
6, and a candidate node at which photoperiodic and adiposity-
driven influences on central metabolism converge.

4.3 Leptin resistance and HPA-axis
dysregulation

Leptin, secreted in proportion to fat mass, acts on mood-
relevant circuits via receptors in the hippocampus, amygdala,
ventral tegmental area, and hypothalamus, promoting neurogenesis
and facilitating serotonergic and dopaminergic transmission (44).
Under chronic positive energy balance, leptin resistance develops—
high circulating leptin with diminished receptor signaling—impair-
ing these functions. Elevated leptin is specifically associated with
major depression with atypical features (the subtype most similar to
SAD), with the effect strengthening as adiposity increases (45). In
diet-induced obese rodents, hypothalamic-pituitary-adrenal (HPA)
responsiveness to leptin is impaired, with blunted STAT3 phos-
phorylation and elevated IL-1f in brainstem regions regulating the
stress axis (46), and in women with obesity, dynamic cortisol
modeling shows attenuated feedback efficiency with greater fat
mass and insulin resistance (47). Winter adiposity may thus
create a neuroendocrine state of leptin resistance and HPA hyper-
activity that synergizes with inflammatory and serotonergic mech-
anisms to consolidate depression, with summer adiposity reduction
progressively restoring leptin sensitivity and HPA feedback.

4.4 Re-evaluating the dopaminergic axis:
an exploratory arm (synthesis versus
receptor regulation)

This is the most speculative component of the model, and we
now present it explicitly as a subordinate, hypothesis-generating
conjecture rather than as a parallel mechanistic pathway: it is
retained only because it yields a clean, directional imaging predic-
tion worth testing, not because current evidence makes it believable.
Chronic obesity is associated with reduced striatal dopamine D2-
receptor (D2R) availability (48, 49), which might tempt the extrap-
olation that summer weight loss up-regulates D2R and precipitates
hypomania. This extrapolation is contradicted by the only direct
seasonal measurement available: in a [''C]raclopride PET study,
longer daylength was associated with lower—not higher—striatal
D2/3 availability, so short winter photoperiods correspond to
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higher receptor binding, the opposite of a simple adiposity-down-
regulation account, most plausibly reflecting presynaptic
autoreceptor feedback against elevated dopamine synthesis in
dark months (50). We therefore retract the receptor-rebound
formulation. Any dopaminergic contribution to summer mood
elevation is better attributed to photoperiod-driven changes in
dopamine synthesis and turnover, dopamine-transporter (DAT)
function, and melatonin suppression—processes governed by cir-
cadian-clock genes—than to adiposity-driven receptor up-regula-
tion (51); increased summer light acting on melanopsin-expressing
intrinsically photosensitive retinal ganglion cells (ipRGCs) offers a
further, co-acting photic route to mood elevation (52, 53). Under
this revised view, adiposity is at most a chronic modulator of
dopaminergic tone, not the proximal seasonal switch. The indirect
human evidence sometimes cited for an adiposity-loss-to-mania
link—a small, uncontrolled ketogenic-diet case series and a single
semaglutide-associated case (54, 55)—is weak and heavily con-
founded, because both interventions exert potent central effects
independent of fat loss; these reports are best treated as hypothesis-
generating rather than as support. Accordingly, the dopaminergic
arm should be regarded as a priority target for direct, longitudinal
testing (Section 6), explicitly framed to measure dopamine synthe-
sis, DAT, and seasonal D2/3 availability, rather than as an estab-
lished mechanism.

4.5 Shared circadian and reward genetic
architecture

SAD, obesity, and BD plausibly share a circadian genetic
substrate. Clock genes—CLOCK, ARNTL (BMALI1), NPAS2,
PER2, PER3, CRY1, CRY2, and RORA/RORB—regulate seasonal
adaptation, metabolic homeostasis, and neurotransmitter cycling,
and variants have been linked to all three domains (56, 57). For
SAD, a phenotypically characterized population study found that
combinations of CLOCK, PER2, PER3, CRY2, and ZBTB20 variants
increase SAD and seasonality risk in a sex-specific manner (58), and
the first GWAS of SAD identified the strongest signal at ZBTB20
(59). For BD, NPAS2 was the variant most robustly associated with
SP, with additional signals in CRY2, ARNTL, ARNTL2, RORA, and
RORB (60), while CLOCK, ARNTL, and NPAS2 polymorphisms
also relate to seasonal appetite and weight variation (27). These
overlapping associations suggest that carriers of specific circadian
variants may be simultaneously predisposed to photosensitive
mood cycling, seasonal weight gain, and metabolic dysregulation
—a biologically coherent diathesis. The absence of genome-wide-
significant SAD loci to date likely reflects small common-variant
effects and gene-environment interactions rather than absence of
genetic architecture (59).

