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Abstract

Biological clocks shape metabolism, but how circadian programs govern nutrient
processing is unclear. Here, using human metabolomics and *C_-glucose trac-

ing in Drosophila, we delineate previously under characterized daily oscillations

in glucose-derived metabolic networks, providing a mechanistic framework for a
purpose-built isotope-tracing approach. In flies, we reveal a pronounced “rush hour”
of glucose utilization early in the light phase, with carbons directed to biosynthetic
and energetic pathways. By contrast, a dopamine reuptake-deficient hyperactive
mutant (fumin) with elevated metabolic rate shows phase-shifted and amplified met-
abolic peaks, indicating that altered neural signaling reshapes temporal glucose flux.
Neither altered feeding schedules nor short-term fasting disrupt these intrinsic met-
abolic rhythms, strongly suggesting that circadian timing, rather than nutrient avail-
ability, orchestrates temporal homeostasis. By integrating human metabolite profiling
with isotope-tracing in flies, we define a conserved temporal architecture of glucose
utilization and demonstrate that metabolic flux is dynamically gated across the day.
Our findings establish a framework for understanding how circadian misalignment
contributes to metabolic dysfunction and disease.
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data), ST004676, ST004677 (WT and fmn

time course LC-MS data, negative and positive
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Introduction

Rhythmicity is an ever-present feature of physiology driven by zeitgebers (environ-
mental cues), including light and temperature, that entrain endogenous circadian
clocks. Molecular circadian clocks coordinate biological rhythmicity within each
tissue, while modern pressures such as mistimed light exposure, shift work, and
social jetlag disrupt the evolved circadian system [1-3]. Mistimed clocks play a role
for increasing risk of diseases including obesity, cardiovascular disease, and cancer
[4—8]. Recent molecular studies of human biofluids have shown strong rhythmicity
of transcripts and metabolite levels under strict laboratory-controlled conditions
[9,10]. In reality, humans vary in chronotype and display inter-individual variation in
the number of rhythmic compounds and related measures (phases and amplitudes)
[11-14]. In spite of this variation, certain metabolic phenomena, such as the diurnal
response to nutrient intake, are relatively robust and reproducible. Although circa-
dian regulation of glucose tolerance is well documented, the metabolic mechanisms
downstream of glucose uptake—how, when, and via which pathways glucose is
processed—remain poorly defined. Glucose-related measurements such as glu-
cose tolerance and post-feeding have shown time variation with higher sugar levels
reported in the afternoon versus morning measurements [15-17] (so-called “after-
noon diabetes”). Moreover, afternoon measurements have been noted to allow or
exclude diagnoses of diabetes where morning measurements are borderline [15]. In
spite of this clinical significance, the mechanistic pathways downstream of glucose
metabolism that underlie these temporal differences in glucose processing remain
largely unknown.

At the molecular level, model organisms play an important role in the study of
metabolic rhythmicity [18—21]. They provide the advantage of providing isogenic
genetic backgrounds for study and a number of studies probing clock protein function
[22] and zeitgebers such as light and feeding [23—-25] have provided valuable insight
into steady state metabolic pool changes at specific points in time. Our recent study
[26] using an ion-switching LC-MS/MS. MS method has shown altered metabolism
during the dark period in Drosophila short sleep mutants. However, since metabolism
occurs in a network of interacting pathways, changes in the level of a given metab-
olite can arise from multiple possibilities and mechanistic interpretation is, by neces-
sity, only inferred in studies where only metabolite pools are measured. Metabolic
tracing provides a direct avenue to address the mechanism by which altered metab-
olite levels arise [27]. To date, information on diurnal rhythmic metabolic function via
tracing is remarkedly sparse. Isotope tracer studies are used for clinical studies of
glucose metabolism, but the fate of metabolites downstream is not known. We have
recently demonstrated rhythmicity of pool sizes for glucose and related metabolites
(glucose-6-phosphate and ribose-5-phosphate) in human red blood cells [28]. The
further use of labeled glucose allowed for insight into rhythmicity driven specifically by
glycolytic pathways and the pentose phosphate pathway noting opposite phases [28].
Other studies have also used stable and/or radioactive isotope tracers in conjunction
with targeted approaches; however, even when circadian context was considered,
limited number of time points were measured [29-32] so while important insight into
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some time-dependent differences can be ascertained, higher time resolution data are needed for reliable detection of
rhythmicity [18,33].

In this study, we examined the time-of-day variability of plasma metabolites in pathways downstream of glucose
metabolism in healthy humans. Based on this set of conserved pathways, which are largely conserved across species,
we developed a customized analytical platform to identify physiological metabolite homeostatic rhythms in Drosophila
via isotope tracing of glucose. We uncovered a robust, dawn-focused “rush hour” when glucose is funneled into multiple
biosynthetic pathways. A number of rhythmic downstream glucose products were observed in both WT Drosophila as well
as a hyperactive mutant with altered metabolic rate, fumin (fmn) [34], with peaks in biosynthesis from glucose during the
light phase which provides direct evidence for glucose processing limitation later in the day. Together, our findings define a
mechanistic framework for diurnal glucose flux and highlight the temporal plasticity of metabolic homeostasis. By demon-
strating that feeding is not the sole driver of these rhythms and showing how hyperactivity modifies circadian metabolic
patterns, we establish a new platform to probe the fundamental links between clock, metabolism, and disease. Under-
standing these relationships will be critical for developing interventions—timed diets, pharmacotherapy, or lifestyle modifi-
cations—to restore or optimize metabolic homeostasis in the face of modern circadian challenges.

Results
Total metabolite pools reveal time of day variation in glucose-related metabolites in humans

Glucose metabolism is tightly regulated by circadian processes and disruption results in various disorders, thus we first
looked to establish the extent and robustness of time-of-day variability in a network of glucose-related metabolites using
steady state measurements in humans. A curated set of 93 metabolites were measured in plasma samples collected
every 4 hours over 24 hours (N=14 subjects; S1A Fig and S1 Data) using a targeted ion-switching LC—-MS method [35].
Multivariate analysis of the resulting data exhibits remarkably robust time-of-day variability (Fig 1A and S1 Data). Amino
acids and related metabolites such as alanine, ornithine, cystathionine, and asparagine were noted to be elevated around
zeitgeber time (ZT) 8 and ZT 12 while elevated levels of TCA cycle metabolites such as citrate/isocitrate and malate
were associated with ZT 0 and 4 (Fig 1B). This result implies that the total pools of metabolites are dramatically altered
throughout the day, hinting at differential pathways being available for nutrient processing. Pairwise multivariate models
distinguished each single time point from a combination of the others (“one versus all”) with the exception of ZT 4. (Figs
1C and S1B-S1F). Pathway analysis of each time point model using significant metabolites demonstrates a unique set of
pathways enriched at each specific time of day. For example, alanine, aspartate, and glutamate metabolism and cyste-
ine and methionine metabolism were significantly different during the dark period; TCA cycle was significantly different
throughout the day; phenylalanine, tyrosine, and tryptophan biosynthesis were significant across all of the time points, but
not at a specific one (Fig 1D). Taken together the multivariate approach indicated overall differences in metabolite levels
and activity of pathways at different time of the day.