A molecular rationale links two of these genes directly to the
inflammatory and metabolic core of the SMO hypothesis, making
them more than incidental statistical signals. ZBTB20, the strongest
signal in the first SAD GWAS (59) and a contributor to sex-specific
seasonality risk (58), is a transcriptional repressor with pleiotropic
control over precisely the systems SMO implicates: it is required for
normal postnatal glucose homeostasis, and in innate-immune cells
it represses IkBo. transcription and thereby promotes Toll-like-
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receptor-driven NF-kB activation and pro-inflammatory cytokine
output (61). A variant that simultaneously biases glucose handling
and amplifies NF-kB-dependent inflammation is a plausible single
node coupling seasonal adiposity to the neuroinflammatory cascade
central to the model. NPAS2, in turn, is not only the circadian
variant most robustly associated with seasonal pattern in BD (60),
but also one of three clock genes (with PER2 and ARNTL)
experimentally implicated in winter depression (62), and its role
in energy regulation and feeding behavior connects the circadian
clock to the appetite-weight axis. We therefore propose that
ZBTB20 and NPAS2 are candidate pleiotropic substrates through
which a single genetic diathesis can drive seasonal mood cycling,
inflammatory reactivity, and metabolic oscillation in parallel.

Beyond these associations, we specify how the ZBTB20 and
NPAS2 hypotheses can be tested at variant and expression resolu-
tion rather than at the candidate-gene level. First, the lead SAD/
seasonality variants at ZBTB20 and the seasonal-pattern signals at
NPAS?2 can be interrogated for cis-expression quantitative trait loci
(cis-eQTLs) in disease-relevant tissues—hypothalamus and other
brain regions, adipose tissue, and innate-immune cells—using
resources such as GTEx and eQTLGen (63, 64) testing whether
risk alleles predict the direction of expression change the model
implies (for ZBTB20, altered glucose handling together with de-
repressed NF-kB-driven inflammation; for NPAS2, altered clock
and energy-regulatory output). Second, statistical colocalization
(e.g., coloc or summary-based Mendelian randomization) (65, 66)
can test whether the SAD/BD-seasonal-pattern association and the
adiposity- or inflammation-related eQTL signals share a single
causal variant at each locus, distinguishing genuine pleiotropy
from linkage-disequilibrium coincidence. Third, a transcriptome-
wide association study (TWAS) (67) can link genetically predicted
expression in brain, adipose, and immune tissues to seasonal mood
and metabolic phenotypes. Fourth, Mendelian randomization (68)
using adiposity and inflammation instruments—independent of
season by construction—can test directional liability to SAD and
to BD with seasonal pattern, with reverse-direction analyses prob-
ing a mood-to-adiposity path. We present these as the population-
genetic complement to the within-subject physiological tests of
Section 6, and note that current SAD genetic evidence remains
largely candidate-gene-level, so these analyses are proposed confir-
mations rather than established results.

5 The seasonal metabolic oscillation
hypothesis: integrated model,
assumptions, and falsifiability

Before detailing the integrated loop, we make explicit which
parts of the model are load-bearing and which are auxiliary, so that
the framework’s breadth is not mistaken for a claim that all
mechanisms must simultaneously hold. The model has a two-
node explanatory core: (i) winter adipose expansion driving low-
grade neuroinflammation and IDO1 activation with a kynurenine-
pathway shift, and (ii) leptin resistance and HP A-axis dysregulation
acting on the same depressive node. Everything else—serotonergic
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self-medication, the exploratory dopaminergic/summer arm, the
pars tuberalis—tanycyte thyroid switch as an upstream photoperi-
odic driver, and the circadian/reward genetic diathesis—is treated
as context, upstream input, moderator, or exploratory extension
rather than as a co-equal mechanism. The falsifiable core specified
in Section 5.1 concerns only this two-node pathway:
disconfirmation of an auxiliary arm would trim the model without
refuting it, whereas failure of the core would falsify
SMO specifically.

Integrating the foregoing evidence, we propose the SMO
hypothesis (Figure 1). In individuals carrying circadian-clock and/
or reward-system variants, seasonal changes in light availability
drive not only circadian misalignment but also a reproducible
metabolic cycle. In winter, reduced photostimulation impairs en-
trainment, extends melatonin secretion, reduces satiety signaling,
promotes carbohydrate-driven hyperphagia, and expands adipose
tissue; this adipose burden activates low-grade neuroinflammation
and IDOI (lowering serotonin and raising neurotoxic kynurenines)
together with leptin resistance and HPA hyperactivity—consolidat-
ing the winter depressive episode. We deliberately omit any winter
D2-receptor change from this depressive node: direct seasonal
imaging indicates that striatal D2/3 availability is, if anything,
higher under short winter photoperiods (50), so dopaminergic
receptor dynamics are treated as a photoperiod-driven,
autoreceptor-mediated process running in parallel to the adiposity
loop rather than as part of it. In spring-summer, lengthening
photoperiod restores entrainment and suppresses melatonin while
negative energy balance reduces adiposity, reversing the inflamma-
tory-metabolic burden, restoring serotonergic tone, and—through
photoperiodic effects on dopamine synthesis and turnover rather
than adiposity-driven receptor up-regulation—lowering the thresh-
old for hypomanic elevation in predisposed individuals.

Existing frameworks linking metabolic syndrome to mood
disorders emphasize chronic low-grade inflammation and oxidative
stress (69) and insulin resistance as mediators of depression risk
(70). The SMO hypothesis extends these by adding a seasonal
temporal dimension: it is not chronic metabolic dysfunction per
se but its cyclical oscillation—amplified by photoperiodic drivers—
that is proposed to generate the characteristic mood cycling of SAD
and of BD with SP. We emphasize that SMO is not advanced as a
rival to the circadian, serotonergic, and photic models but as a
metabolic layer that operates alongside and downstream of them:
photoperiod remains the shared upstream driver, and the estab-
lished circadian and light-based mechanisms are best regarded as
co-acting, higher-order explanations rather than competitors.
Table 1 compares the explanatory scope of existing models with
that of SMO in this complementary spirit. We stress a correspond-
ing evidentiary caveat: most of the mechanistic data marshaled
above derive from chronic obesity and high-fat-diet models, so the
claim that the same pathways operate within a months-long
seasonal amplitude is an extrapolation; the seasonal-oscillation-
specific evidence (21, 27) is comparatively sparse and constitutes the
most important target for confirmation.

The SMO hypothesis also sits naturally within an evolutionary
framework that has recently been articulated for mood disorders.
Under the “metabolic plasticity” account, the seasonal coupling of
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TABLE 1 Explanatory scope of existing models of seasonal affective disorder compared with the seasonal metabolic oscillation (SMO) hypothesis.

Core mechanism Winter Summer  Weight cycling?/key limitation
depression? switch?
Circadian phase-shift Melatonin/pacemaker desynchronization Yes Partly No/complementary upstream account; does not
address the metabolic oscillation, which SMO adds
Serotonergic (SERT) Elevated winter SERT, lower synaptic 5-HT Yes Weak No/compatible with SMO as one node; tryptophan
depletion alone did not reproduce relapse
Light/photon deficiency Reduced photic input Yes Partly No/shared photic driver; SMO extends it to the
appetite-weight axis
Metabolic-syndrome Chronic low-grade inflammation/insulin Partly No Static/shares SMO’s mechanisms but lacks the
inflammation (chronic) resistance seasonal temporal dimension SMO adds
SMO (proposed) Seasonal adiposity oscillation — Yes Yes Yes/central causality not yet tested
neuroimmune, neuroendocrine, dopaminergic
cycle

energy metabolism, circadian timing, and behavior is not a mal-
function but a conserved adaptation: ancestral organisms met
predictable seasonal scarcity by shifting fuel utilization, accumulat-
ing adipose reserves in autumn-winter, and entering states of
reduced activity and energy conservation, with these programs
entrained by photoperiod (71). On this view, the winter SAD
phenotype—hyperphagia, carbohydrate craving, weight gain,
hypersomnia, and psychomotor slowing—recapitulates a hiberna-
tion-like energy-conservation strategy that becomes maladaptive in
the modern environment of caloric abundance, artificial light, and
year-round demand. The SMO hypothesis specifies the proximate
machinery through which such an ancestral seasonal energy pro-
gram could express itself as mood pathology: the same adiposity
oscillation that once buffered winter scarcity now drives a
neuroinflammatory and neuroendocrine cascade in genetically
susceptible individuals.