Formal rhythmicity testing was performed using RAIN/JTK with Benjamini-Hochberg (BH) correction and 24-hour
and 20-28-hour rhythms were observed across different g-value cut-offs (g<0.2, 03, or 0.4, Figs 1E and S1G). For
downstream analyses, we used g<0.2 as a discovery-oriented threshold to balance sensitivity and specificity (expected
FDR <20% among called rhythmic metabolites), while also reporting results across a range of g-value cutoffs to show
robustness (Fig 1E). Metabolites with a RAIN g-value less than 0.2 were selected for further analysis (Figs 1F and S1H).
Phases of cycling metabolites were found to be distributed across the day with a peak observed during the early light
period (ZT 0—4) (Figs 1G and S1l). Taken together, these results imply that glucose tolerance is influenced by differential
downstream pathways regulated in a time-of-day-dependent manner. Notably, the robustness of the response and sim-
ilarity across the 14 subjects was remarkable and not obvious from individual metabolites levels. This suggests that the
concerted network of glucose metabolism provides constraints under which observations of glucose metabolism should
be contextualized.
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Fig 1. Steady state metabolite levels in human plasma samples reveal time of day variation in glucose-related metabolites. (A) Scores plot for
the significant Time OPLS-DA Model. Classes were defined as time points (ZT 0, ZT 4, ZT 8, ZT 12, ZT 16, and ZT 20). Colors represent classes (ZT
times), squares represent individual samples and triangles represent the group average. (B) Corresponding loadings plot for the Time OPLS-DA Model.
Colors represent classes of metabolites and size represents significance as defined through VIP values. (C) Negative log CV-ANOVA p-values for overall
time and each time point tested in pairwise OPLS-DA models. Significance was defined as a CV-ANOVA p-value less than 0.1 (shown as points above
the green line). (D) Negative log FDR values for pathways significant in at least one significant OPLS-DA model (defined in C). Size represents impact
and significance was defined as an FDR value less than 0.05. (E) Overview of the number of significant 24-hour rhythmic metabolites observed at RAIN
(dark) or JTK (light) g-value cut-offs of 0.1, 0.2, 0.3, and 0.4. (F) Phase-ordered heatmap of significantly cycling metabolites with 24-hour periods as
tested by RAIN with a g-value less than 0.2. (G) Distribution of RAIN phases for significant 24-hour metabolites. Colors represent classes of metabolites.
Raw data for these figures is available as S1 Data file.

https://doi.org/10.1371/journal.pbio.3003717.9001
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Overview and validation of isotope tracing platform

The pathways measured related to glucose metabolism are largely conserved across species, and thus we developed

a mass spectrometry-based platform in Drosophila to trace the fate of glucose metabolites through a broad network of
downstream metabolism, as observed in the human study above. The use of isotope tracers such as uniformly labeled
3C,-glucose enable the metabolites of interest (downstream of glucose) to be monitored at the atomic level, thus allowing
further insights into how glycemic metabolism is altered as a function of time. Uniformly labeled '*C-glucose was chosen
as the stable isotope tracer as it allows carbon flow to be monitored into downstream metabolites spanning the TCA cycle,
pentose phosphate pathway (PPP), glycolysis, and amino acid biosynthesis. A range of glucose concentrations were
tested in Drosophila to identify an optimal concentration at which Drosophila remained viable. Flies were sampled one
hour after introducing the tracer to allow glucose to be metabolized into downstream pathways and to maintain sufficient
time resolution to monitor diurnal shifts. The 1 M bolus of glucose was introduced intra-thoracically using a blue dye as

a visual aid. The injections were performed on flies that were sedated with cold treatment to prevent metabolic changes
caused by hypoxia due to carbon dioxide exposure (Fig 2A and 2B). Representative images of a needle containing the
injection solution highlight the small volume (~31 nl/fly) introduced into flies (Fig 2B). Since a non-physiological glucose
concentration (~25.6 uM/fly corresponding to ~0.8 pmol/fly or ~148 pg/fly) was used to allow for detection by mass
spectrometry, geotaxis and locomotion assays were used to assess whether the glucose and/or blue dye were impacting
physiology (S2 and S3 Data files). No significant differences were noted between the glucose and PBS injected condi-
tions for both climbing ability and activity (Fig 2C and 2D). This indicated that the supraphysiological glucose and dye
concentrations did not impair geotaxis or locomotion of WT flies and thus were chosen as a tracer to assess time-resolved
metabolic nutrient challenge.

We challenged WT Drosophila with 1 M uniformly labeled "*C_-glucose at 4-hour intervals across a day to determine
how glucose is processed at different times in the fly body (Fig 2E and S4 Data). Each sample was analyzed using two
LC—MS methods covering 22 and 15 downstream glucose metabolites in electrospray ionization positive (211 transitions)
and negative (95 transitions) modes, respectively (Fig 2E and 2F). Metabolite transitions were defined by considering the
number of carbons and possible labeling patterns of the precursor and fragment (Fig 2G). The resulting data were cor-
rected for instrumental drift and normalized to the blue dye ion counts to adjust for variability in injection volumes before
performing a natural abundance (NA) correction. Enrichments were calculated using the NA-corrected data and were
used for further analyses (Fig 2E).

To determine data quality, enrichments for all biological and quality control (QC) samples were visualized using a PCA
(Fig 2H and 2I). Overall analytical quality was robust as noted through clustering of the QC samples in the scores plot (Fig
2H) and evenly distributed compounds from both ionization modes in the loadings plot (Fig 2I). Furthermore, the platform
was sensitive to detect changes in levels of detected isotopologues (chemicals with the same chemical formula but differ-
ent isotopic compositions) one hour after samples were challenged with labeled glucose at 4-hour intervals. For example,
opposing changes were noted in the enrichments of two hexose isotopologues, M+0 and M+6 (Fig 2J and 2K and S4
Data). Here, hexose M+0 (composed primarily of glucose) peaked around ZT 12 (lights off) while the M+ 6 (composed of
all labeled glucose) form peaked around ZT 4. This points to potential changes in overall glucose usage during the day.

Increased biosynthesis from glucose challenge is distributed across multiple pathways at ZT 4

To further understand changes in glucose utilization as a function of time in WT Drosophila, JTK and RAIN algorithms
were used to test for 24-, 20-28-, and 12-hour rhythmicity. As the FDR (g-value) cut-off was increased from 0.1 to 0.4,
increasing numbers of isotopologues cycled with periods of 24-, 20-28-, and 12-hour periods (Figs 3A, S2A, and S2D
and S4 Data). For further analyses, rhythmic compounds with an FDR less than 0.2 were used (Figs 3B, S2B, and S2E
and S4 Data). For all periods tested, metabolite pools (sum of all isotopologues for a given metabolite) were not signifi-
cantly rhythmic. For 24- and 20—-28-hour rhythmic results, labeled isotopologues peaked at ZT 4 while unlabeled (M +0)
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Fig 2. Overview and validation of isotope tracing platform and processing methods of flies injected with a labeled bolus of glucose. (A) Image
of a fly being injected with a glucose and blue dye solution. (B) Representative image of a needle containing a 1 M Glucose and 0.504 mM FCF solution
before injections (left), after injecting 1 fly (middle) and after injecting 21 flies (right). (C) climbing ability of male flies assessed through a geotaxis assay
as the time needed to climb 4 cm after no injections (control) and injections with 1 M glucose or PBS. Two-sided t test was used with significance defined
as a p-value less than 0.05. n=5 to 8 per group and time point. (D) Locomotion assay of male flies without injections (control) or after injections with

1 M Glucose or PBS at ZT 0 (left panel) or at ZT 12 (right panel). Activity was recorded for 24 hours after injections. LOESS trace is shown for activity
counts for each 30-minute time period. Significance was tested using a two-sided ¢ test for each activity bin across groups with significance defined as

a BH adjusted p-value (g-value) less than 0.05. n=8 per group and time point. (E) Simplified overview of workflow. Flies (n=15 to 23) injected with 1

M Glucose were collected 1 hour post-injection. Upper fractions (polar metabolites) collected from a biphasic extraction were analyzed in positive and
negative electrospray ionization modes. Acquired data was integrated to obtain ion counts which were used for an instrumental drift correction and nor-
malized to the amount of blue dye injected. The normalized data is natural abundance corrected and used to calculate enrichments for further analysis.
(F) Simplified view of downstream glucose metabolism with metabolites included in MS methods highlighted in red (ESI+) and blue (ESI-). Shading
indicates downstream glucose pathways. (G) Depiction of labeling patterns considered for generating MRM transitions of a 3-carbon compound, such
as alanine, with a 2-carbon fragment. In generating transitions, the number of potential labeled carbons in the precursor and fragments are considered
for each isotopologue. (H) PCA scores plot of biological (light gray) and QC samples (blue) showing clustering of the QC samples. (I) PCA loadings plot
corresponding to the scores plot (H) showing the distribution of metabolite enrichments detected in positive (red) and negative (blue) modes. (J, K) Box
plot of enrichments along with a LOESS trace of hexose M+0 (J) and hexose M+6 (K) observed across a day at 4 hour intervals in wild-type flies. n=4
to 5 biological replicates of 15 male flies per time point. Rhythmicity of 24- and 12-hour periods was tested using RAIN and significance was defined as a
BH-adjusted g-value less than 0.2. Raw data for these figures is available as S2 (C), S3 (D), and S4 (E—K) Data files.

https://doi.org/10.1371/journal.pbio.3003717.9002
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24-hour rhythmic compounds observed at RAIN g-values of 0.1, 0.2, 0.3, and 0.4. (B) Phase-ordered heatmaps of significantly cycling compounds with
24-hour periods in WT as tested by RAIN with a g-value less than 0.2. (C) Distribution of RAIN phases for significant 24-hour compounds grouped by
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biosynthesis of 24-hour rhythmic isotopologues from B. (E) Negative log CV-ANOVA p-values for each time point tested in pairwise OPLS-DA models.
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4 vs. All OPLS-DA model. Colors represent isotopologues with shading representing VIP significance (dark signifies a VIP value greater than 1 (signifi-
cantly contributing to separation of ZT 4 from other time points) while lighter shades are used for a VIP less than 1). Rhythmic isotopologues from S2
Fig is indicated by symbols (& refers to significant 24-hour rhythmicity only, * refers to significant 12-hour rhythmicity only, # refers to significant 24- and
12-hour rhythmicity). alpha-ketoglutarate (a-kG); alanine (Ala); adenine monophosphate (AMP); asparagine (Asn); aspartate (Asp); citrate (Cit); cysteine
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(Cys); dihydroxyacetone phosphate (DHAP); glyceraldehyde-3-phosphate (G3P); erythrose-4-phosphate (E-4-P); glutamine (GIn); glutamate (Glu); gly-
cine (Gly); glutathione (GSH); hexose (hex); lactate (Lac); leucine (Leu); isoleucine (lle); malate (Mal); methionine (Met); ornithine (Orn); phosphoenolpy-
ruvate (PEP); proline (Pro); serine (Ser); succinate (Suc); uridine monophosphate (UMP); valine (Val). (H) NMR-derived lipid quantification of ROI2 from
lipid extracts of ?C and U-"*C-glucose injected flies. The difference represents the net '*C incorporation into the total detected lipid pool for a specific
class of lipid methyl groups. Raw data for these figures is available as S4 and S5 Data files.

https://doi.org/10.1371/journal.pbio.3003717.9003

isotopologues peaked at the light:dark (LD) transition (ZT 12) (Figs 3C and S2C and S4 Data) which is to be expected
based on the hexose labeling pattern. On the other hand, 12-hour rhythmic isotopologues peaked mostly around ZT 8 and
ZT 20 (S2F Fig). Since 24-hour rhythmicity was not present in metabolite pools, this suggests labeled glucose carbons
were incorporated into isotopologues such as serine M+ 3, proline M+2, M+3, M+4, and M+5 at ZT 4. Taken together,
peaks at ZT 4 for erythrose-4-phosphate M+4 and AMP M+5 can imply use of the PPP while M +3 forms of serine and
alanine may arise downstream of glycolysis, and glutamine and proline isotopologues may arise from the TCA cycle (Fig
3D). This points to overall increased activity of downstream glucose metabolic pathways uniquely at ZT 4, which we will
refer to as a “rush hour” of biosynthesis.

To determine if time-of-day differences in glucose usage persisted at an overall metabolic profile level, a multivariate
approach using orthogonal partial least squares-discriminant analysis (OPLS-DA) models was employed to determine
whether any time point was unique from the rest. From all time points tested, ZT 4 emerged as a distinct time point com-
pared to all remaining time points (Fig 3E and 3F and S4 Data). Higher enrichments of isotopologues such as alanine
M+ 2, glutamine M+2 to M+5, glutamate M+2 to M+4, and proline M+ 3 to M+5 and lower enrichments of M+ 0 forms
(alanine, glutamine, glutamate, and proline) were associated with ZT 4 (Fig 3G and S4 Data). This further supported the
rhythmicity analysis in highlighting increased incorporation of labeled glucose into downstream products at ZT 4 suggest-
ing increased biosynthesis.

Because circadian structure in small-molecule pools can reflect insect-specific redox shuttling (e.g., the proline—alanine
cycle) rather than net anabolism, we sought orthogonal evidence for biosynthetic allocation into larger molecular pools.
We therefore injected flies with either unlabeled glucose or [U-'*C]-glucose and acquired 'H-"C HSQC spectra (S3A
and S3B Fig and S5 Data). Using ROI definitions summarized in the HSQC ROI heatmap (S3B Fig), we quantified lipid-
associated regions; ROI2 (S3A Fig) corresponds to cross-peaks in the aliphatic lipid region consistent with lipid-associated
methyl groups. Labeling kinetics were temporally structured. In contrast to the early “rush hour” of '*C in small-molecule
metabolites around ZT 4, consistent with rapid glucose entry into central metabolism, the lipid-associated HSQC ROls
showed a delayed/shifted pattern. For ROI2, the labeled—unlabeled difference (net *C incorporation into this lipid-
associated ROI) peaked in the mid-to-late light time (~CT6-10) (Fig 3H and S5 Data) and reached a minimum later in the
dark period (~CT16-20), consistent with time-of-day variation in allocation of glucose-derived carbon into lipid-associated
pools. We therefore interpret the temporal program as comprising both central-metabolism flux changes (which may
include proline—alanine cycling) and a measurable component of biosynthetic allocation into lipid-associated carbon.

Temporal-gating of glucose processing is dependent on the circadian clock

To determine whether the observed “rush hour” of glucose flux at ZT 4 is driven by the endogenous circadian clock, we
performed U-"*C4-glucose tracing in the arrhythmic period null mutant, per®’. These mutants lack a functional molec-
ular clock, allowing us to disentangle clock-driven regulation from passive responses to environmental cues like light.
Following the same time-resolved injection protocol used for wild-type flies, we quantified the labeling fraction of glucose
isotopologues (f, .,=1— (M+0/3 M+i) (S3C Fig and S6 Data). The analysis revealed a complete loss of rhythmic glu-
cose processing in the absence of a functional clock. While wild-type flies showed a robust 24-hour rhythm in hexose
M+6 labeling (RAIN, p=0.03), this rhythm was entirely abolished in per®” mutants (RAIN, p=0.9). As illustrated in

S3C Fig, the diurnal oscillation in glucose incorporation observed in wild-type flies is attenuated in per® mutants, which
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exhibit an ultradian-like labeling pattern across the day. This result provides direct evidence that the temporal gating of
glucose into central carbon metabolism is actively regulated by the core molecular clock.