The principal alternative to the SMO model is that photoperiod
is a common cause of both adiposity change and mood change
rather than adiposity being a mediator between them. Lengthening
or shortening daylight could independently entrain mood (an
established effect) and energy balance, producing tightly correlated
seasonal time-courses with no causal arrow from fat to brain. This
common-driver account is difficult to exclude with observational
data alone, because both variables are entrained to the same
exogenous oscillator; even cross-lagged longitudinal designs can
yield spurious temporal precedence under shared seasonal forcing.
Distinguishing mediation from common causation therefore re-
quires experimentally decoupling adiposity from photoperiod—for
example, manipulating energy balance while holding season (and
measured light exposure) constant, or studying populations at low
latitude or under controlled lighting. We treat the experimental-
medicine design (Section 6) as the primary causal test for
this reason.

The model is consistent with longitudinal epidemiology. A 31-
year Finnish registry study of 978,079 hospitalizations found that
manic admissions peak in summer and reach a nadir in winter,
while bipolar depressive and mixed admissions peak in autumn and
spring respectively (72). The COBY study showed that depressive
episodes are more frequent in winter and hypomanic/manic epi-
sodes in summer in youth with bipolar spectrum disorder, with
latitude moderating the effect, and the Prechter Longitudinal Study
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found that higher seasonality scores were associated with greater
mood-state variance (73).

5.1 Assumptions and boundary conditions

The hypothesis rests on four explicit assumptions, each of
which is empirically addressable: (1) Temporal precedence: seasonal
weight change is causally upstream of mood change rather than
merely concurrent or consequent. (2) Sufficiency: even subclinical
seasonal increases in adiposity generate enough adipose inflamma-
tion to shift central neurochemistry. (3) Co-aggregation: the same
individuals carry both the circadian/reward diathesis and the
metabolically reactive phenotype. (4) Reversibility magnitude: the
degree of summer weight loss is sufficient to meaningfully reverse
adiposity-driven IDO1 activation, the kynurenine-pathway shift,
and leptin/HPA dysregulation.

Assumptions 2 and 4 are quantitative and currently unproven:
the typical seasonal weight swing in SAD is modest (on the order of
a few kilograms), and it is not yet established that an adiposity
change of this magnitude is sufficient to move central inflammatory,
kynurenine, or dopaminergic indices. The inverse relationship
between the winter-to-summer weight differential and plasma
adiponectin reported even at subclinical levels (21) is a preliminary
indication that small seasonal swings carry measurable adipose-
endocrine signal, but a formal dose-response relationship between
seasonal adiposity amplitude and central neurochemistry remains
to be demonstrated and should be treated as a hypothesis rather
than a premise.

We wish to be unambiguous that this sufficiency-reversibility
question is the single most important unproven premise of the
entire model, not a peripheral caveat: if a seasonal fat-mass swing of
the magnitude actually observed in SAD—on the order of only a few
kilograms—cannot move central inflammatory, kynurenine, leptin,
and HPA indices by a meaningful amount, then the mediating role
of adiposity fails regardless of how well the remaining associations
hold. We therefore commit in Section 6 to prespecified target
magnitudes for both the adiposity swing and the downstream
biomarker changes, so that this assumption is stated as a falsifiable
quantitative prediction rather than assumed.

Because the model invokes several parallel mechanisms, it risks
being over-determined—disconfirmation of one arm would leave the
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others intact. We therefore specify a minimal falsifiable core that is
unique to SMO and distinct from a generic inflammation-depression
account: within the same individuals, the seasonal change in adiposity
must temporally precede, and statistically account for, a meaningful
share of the seasonal change in mood polarity. To make this
operational rather than rhetorical, we propose prespecified criteria
for what would count as support: (i) directionality and lag—change in
adiposity (DXA-measured fat mass) should lead change in mood
ratings by a defined interval on the order of two to six weeks in cross-
lagged models, not merely co-vary concurrently; (ii) effect size—after
covarying measured light exposure and physical activity, seasonal
adiposity change should mediate a prespecified minimum proportion
(we suggest 220%) of the variance in seasonal mood change, with the
indirect path significant; (iii) biomarker coherence—the mediated
path should be accompanied by seasonal oscillation, in the predicted
directions, of at least the inflammatory (hsCRP, IL-6, TNF-o1) and
kynurenine/tryptophan indices; and (iv) comparison groups—the
coupling should be stronger in hyperphagic winter-pattern SAD
and seasonal-pattern Bipolar II than in non-seasonal mood-disorder
and healthy controls. Effects below these thresholds, or abolition of
mediation once photoperiod and activity are modeled, would weaken
or falsify the core. Failure of the minimal core—no temporal
precedence and no mediation—would falsify SMO specifically, not
merely one of its arms.