The TCA Cycle is preferentially used in a hyperactive mutant in response to a glucose challenge

As activity levels can act as a weak zeitgeber to influence the clock [36], we next sought to determine how glucose is used
differently in a hyperactive short-sleeping mutant deficient in dopamine reuptake, fumin (fmn) [34]. The fmn mutation leads
to a defective dopamine transporter resulting an increased amount of dopamine signaling in the synapse. Consistent with
the critical and conserved role of dopamine system in regulating arousal and sleep, fmn flies exhibit reduced sleep and
prolonged activity compared to wild-type flies. The increase in activity is accompanied by an up-regulated metabolic rate,
making the fmn mutant a vital tool to provide unique metabolic fingerprints. Overall, fmn displays elevated activity profiles
as compared to WT with higher levels observed during the dark period (Fig 4A and S3 Data). We challenged the mutant
with glucose in a similar manner to WT. The climbing ability and activity of fmn were also not impaired in flies injected with
glucose versus PBS at both ZT 0 and ZT 12 (Fig 4B and 4C; S2 and S3 Data). Therefore, the injection of supraphysiologi-
cal concentrations of glucose did not dramatically alter the physiology of the flies.

Overall, wild type and fumin process glucose distinctly as indicated by a significant two-component discriminant
(OPLS-DA) model (Fig 4D and S4 Data). Hexose M +6 enrichments were relatively higher in WT while M+ 0 enrichments
were relatively higher in fmn suggesting that labeled glucose was more readily used in fmn. Overall, enrichments of
primarily labeled isotopologues (i.e., glutamate M+ 1, glutathione M +5, and asparagine M+2 and M +4) contributed to
the separation of fmn from WT while enrichments of several unlabeled isotopologues such as asparagine, glutamate, and
glutathione were more associated with WT samples (Fig 4E). Univariate analyses of genotype differences also showed
similar changes (Fig 4F). For instance, enrichments of asparagine M+4 and leucine/isoleucine M +5 were significantly
higher (at least 2x) in fmn as compared to WT (Fig 4G). Since leucine and isoleucine are essential amino acids, the
synthesis of these may be a byproduct of the fly microbiome. Additional significant differences such as higher AMP M+5
levels in WT and elevated glutathione M +5 levels in fmn were noted through the adjusted genotype p-value (Fig 4H). As
glutathione M+5 requires either glutamine M +5, or glutamine M +3 and glycine M+ 2 as precursors, we also looked at the
correlation of these isotopologues. Glutathione M +5 enrichments were found to be significantly correlated with glutamine
M+ 3 (p<0.05) and weakly correlated with glutamine M+5 (p<0.1) enrichments in fmn (S4A Fig). From both the univariate
and multivariate approaches, relatively higher enrichments of AMP M +5, a metabolite related to the PPP, and metabo-
lites associated with glycolysis (alanine M +2, serine M+2 and M+ 3) were observed in WT while metabolites involved
in or downstream of the TCA cycle (alpha-ketoglutarate M +5, asparagine, glutamate, and glutamine isotopologues) had
relatively higher enrichments in fmn (Fig 41). Overall, both multivariate and univariate approaches support increased TCA
cycle labeling in fmn while glycolysis and PPP labeling is associated with WT.

fumin has two biosynthetic “rush hours” at dawn and dusk

In addition to overall genotype-level differences, we sought to determine how the two genotypes differed in glucose
utilization through time. Through pairwise OPLS-DA models of the genotypes at each time point, a significant model was
observed at ZT 4 (S4B and S4C Fig and S4 Data). Three types of changes were noted in labeled isotopologues: 1. Higher
relative enrichments in WT (i.e., alanine M+1 to M+ 3 and proline M+ 3 to M+5); 2. Higher relative enrichments in fmn
(i.e., alpha-ketoglutarate M+2 to M+4, asparagine M+1 to M+4, and glutathione M+1, M+2 and M+5); and 3. Higher
enrichments spread across the two genotypes (i.e., higher AMP M +5 and lactate M+3 in WT versus higher AMP M+ 1
and lactate M+ 2 in fmn) (S4D Fig). This suggests differences in downstream glucose products and/or differences in glu-
cose utilization pathways in WT when compared to fmn. Overall, both multivariate and univariate approaches supported
the idea that glucose is differentially used between the two genotypes at ZT 4 with increased TCA cycle labeling observed
in fumin.
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as described in Fig 2C. (C) Locomotion assay of male fmn flies assessed through a locomotion assay as described in Fig 2D. (D) A two-component
OPLS-DA scores plot of WT vs. fmn. All time points collected (ZT 0, 4, 8, 12, 16, and 20) are included for both classes defined as genotypes. n=4 to 5
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https://doi.org/10.1371/journal.pbio.3003717.9004

Next, to determine whether glucose is processed differently by fumin based on time-of-day, pairwise discriminant mod-
els were generated to test whether a time point(s) was distinct from all other time points. Both ZT 0 and ZT 12 emerged
as being significantly distinct from other time points through one- and two-component models, respectively (Fig 5A, 5B,
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https://doi.org/10.1371/journal.pbio.3003717.9005

and 5D, and S4 Data). Increased enrichments of labeled isotopologues were noted at both time points, ZT 0 and ZT 12,
pointing to increased incorporation of glucose carbons into the isotopologues (Fig 5C and SE). Furthermore, the light time
points (ZT 4 and ZT 8) were significantly different from the dark ones (ZT 16 and ZT 20) in an OPLS-DA model (S5A Fig).
The light time points were associated with relatively increased enrichments of labeled isotopologues (S5B Fig).
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Proline supplementation reveals a delayed, genotype-specific vulnerability in fmn under repeated glucose
challenge

To probe whether proline-linked redox handling contributes to the altered metabolic state of fmn, we performed additional
experiments using dietary proline to stress proline-linked redox buffering and asked whether this would differentially

affect wild-type versus fmn flies across time of day. Both wild-type and fmn flies were exposed to 30 and 15mM proline
(S6A-S6H Fig and S7 Data) separately during the pre-feeding phase (5 days) and on day 6 (day 0 on graphs), flies were
challenged with 1 M "?C-glucose at ZT 4 and ZT 16 (injected group; Figs S6B, S6D, S6F, and S6H). First, to rule out
trivial intake or baseline toxicity effects, we quantified survival of flies on 30 and 15mM proline food during the pre-feeding
phase. fmn mutants exhibited lethality (29% to 46%) during the pre-feeding phase to 30 mM but not to 15mM proline,
whereas wild-type flies tolerated proline feeding well. All the flies that survived during the pre-feeding phase were grouped
on day 6 into 3 sets each (control group; Figs S6A, S6C, S6E, and S6G) and (injected group) with 20-25 flies each set for
ZT 4 and ZT 16. For control group, flies were transferred to fresh proline media on Day 6 (15 or 30 mM). We observed no
significant difference in lethality between wild-type and fmn flies at ZT 16 (15 or 30mM proline control condition), indicat-
ing that both genotypes survived well under control conditions at this time point. Notably, we did not observe significant
differences in lethality in flies injected with "2C_-glucose at ZT 4, but fmn flies maintained on 30 mM proline exhibited clear
lethality on days 2—3 at ZT 16 in the injected group, whereas wild-type flies on the same proline-supplemented medium
remained largely viable over the same time frame. For proline 15mM condition, no differences in survival were noticed in
general, only wild-type flies showed some lethality at day 2 in ZT 4 injected group. Thus, proline loading selectively com-
promised survival in fmn in the context of repeated glucose challenges, revealing a delayed vulnerability consistent with
impaired redox-buffering capacity in the mutant.

Only the dawn biosynthetic “ush hour” is similar to WT “rush hour”

Given that fmn had two peaks with strong biosynthetic activity, we then investigated whether excess glucose metabolism
at ZT 0 and ZT 12 followed a similar set of pathways in fmn using a shared and unique structures (SUS) plot (Fig 5F and
S4 Data). In this analysis, the loadings (or distribution of isotopologue enrichments) from both models were plotted against
each other with ZT 0 versus All (Fig 5C) on the y-axis and ZT 12 versus All (Fig 5E) on the x-axis. The resulting plot
highlighted a weak correlation between the two-time points through both unique (blue and orange), as well as conserved
(green) metabolism (Fig 5F). For example, enrichments of ornithine M+ 1 and alpha-ketoglutarate M + 2 were relatively
higher at both ZT 0 and ZT 12, but were only significantly contributing to the separation of ZT 12 from other time points.
On the other hand, enrichments of isotopologues such as glutamate M+2 and M +4 only significantly contributed to the
separation of the ZT 0 time point. From both models, broad labeling of downstream glucose products with differences in
metabolite and/or labeling were noted at both time points. Overall increased TCA cycle labeling was apparent at both time
points through unique and common isotopologues while glucose carbons may be incorporated into glycolysis more at ZT
12 (Fig 5H). Overall, this highlights that although a few similar pathways may be activated in fmn at the two LD transitions
(or dawn and dusk), generally different isotopologues are generated (i.e., unique metabolic pathways used).

Since fumin at ZT 0 and ZT 12 and wild type at beginning of the light phase (ZT 4) had all shown increased biosyn-
thesis from labeled glucose, we next looked to determine whether fmn used glucose similarly to WT at these time points.
When comparing the loading plots from the early light period from both models (e.g., WT ZT 4 versus All (Fig 3G) and
the fmn ZT 0 versus All (Fig 5C), the resulting SUS model highlighted a notable degree of correlation between the two
conditions (Fig 5G). Furthermore, several conserved compounds significantly contributed to the separation of both ZT 4
in WT and ZT 0 in fmn, highlighted in green. For example, proline M+4 and glutamine M+ 3, M+4, and M+5 enrichments
were relatively higher at both ZT 4 in WT and ZT 0 in fmn relative to other time points. On the other hand, compounds
significantly contributing to the separation of fmn ZT 0 (VIP compounds such as citrate M+3, M+5, and M+6) were also
noted and although they displayed similar changes in WT, they did not meet the significance cutoff as defined by a VIP

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003717  April 16, 2026 12/33




PLON. Biology

value greater than one. In contrast, fewer concerted changes were observed between fmn at ZT 12 and WT at ZT 4 (S5C
Fig). This analysis suggests that there is a similar and specific set of metabolic pathways activated at ZT 4 in WT and ZT
0 in fmn compared to other timepoints indicating a potential phase advancement in fmn of metabolic pathways primed to
utilize glucose in the early morning period.

Glycogen-associated labeling is genotype dependent

To test whether circadian variation in glycogen buffering could contribute to the bolus tracer phenotype, we performed

two independent glycogen-focused assays: (1) whole-body extracts were enzymatically hydrolyzed to convert glyco-

gen to glucose prior to isotopologue quantification of the hexose M+6/M+ 0 ratio across circadian time (S7A Fig and S8
Data), and (2) total glycogen pools were measured (S7B—S7D Fig and S9 Data). WT total glycogen/protein was com-
paratively stable across ZT (RAIN p=ns), whereas fmn showed markedly reduced glycogen with time-of-day structure
(RAIN p=1.73x10"°; amplitude ~0.17), including a pronounced reduction near early day (S7A Fig). The hydrolysis-derived
hexose labeling metric (M+6/M+0) exhibited stronger circadian structure in fmn than in the control background, indicat-
ing genotype-dependent temporal regulation of glycogen-associated labeling. Together, these data indicate that time-
dependent glycogen-associated labeling is not a dominant feature of baseline glucose handling in the control background,
but becomes strongly time-structured in the hyperactive, high-energy-demand fmn genotype.

Increased diurnal and ultradian biosynthetic rhythms in fumin

Having observed unique processing of glucose at two time points in fumin, we next asked if the changes are due to
underlying cycling over the course of a day. To address isotopologue rhythmicity, 20—28-, 24-, and 12-hour periods were
tested. Overall, a greater number of rhythmic isotopologue enrichments and/or pools were observed in fmn than WT for all
periods tested across different RAIN and JTK FDR cut-offs (Figs 6A, 6E, S8A, and S4 Data). For further analyses, com-
pounds meeting a 0.2 RAIN FDR cut-off were used (Figs 6B, 6F, and S8B). In contrast to WT, metabolite pools cycled with
20-28-, 24- and 12-hour periods. Most of the significant 24-hour cycling labeled isotopologue enrichments were noted to
peak around ZT 0 to ZT 4 while unlabeled forms peaked during the dark period between ZT 16 and ZT 20 and pools were
noted to peak around ZT 4 (Fig 6C). Since the peak in overall metabolite levels (pools) and enrichments (labeled isotopo-
logues) both occurred between ZT 0 and ZT 4, this suggested that these arose from the incorporation of labeled glucose.
However, alternative sources of carbon contribution cannot be ruled out. This trend was also observed in phases of signif-
icant 20—28-hour cyclers (S8C Fig). Similar to the observed 24-hour rhythmicity, significant compounds with 12-hour peri-
ods also showed a number of labeled isotopologues with peaks between ZT 0 and ZT 4 along with pools peaking at ZT 4
and non-labeled forms, M+0, peaking around ZT 8 (Fig 6G). In this case, because pools are peaking in between labeled
and unlabeled forms, it is difficult to determine whether overall pool levels are increased due to biosynthesis from glucose.
However, it is likely that glucose carbons contributed to the increased pool levels noted as alternative routes are limited.
Overall, rhythmicity analyses support increased biosynthesis of isotopologues at the LD transitions in fmn with a substan-
tial contribution to the increased biomass arising from glucose carbons. Furthermore, the peak of rhythmicity around ZT 0
in fmn also supports the idea of phase-advanced biosynthesis from WT.

Since rhythmicity was observed in both genotypes, we next explored whether similar compounds were cycling in WT
and fmn. For 24-hour rhythmic compounds, about 50% of the isotopologues cycling in WT were also noted to be 24-hour
rhythmic in fmn (Fig 6D). A similar observation was also noted with 20—-28 hour rhythmic compounds (S8D Fig). In con-
trast, fmn primarily contained unique isotopologues and/or pools that were rhythmic, but it is important to note that a
few are trending towards significance in WT (glutathione M+1 and M+ 3 and glutamine M+0 and M+2). A similar trend
was also noted for 12-hour rhythmic compounds (Fig 6H). However, glutamine M+0 and M+ 3 were significant in WT for
12-hour periods but trended towards significance in fmn. This highlights that a majority of the cycling observed in fmn
was uniquely gained rather than conserved or lost from the cycling observed in WT. Overall, rhythmicity analyses also
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supported TCA cycle labeling in fumin with contributions from both diurnal and ultradian rhythmicity while cycling of glycol-
ysis and PPP related isotopologues was primarily diurnal.