6 Testable predictions and study
designs

The central prediction is that, within the same individuals,
seasonal swings in adiposity, inflammatory and kynurenine mark-
ers, and dopaminergic indices track the timing and polarity of mood
episodes. Several complementary designs, each with explicit con-
firmation and falsification criteria, would test it (summarized
in Table 2).

10.3389/fpsyt.2026.1921655

To make the sufficiency assumption quantitative and powerable,
we prespecify working targets. We hypothesize that a winter-to-
summer swing on the order of 2-4 kg total fat mass, or approximately
0.5-1.5 kg (roughly 10-20%) of visceral adipose tissue (VAT) measured
by DXA or MRI, sustained across the 8-16-week photoperiodic
transition, represents the minimum amplitude capable of producing
detectable central-relevant change (20, 21). Anchored to this, the
predicted seasonal biomarker shifts are approximately 0.4-0.6 mg/L
in hsCRP, 15-25% in IL-6 and TNF-0, and >15% in the kynurenine/
tryptophan ratio, together with fat-mass-scaled changes in leptin and
measurable change in cortisol dynamic-feedback indices. Because these
designs are within-subject, they are efficiently powered: detecting a
within-person correlation of r = 0.4-0.5 between seasonal AVAT and
seasonal A(kynurenine/tryptophan) at oo = 0.05 with 80-90% power
requires roughly 30-50 participants, while the mediation target (sea-
sonal adiposity change accounting for 220% of seasonal mood variance
with a significant indirect path) is powered at approximately 50-80
participants depending on the mediator-outcome association. These
magnitudes are hypothesized targets extrapolated from chronic-obesity
effect sizes (36) and are themselves falsifiable: seasonal fat-mass swings
that fail to move these biomarkers by the stated amounts would weaken
the sufficiency assumption and, with it, the core model.

6.1 Experimental-medicine trial (primary
causal test)

In individuals with SAD, a randomized trial of a weight-
stabilizing or metabolic intervention (structured caloric/macronu-
trient control, metformin, or a GLP-1 receptor agonist) applied
across winter, with mood-cycling and biomarker outcomes, tests
whether attenuating the metabolic oscillation reduces cycling.
Crucially, this design experimentally decouples adiposity from
photoperiod—altering energy balance while season and measured
light exposure are held constant—and is therefore the only pro-
posed test that can distinguish mediation from photoperiodic
common causation. A complementary low-latitude or controlled-

TABLE 2 Proposed empirical designs for testing the SMO hypothesis, with explicit confirmation and falsification criteria.

Population

Key measured variables

Falsification
criterion

Confirmation criterion

Experimental- BD/SAD with seasonal Adiposity (BMI, waist, DXA/VAT, leptin),
medicine weight cycling; first- kynurenine/tryptophan ratio, inflammatory
weight- episode or drug-naive markers, mood ratings across a photoperiodic
stabilization prioritized transition

trial

Preventing seasonal adiposity gain Mood/inflammatory
attenuates the expected seasonal shift

in inflammatory and mood indices

cycling persists despite
stabilized adiposity

Within-subject

Seasonally cycling BD-

Repeated adiposity, IDO1/kynurenine metabolites,

Within-person adiposity increase

No temporal coupling

longitudinal II/SAD followed across | leptin, mood load, plus light dosimetry, precedes and predicts depressive between adiposity change

cohort >1 full year temperature, melatonin timing, harmonic/cosinor worsening; spring loss precedes and subsequent mood
covariates hypomanic features in carriers change

Molecular Within-subject winter Adiposity, hypomanic symptoms, TSPO-PET Seasonal change in dopamine No seasonal change in

neuroimaging Vs summer states neuroinflammation, [18F]FDOPA synthesis and synthesis/DAT and TSPO signal tracks | dopaminergic indices

(PET) DAT as primary dopaminergic endpoints; [11C] adiposity and mood change disconfirms the arm
raclopride D2/3 as secondary

Population Population-scale genetic | Shared circadian and adiposity variants (incl. Adiposity/circadian variants causally No causal effect of

genetics (MR/ cohorts ZBTB20, NPAS2); cis-eQTLs, colocalization, TWAS | predict seasonal mood phenotypes adiposity/circadian

coloc/TWAS) in brain/adipose/immune tissue variants on seasonal mood
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lighting arm would further separate the two. The model predicts
that flattening the adiposity oscillation attenuates mood cycling; no
effect on cycling despite successful weight stabilization would
weaken the core claim.