Shift from ultradian to diurnal rhythmicity is observed in product to precursor relationships in fumin compared to
wild type

In order to understand how carbon flow was occurring through the TCA cycle, we employed a product-to-precursor rela-
tionship analysis [37]. This analysis generates ratios (phi values) using different mathematical relationships between TCA
cycle precursors and products to provide further insight into how glucose is being used. For example, the SM4 ratio looks
at the formation of malate M +4 from succinate M+4. Since malate M+4 is only derived from succinate M +4, the ratio
provides insight into stepwise flow of oxidative carbons at this TCA cycle step relative to other pathways like anaplerotic
pyruvate carboxylase. Neither of the inputs for this ratio displayed significant rhythmicity (24- or 12-hour), however, a
12-hour rhythm trending towards significance was observed in the WT ratio (Fig 7A and S4 Data). This highlights the addi-
tional value gained from the ratio analysis which was not captured at the enrichment-level alone and suggests rhythmicity
between oxidative and synthetic mitochondrial metabolism.

Overall, the Malate_PEP phi value demonstrated significant 24-hour rhythmicity and two others, POM and SM2,
trended towards significance in fmn (Fig 7B and 7D). In contrast to 24-hour rhythms, 12-hour cycling trended towards
significance in three WT phi values (SM4, MO3, and Malate_PEP) (Fig 7C and 7D). For SM4, a ratio of one (i.e., ZT
4) indicated the formation of malate M +4 from succinate M +4 was not diluted by non-oxidative carbon flows. How-
ever, a ratio greater than one (i.e., ZT 20) could indicate either reversal of the pathway or the entry of alternately
labeled carbons in the formation of malate (Fig 7A middle panel). Similarly, ratios greater than one in the 12-hour
rhythmic MO3 phi value suggested that either the malate was being formed from oxaloacetate or alternative routes
with labeled carbons were being used to form oxaloacetate (Fig 7E). Given that decapitated fly bodies (and not
single tissues) were examined and that some compartmentation is to be expected, then phis become more semi
quantitative or qualitative indices of flux since true single-pool steady state assumptions may not apply. Interestingly,
the Malate_PEP ratio switched from 12-hour rhythmicity in WT to 24-hour rhythmicity in fmn (Fig 7F) and indicates a
relative shift in glycolysis versus gluconeogenesis. However, the ratio was less than one in both genotypes indicating
that unlabeled carbons from alternate metabolites, such as glucose, were diluting the formation of PEP from malate.
A different ratio looking at the formation of malate from succinate using the M +2 forms, SM2, displayed 24-hour
rhythmicity in fmn with values less than one indicating the entrance of alternate sources of unlabeled carbons (Fig
7G). fmn also displayed 24-hour rhythmicity in the POM ratio which looked at the formation of malate from pyruvate
(Fig 7H). Here, in instances where the ratio decreased less than 1, it implied alternative sources of unlabeled car-
bons diluting the pathway. Overall, the product to precursor analysis highlighted a shift in key oxidative and synthetic
metabolic flows from ultradian rhythmicity in WT to 24-hour rhythmicity in fmn pointing not only to differences in
glucose utilization but also potential differences in demand.

Feeding rhythms and a 4-hour short-term fast do not impact processing of excess glucose

Since the timing of food availability can be a zeitgeber for molecular clock rhythmicity, we asked how nutrient factors
impact the time shift in biosynthesis observed between WT and fmn. To determine whether altered feeding rhythms
between the genotypes were impacting downstream glucose biosynthesis, feeding profiles of WT and fmn were monitored
through the Activity Recording CAFE (ARC) assay revealing similar levels of food consumption in both genotypes overall
and during the light and dark periods. However, the feeding peak in fmn (ZT 4.5) was phase delayed in comparison to WT
(ZT 3.25) (Fig 8A and S10 Data). Since the biosynthesis peak in fmn was observed to be phase-advanced from WT while
the feeding rhythms were phase-delayed, we concluded that overall feeding was not an underlying cause of the biosyn-
thesis shift in fmn.
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To further establish whether the availability of food was driving biosynthesis in WT, a shortened time course from ZT
0 to ZT 12 was analyzed under ad libitum and a 4-hour fasted condition, where food was withheld for 4 hours prior to
injection with the glucose tracer. Distinct metabolic profiles were noted for the two conditions, with different labeled isoto-
pologue enrichments associated with each (Figs 8B and S9A). We next determined whether ZT 4 was still metabolically
distinct from remaining time points under the short-term fasted condition. The ZT 4 model did emerge as significant in
a pairwise discriminant model to all remaining time points (Fig 8C and 8D). Similar to the earlier observation, a majority
of the labeled isotopologues were associated with ZT 4 (S9B Fig and S10 Data) pointing to increased biosynthesis from
glucose. To further determine whether the presence of increased biosynthesis was arising from similar compounds and/or
pathways observed previously (Fig 3G), we performed a SUS analysis using the multivariate OPLS-DA loadings from both
ZT 4 versus All (WT—Fig 3G and short-term fasted—S9B Fig) models. The resulting plot showed conserved and similar
changes occurring at both ZT 4 time points (highlighted in green) (Fig 8E). It is important to note that several compounds
uniquely contributed to the separation of ZT 4 in the short-term fasted model, but this is to be expected as food restric-
tion would impact metabolism and excess glucose processing. We also performed a complementary analysis using the
enrichments identified from the WT ZT 4 versus All model (Fig 3G) as significantly contributing to the separation of ZT 4
from all other time points (VIP greater than 1). Using these VIP metabolites in a clustering analysis with calculated enrich-
ments from ZT 0-12 from the WT, short-term fasted WT and fmn time courses, two main clusters emerged for both time
and compounds (Figs 8F and S9C). On the time axis, ZT 4 from both the WT and short-term fasted condition clustered
with the fmn ZT 0 time point while all remaining time points formed a second cluster. On the metabolite axis, labeled and
unlabeled isotopologues formed the two main clusters. This clustering further highlighted the peak in labeled isotopologue
enrichments at ZT 4 and ZT 0 in WT and fmn, respectively. Since rhythmicity analyses had also previously shown peaks in
labeled isotopologues and troughs for unlabeled forms at ZT 4, we assessed the overall enrichment profiles of the short-
term fasted condition using the 24-hour rhythmic metabolites (identified in Fig 3B). This further showed similar patterns
across the two data sets (Fig 8G). Overall, this highlighted sustained increased downstream biosynthesis from glucose
carbons and peaks in rhythmicity at ZT 4 in WT irrespective of food pointing to a potential underlying circadian driver
rather than the availability of food.

Discussion

Glucose and glucose metabolism play a central role in energy metabolism. Glucose levels are closely regulated and main-
tained and disruptions to glucose metabolism lead to diseases such as diabetes [38,39]. Circadian rhythms have not only
been observed in glucose levels but also in processes involved in nutrient metabolism [40]. Moreover, glucose homeo-
stasis has been shown to be impacted by deletion of a core clock component, Bmal1, both at a global and tissue-specific
level in mice. For example, global deletion of Bmal1 has been associated with impaired glucose tolerances and glucone-
ogenesis while tissue-specific deletion of Bmal1 in the liver and intestine resulted in hypoglycemia and impaired glucose
absorption, respectively [41—-44]. This work demonstrated overall time-of-day differences and the presence of rhythmicity
in glucose-related metabolites in blood samples from human subjects. Based on the human data, we used glucose as a
tracer to begin exploring time-of-day differences in how time-dependent metabolic programming occurs in WT in compar-
ison to the fumin hyperactive mutant. Although trehalose is a major carbohydrate in Drosophila, glucose is regulated by
physiological processes and environmental cues [45]. Additionally, Drosophila contain homologs to mammalian insulin,
Drosophila insulin-like peptides, insulin receptor, and insulin substrate. Because carbohydrate metabolism and signaling
pathways are conserved across humans and Drosophila, Drosophila serves as a reasonable model to understand how
glucose is processed at different times of day [46,47].

By using labeled glucose as a tracer, we have detected time-of-day differences in the fate of glucose carbons in vivo
in Drosophila. The method used here to introduce a bolus of glucose and sample after allowing an hour for metabolism
to occur may not achieve complete steady-state labeling of metabolites downstream of glucose, thus a pseudo-steady
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state condition is achieved which allows comparisons across times and groups to be performed. A limitation is that bolus
glucose injection, while necessary to obtain robust tracer enrichment for isotopologue profiling, may introduce acute met-
abolic perturbations. However, we did not detect measurable behavioral disruption under this paradigm, and our primary
conclusions rely on relative temporal and genotype-dependent differences. Future studies should test dose scaling and
alternative tracer delivery methods to further reduce potential bolus-related artifacts. We previously reported significant
20-28-hour total metabolite pool rhythmicity in wild type under LD cycles of asparagine, glutamate, citrate/isocitrate and
fructose [25]; these pools and their isotopologues were not significantly rhythmic in this study. Furthermore, cycling was
not observed in metabolite pools for the isotopologues that were significant in WT. We rationalized that this difference is
the result of the glucose challenge in the current study. A number of glucose-related pathways (TCA cycle, PPP, and gly-
colysis) were noted to use labeled glucose as indicated by the higher relative labeled isotopologue enrichments and peaks
of cycling isotopologues at ZT 4. Furthermore, recent work has shown that mass action relationships primarily dictate the
regulation of metabolites [48]. This supports the results observed in WT since different pathways of processing glucose
are activated. However, we also observe that there is a time-of-day dependent effect where these pathways may be more
active at ZT 4 allowing glucose to be cleared in a potentially more efficient manner than at other times. As glucose is
sensitive to environmental cues [45], this therefore implies that underlying processes for glucose metabolism are primed
at ZT 4 leading to the rhythmicity and synthesis of specific isotopologues which is not reflected in metabolite pool levels.

It is important to note that the 1 M glucose load used in our tracing experiments represents a supraphysiological bolus,
effectively functioning as a “metabolic stress test” or glucose tolerance challenge rather than a measure of steady-state
baseline flux. This design was chosen to maximize *C signal-to-noise in downstream pathways and to probe the system’s
maximal capacity for glucose disposal at different times of day. Consequently, the “rush hour” we observe reflects a clock-
gated window of enhanced metabolic competence (i.e., time when the system is primed to handle nutrient excess) rather
than a typical rate of flux that occurs during normal feeding. While this approach robustly identifies the temporal windows
of metabolic flexibility, future studies using lower-dose, continuous-labeling strategies will be valuable to map how these
capacity rhythms map onto baseline nutrient handling. Although the introduction of a glucose bolus can perturb baseline
rhythms and mask metabolite pool-level rhythmicity, the same pathways remain active in steady-state conditions—where
their underlying rhythmicity can still be detected at the pool level. This highlights the importance of understanding how
specific metabolite isotopologues are altered, which can have significant implications for understanding the interaction of
the circadian clock and metabolic disease.

A key finding of this study is that the temporal regulation of glucose metabolism is fundamentally dependent on the
endogenous circadian clock. While data with fmn mutants highlights a link between activity, sleep, and metabolic timing, it
does not definitively prove clock control. Experiments using the clock-null per® mutant directly demonstrate the complete
abolishment of rhythmic glucose flux supporting the notion that the “rush hour” is not merely a reaction to feeding patterns
or light exposure but is an actively programmed event orchestrated by the molecular clock. This finding provides a critical
mechanistic anchor for the metabolic phenotypes observed throughout our study. It clarifies that the altered rhythms seen
in fmn mutants represent a modulation of a pre-existing, clock-driven metabolic program, rather than the creation of a new
one. This hierarchical model in which the core clock gates metabolic pathway accessibility, helps explain how genetic or
environmental disruptions that misalign physiology with the underlying circadian cycle can lead to metabolic dysfunction.

Multiple independent fly datasets support this notion of endogenous clock regulation of metabolic state, while under-
scoring tissue specificity. Our previous metabolomics work explicitly describes fly-body metabolite cycling alteration as
a function of clock [25] disruption. Brain RNA-seq identifies several hundred circadian/diurnal cycling transcripts that are
altered in period-null animals, indicating robust clock-dependent temporal programs in the head/brain [49]. Our previous
peripheral clock studies show that a clock in the fat body drives rhythmic expression of genes involved in metabolism
(with some components also influenced by exogenous cues such as feeding/light) [50]. At the organismal level, we have
recently shown that integrated flow-through respirometry with metabolomics reports anticipatory metabolic/respiratory
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coordination in WT-LD and reactive dysregulation in per’” or WT-DD [51]. Because our experiments here quantify
glucose-derived labeling in fly bodies following an acute bolus, they probe time-of-day differences in flux capacity and
carbon allocation rather than steady-state abundance rhythms. As such, we treat published head/tissue omics as support-
ive demonstrating clock dependence and a common early-day physiological structure rather than expecting exact phase
agreement across assays and tissues.

On the other hand, the number of rhythmic compounds in fmn was increased when compared to WT and included both
isotopologues and pools. It is important to note that the presence of cycling in metabolite pools can convolute the interpre-
tation of whether increased biosynthesis of rhythmic isotopologues is occurring specifically for the isotopologue of interest
or generally of the pool. However, for 24-hour rhythmic compounds, the peak in metabolite pools aligned more closely
with the peak observed in isotopologues and thus could point to the production of the isotopologues driving the rhythmicity
of the pools rather than the synthesis of the metabolite through alternate pathways (other than from glucose) resulting in
unlabeled forms. Further studies would be needed to definitively discriminate whether labeled carbons from metabolites
other than glucose were affecting the pool sizes.

The increase in TCA cycle labeling in fmn may be a result of the increased activity, an increased metabolic rate [52], a
switch in fuel preference, and/or decreased sleep observed in fmn which may necessitate an increased need for TCA inter-
mediates and/or amino acid production. Moreover, the lack of PPP labeling in fmn in relation to WT overall may reflect an
absence or inability to properly regulate redox oscillations as this pathway produces NADPH [53] or could simply reflect
decreased glucose phosphorylation, increased gluconeogenesis and/or increased glycogenolysis. Dysfunction in the PPP
can have implications for the behavior and rhythms in fmn. Furthermore, fmn was noted to process glucose differently at the
LD transitions through the pathways used as well as the isotopologues generated. Similar to elevated TCA cycle labeling
observed in fmn irrespective of time when compared to WT, glycolytic and TCA cycle related metabolites were also observed
to be labeled at both ZT 0 and ZT 12 although a number of unique isotopologues to both time points were also noted. In addi-
tion to concentration being a driving factor of consumption flux [48], our results point to differences in glucose consumption
pathways dependent on time-of-day and/or genotypes. Furthermore, increased energetic demands arising from hyperactivity
in fmn may also be driving not only increased glucose utilization but also differences in glucose processing by time of day.

The results of glycogen pool and synthesis measurements suggest that altered glycogen routing/turnover may
contribute to the time-resolved labeling phenotype in fmn, consistent with genotype-specific energetic demand, while
providing less support for a model in which a ZT 4-specific deficit in glycogen storage universally explains “rush hour”
labeling in control flies. Consistent with the idea that dopamine can influence glycogen metabolism, fmn mutants
exhibit globally reduced glycogen stores across the day—night cycle, with only modest relative peaks at ZT 0 and ZT
12 compared with other time points. Thus, while dopamine-dependent control of glycogen likely tunes the overall
energetic buffering capacity of the system, it cannot by itself explain the temporal reprogramming of glucose-derived
flux that we uncover. Instead, our results suggest that dopamine shapes a broader, temporally fungible metabolic state
in which multiple pathways rather than glycogen alone are re-aligned in time. Accordingly, we use “rush hour” as an
operational term describing time-dependent tracer redistribution into measurable pools, which may reflect contribu-
tions from glycogen turnover, insect redox shuttles, and measurable allocation into lipid-associated carbon.