To operationalize and verify weight stabilization without introduc-
ing confounds, stabilization is defined a priori as maintenance of body
weight within +1 kg and fat mass within a prespecified DXA band
across the winter window, verified by repeated DXA (with
bioimpedance between scans) and frequent weigh-ins. Dietary com-
position and physical activity—each an independent influence on
inflammation and mood—are held constant and measured rather
than left free: isocaloric-target counseling with fixed macronutrient
proportions, weighed or application-based dietary records, and con-
tinuous actigraphy with light dosimetry, so that diet and activity enter
the analysis as covariates. Because the behavioral/caloric, metformin,
and GLP-1-receptor-agonist arms carry different confound profiles,
they are run as separate arms so that any mood effect is attributable to
the metabolic manipulation rather than to a specific agent. Given that
the model itself predicts that rapid, photoperiod-coupled weight loss
could lower the threshold for hypomanic elevation in predisposed
individuals, and that GLP-1-associated manic emergence has been
reported (55), safety provisions for bipolar participants are treated as a
core design feature: enrolment on stable mood-stabilizing treatment
where clinically indicated, frequent prospective mood monitoring
(clinician-rated YMRS and MADRS plus daily self-ratings, with
actigraphy as an objective marker of emerging (hypo)mania),
prespecified stopping and de-escalation rules, avoidance of rapid
weight-loss trajectories in favor of controlled stabilization, and inde-
pendent data-safety monitoring,.

6.2 Within-subject longitudinal cohort

Individuals with SAD are assessed repeatedly across seasons
(winter depressive vs. summer remission) with body-fat measurement
(DXA), an inflammatory panel (IL-6, TNF-c, hsCRP), the kynurenine/
tryptophan ratio, leptin, mood ratings, and objective light exposure and
actigraphy. Cross-lagged panel or mediation analysis tests temporal
precedence—the model’s minimal core. The model predicts directional,
lagged coupling from adiposity to subsequent mood change; absence of
such precedence would falsify the minimal core.

Because adiposity and mood are both entrained to daylength,
temporal precedence in cross-lagged models is necessary but not
sufficient for mediation. To separate an adiposity-mediated path
from parallel photoperiodic forcing, the cohort incorporates direct
personal light exposure (wrist or pendant dosimetry) and ambient
temperature as measured, time-varying covariates rather than season
inferred from the calendar, alongside actigraphy and salivary dim-light
melatonin onset. Analyses include harmonic/cosinor terms for photo-
period and measured light and test whether the adiposity—mood
indirect path survives their inclusion; the informative signal is the
portion of the adiposity time-course that deviates from the pure
photoperiodic harmonic. Two quasi-experimental levers further help
decouple the two: low-latitude or controlled-lighting cohorts, in which
photoperiod amplitude is compressed, and the genetic-instrument
analyses below, in which adiposity-raising variants are independent
of season. Convergence across the decoupling trial, the light-covaried
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longitudinal mediation, and the genetic instruments is what would
license a causal reading; divergence would not.

6.3 Molecular neuroimaging

Consistent with the revised dopaminergic account (Section 4.4),
the imaging arm prioritizes presynaptic synthesis and transporter
measures over receptor availability, because direct seasonal PET
shows higher—not lower—striatal D2/3 binding under short winter
photoperiods and the model therefore does not predict an adipos-
ity-driven summer receptor rebound (50). The primary dopami-
nergic endpoint is dopamine synthesis capacity by ['*F]-FDOPA
PET; dopamine-transporter binding (['*’I]-FP-CIT SPECT or
[''C]-PE2I PET) is the transporter measure; and [''C]-raclopride
D2/3 availability is retained only as a secondary contrast endpoint.
TSPO-PET indexes neuroinflaimmation in the same individuals,
linking the dopaminergic and inflammatory arms. To test lagged
rather than merely state-dependent relationships, paired winter-
depressive and summer-remission scans are embedded within the
longitudinal cohort, so that DXA fat mass, inflammatory and
kynurenine panels, leptin, actigraphy, personal light dosimetry,
and salivary melatonin are sampled densely (every 2-4 weeks)
around each scan, permitting change-on-change modeling with
defined 2-6-week lags between the adiposity, light, and melatonin
time-courses and the dopaminergic endpoints. Absence of any
seasonal change in dopamine synthesis, DAT, or parallel
neuroinflammation would disconfirm this arm.

Prespecified subgroups. We further prespecify directional hy-
potheses for subgroups, because differential dynamics are them-
selves tests of the model. Given the female preponderance of SAD
(6) and the sex-specific ZBTB20 effect (58), we expect stronger
adiposity-mood coupling in women and enter sex as a moderator.
Greater baseline adiposity and insulin resistance are hypothesized
to amplify the oscillation (20), so participants are stratified by
baseline BMI and HOMA-IR. The model is specified for the
hyperphagic/atypical winter phenotype and predicts weak or
absent coupling in melancholic, non-hyperphagic presentations,
which serve as an internal negative control. Because seasonal
pattern is most strongly associated with Bipolar II (11), we predict
the clearest adiposity-linked cycling in Bipolar II and seasonal-
pattern MDD, with Bipolar I as a contrast. These stratifications
shape the design by requiring adequate per-stratum sampling
(enriching for hyperphagic winter-pattern SAD and Bipolar II),
prespecified moderator analyses (sex, latitude, baseline BMI, and
DRD4-7R/ZBTB20/NPAS2 genotype), and the use of non-hyper-
phagic and summer-pattern (reverse-seasonal) SAD as boundary
conditions that delimit the model’s scope.

Across all designs, prespecified moderators (sex, latitude, baseline
BM]I, and DRD4-7R, ZBTB20, and NPAS2 genotype) and mediators
(kynurenine/tryptophan ratio, leptin signaling, dopaminergic indices)
should be tested explicitly. In addition, Mendelian randomization using
shared circadian and adiposity variants could help adjudicate causal
direction at the population level, and genetic studies could test whether
ZBTB20 and NPAS2 variants are co-enriched in individuals with both
seasonal mood cycling and metabolic phenotypes. As detailed in
Section 4.5, these population-genetic tests should proceed at variant

frontiersin.org


https://doi.org/10.3389/fpsyt.2026.1921655
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Oztiirk and Aydemir

and expression resolution—cis-eQTL interrogation, statistical colocal-
ization, TWAS, and bidirectional Mendelian randomization—rather
than at the candidate-gene level, so that shared genetic liability to
adiposity/inflammation and to seasonal mood phenotypes can be
distinguished from linkage-disequilibrium coincidence. Across all
designs, sampling first-episode or drug-naive participants is a meth-
odological priority rather than a convenience: weight-inducing atypical
antipsychotics and several mood stabilizers themselves expand adipos-
ity and perturb glucose and inflammatory indices, and their inclusion
would confound the very adiposity-to-mood path the model seeks to
isolate. Where fully drug-naive cohorts are not feasible, current
medication and its metabolic liability must be explicitly modeled
as covariates.

7 Clinical and translational
implications

If the SMO hypothesis is supported, several implications follow,
stated here conditionally in proportion to current evidence. First,
individuals with SAD may warrant metabolic screening—BMI,
waist circumference, fasting glucose, HbAlc, and lipids—during
seasonal depressive episodes, consistent with broader recommen-
dations for metabolic monitoring in mood disorders (74, 75);
seasonal fluctuations in these indices might serve as both risk
markers and therapeutic targets.

Second, pharmacotherapy could be weight-conscious in this pop-
ulation. Bupropion has demonstrated efficacy in SAD prophylaxis
while typically producing weight loss rather than gain (76, 77), whereas
agents with substantial weight-gain liability—valproate, olanzapine,
quetiapine—could, in principle, exacerbate the adipose-driven mech-
anisms proposed here (74, 78-80); lithium and lamotrigine show more
favorable weight profiles (78-80). Third, bariatric surgery reduces
depressive-symptom burden alongside weight loss (SMD =~ -0.87
across 33 studies) with effects maintained long-term (81, 82), and
metformin and GLP-1 receptor agonists have been proposed as
adjuncts in BD with metabolic comorbidity (78); their potential to
attenuate seasonal metabolic amplification of mood cycling warrants
investigation, with the caveat noted above regarding manic emergence.
The bariatric finding raises an apparent tension with the model: if
weight loss lowers the threshold for mood elevation, why does surgical
weight loss generally improve rather than destabilize mood? The SMO
framework would attribute the difference to context rather than to
weight loss per se—surgical loss occurs once, gradually, outside a
photoperiodic transition, and predominantly in individuals without a
bipolar-spectrum diathesis, whereas the model’s hypomanic arm is
specified for predisposed carriers undergoing a rapid spring photope-
riod-coupled reversal. This account is post hoc and itself testable: it
predicts that mood elevation after weight loss should concentrate in
diathesis carriers and in spring-timed loss, a prediction the designs in
Section 6 can address.

Fourth, chronotherapeutic strategies—bright-light therapy,
melatonin, and sleep-phase advancement—may target not only
the circadian arm but, indirectly, the metabolic arm. Melatonin
administration in circadian disruption reduced leptin and insulin,
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suggesting that circadian realignment exerts metabolic effects (83),
and adipose circadian dysfunction has been proposed as a bridge
between circadian disruption and metabolic disease, with chrono-
therapy potentially improving glucose control, lipids, and weight
(84, 85). Combining light therapy with structured dietary timing
and metabolic monitoring may therefore be more comprehensive
than photic intervention alone.

8 Limitations and evidence quality

Several limitations and alternative explanations must be acknowl-
edged. First, the causal role of weight change in mood cycling has not
been directly tested; weight gain can follow manic episodes (86), so
reverse causation—mood states driving eating and weight—remains a
live alternative. Second, seasonal oscillation of kynurenine-pathway
activity and dopaminergic availability has not been characterized in
SAD. Third, some individuals show pronounced seasonal mood
cycling without substantial weight variation, indicating that adiposity
is likely a moderating rather than universal variable. Fourth, rapid
tryptophan depletion did not reproduce depressive relapse in SAD
(87), arguing against serotonin as the sole node and supporting the
multi-pathway structure proposed here. Fifth, genetic evidence for
shared circadian architecture remains largely at the candidate-gene
level (59). Sixth, and most fundamentally, photoperiod is a plausible
common cause of both adiposity and mood change, so observed
seasonal co-variation need not reflect a causal path from fat to brain;
only experimentally decoupling the two (Section 6) can adjudicate
this. Seventh, the direct evidence for the hypomanic arm comes from
small hypothesis-consistent case reports (54, 55), which are particu-
larly vulnerable to publication and positive-result bias and carry their
own confounds. Eighth, summer-pattern (reverse-seasonal) SAD and
non-hyperphagic SAD sit uneasily with a uniformly adiposity-driven
account and are better treated as boundary conditions than as
supporting cases. Finally, most of the supporting literature derives
from high-latitude, predominantly Western populations, limiting
generalizability across latitude, ancestry, and cultural context.

Evidence quality is uneven across the model. The phenomeno-
logical and bidirectional-epidemiology claims rest on meta-analyses
and large cohorts, whereas the dopaminergic arm rests on small,
uncontrolled observations and extrapolated imaging. Much of the
seasonality literature relies on retrospective self-report instruments
(e.g., the Seasonal Pattern Assessment Questionnaire), which are
subject to recall and expectancy bias; diagnostic heterogeneity,
variable BMI/adiposity measures, medication confounding, and
the limited translatability of high-fat-diet rodent models further
temper inference. These caveats define where stronger, prospective,
within-subject data are most needed.

9 Conclusion

In conclusion, SAD has long been conceptualized primarily as a
disorder of light and circadian timing. We propose that seasonal
adiposity is an underrecognized neurobiological contributor to—
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and candidate modulator of—the expression, severity, and polarity
of seasonal mood cycling, acting through neuroinflammation-
driven kynurenine activation, leptin resistance and HPA
dysregulation, and—most tentatively—obesity-associated dopami-
nergic change, all reversing with the spontaneous adiposity loss of
summer, on a substrate of shared circadian genetic vulnerability.
The strength of these arms is uneven: the winter-depression
metabolic-amplification arm is the better supported, whereas the
summer-hypomania dopaminergic arm remains exploratory and
awaits direct test. We reiterate that the causal architecture of the
model remains provisional: the temporal-precedence and suffi-
ciency assumptions are experimentally undemonstrated, photope-
riod is a plausible common cause of both adiposity and mood, and
the experimental-medicine trial of Section 6—which holds season
and measured light exposure constant while manipulating energy
balance—is the decisive test that could confirm or refute the
mediating role of adiposity. If validated, the SMO hypothesis may
reframe SAD as a recurrent metabolic-neuroimmune-mood disor-
der and open therapeutic avenues that integrate metabolic medicine
with established chronobiological and psychopharmacologi-
cal approaches.
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