The striking robustness of the metabolic biosynthesis “rush hours” via isotopologue enrichments observed at ZT 4 in
WT (ad lib or fasted) and ZT 0 in fmn implies that while fmn is slightly phase advanced in its morning glucose catabolic
“program,” the overall program remains the same. We acknowledge that the 4-hour sampling interval used in our metab-
olomics analysis limits our ability to resolve fine-scale temporal dynamics, such as the estimated ~1.25-hour difference in
peak feeding times between wild-type and fmn flies. Consequently, subtle metabolic phase shifts driven strictly by these
minor behavioral differences may remain undetected in our dataset. However, this resolution constraint does not impact
our broader conclusion that feeding time is not the primary driver of the fmn metabolic phenotype. Critically, the behavioral
and metabolic shifts we observe are directionally opposed: while fmn mutants display a delay in peak feeding (occurring
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near ZT 6), their maximal glucose-derived biosynthetic flux is phase-advanced to the onset of light (ZT 0). This robust
temporal dissociation where peak metabolic capacity actually precedes peak nutrient intake strongly suggests that the
“rush hour” is orchestrated by an endogenous circadian program that has become uncoupled from behavioral rhythms,
rather than being a simple downstream consequence of when the animal eats. Because Drosophila consume food pri-
marily during the light period [54], one possibility for the phase advancement in catabolism is altered underlying feeding
rhythms. Mistimed feeding can serve as a potent zeitgeber especially for peripheral clocks with impacts on metabolic
processes [55]. We observed however, the opposite result as feeding rhythms in fmn were phase delayed compared to
WT while the biosynthesis peak was phase advanced, feeding therefore was not the primary driver of the isotopologue
rhythmicity observed. This also begins to deconvolute the influence of feeding on downstream glucose catabolism from
that being driven by the presence of excess glucose and/or primed pathways. As feeding acts as a potent zeitgeber espe-
cially in peripheral clocks, misaligned feeding which can occur in shift work has been associated with altered metabolism
and adverse health consequences [55,56], however; the observed phase advancement of biosynthesis also highlights the
importance of understanding whether shifts in metabolism become decoupled from feeding and understanding the impli-
cations that may arise from this.

Product-to-precursor relationship analysis provides further insight into how glucose was being used in a manner
that was not captured at the isotopologue level. For example, the presence of rhythmicity in a ratio was not necessarily
preceded by cycling in the individual inputs. Through this analysis, we were able to observe an overall shift from 12-hour
rhythmicity in WT to 24-hour rhythmicity in fmn which followed the activity patterns of the genotypes. Specifically, in WT,
we were able to follow the flow of carbons in a stepwise manner from succinate M +4 to malate M+4 to oxaloacetate M+4
through two ratios, SM4 and MO3. Both ratios looked at oxidative reactions within the TCA cycle and were around one
indicating stepwise carbon flow through the reactions. However, at ZT 0 and ZT 20, the SM4 ratio was higher than one
implying compartmentalization across different tissues, some error in the measurement, or incorporation of labeled bicar-
bonate during pyruvate carboxylation. On the other hand, fmn also displayed rhythmicity in oxidative reactions through the
phi Value SM2. This value used M+ 2 forms of malate and succinate and implied that the pathway was being diluted by
alternately labeled or unlabeled carbons except at ZT 16 where the reaction was closer to a direct relationship between
the product and precursor. Additionally, the POM phi value was an indicator of anaplerosis driven by pyruvate carbox-
ylase. This phi value was close to one at ZT 0 and ZT 20 in fmn implying that oxaloacetate was primarily being formed
through anaplerotic pathways while at the other time points, alternate sources such as malate and/or the introduction
of aspartate could be contributing to the generation of oxaloacetate. Taken together, the phi value product-to-precursor
relationship analysis provides additional insight into how glucose is being used in both genotypes that is not gained from
typical analysis using enrichments.

While the isotope tracing portion of this study was performed in Drosophila, we speculate that there are important
implications for understanding glucose and energy response in humans. For example, increasing evidence suggests that
caloric intake biased towards earlier times have health benefits with regards to weight loss, glycemic control [57,58], and
cardio-metabolic outcomes [59]. A significant challenge in the clinical application of this knowledge is overcoming lifestyle
and habitual resistance changing or limiting time windows for food intake. For example, dinner is often an important social
dinner component, while skipping breakfast is generally not recommended creating a difficulty in creating realistic food
timing windows. Similarly, with regard to activity, overweight individuals under an acute high-fat diet have been shown to
benefit from exercise with respect to cardiorespiratory fitness irrespective of timing, but only glycemic control is improved
by evening exercise [60]. By understanding the downstream mechanisms at work through studies such as the current
work, we may be able to eventually expand the temporal window of effectiveness of food or exercise through dietary or
pharmacology intervention to more effectively employ these strategies.

Overall, we have shown the sensitivity of the metabolic fate platform to detect low-level differences in downstream glucose
metabolites at different times of the day. This approach can be adapted for higher time resolution studies and/or other labeled
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tracers in Drosophila, but also in other model organisms and potentially humans due to the small amount of tracer required
and high mass sensitivity of the platform. In our current study design, up to one-hour resolution can be achieved as this is the
time needed for glucose to be sufficiently incorporated into downstream metabolites. More generally, this approach can be
used to explore how circadian regulation of metabolism occurs in conjunction with other questions related to disease patho-
physiologies, sleep, and influence of other environmental zeitgebers. Using the resulting insights, a better understanding of
metabolic changes can be gained which can drive interventions in a more precise manner both in terms of targets as well as
timing. While our study successfully identifies a robust, clock-gated “rush hour” of glucose metabolism, we have characterized
the flux into key downstream pathways rather than building a quantitative, network-wide model. A powerful future direction

will be to leverage these data to develop a time-resolved metabolic flux analysis model. Such an approach would allow for a
quantitative understanding of how flux is dynamically rerouted between competing pathways—such as glycolysis versus the
PPP, or anaplerotic versus cataplerotic reactions—across the circadian cycle. This represents a crucial next step toward a
systems-level, mechanistic understanding of how the circadian clock orchestrates metabolism and will be essential for predict-
ing the metabolic consequences of shift work or genetic clock disruption.

Methods

Ethics statement

For recruitment of human participants, Institutional Review Board of the University of Pennsylvania and the Clinical
and Translational Research Center of the University of Pennsylvania granted the study protocol for subject recruitment
(approval no. 807347). Written informed consent was obtained from all research subjects.

Drosophila strains

Drosophila melanogaster, wild type (isogenic w''’® stock), fumin [34] and per®’ mutants [25] as characterized previously,
were maintained on standard cornmeal/molasses medium at 25°C under 12:12 LD conditions.

Geotaxis and locomotion assays

After three days under LD entrainment, 5-to-7-day-old wild type or fumin flies were anesthetized on ice for 15min at ZT 0
(lights on) or 12 (lights off). Flies were either not injected (control) or injected with PBS or 1 M Glucose. For geotaxis assays
[61,62], flies were placed in new vials without food for one hour after which climbing activity was measured by the time taken
to climb 4cm per fly, measured in triplicate using 5-8 flies per group. For locomotion assays [63,64], flies were placed in
5x65mm glass tubes with 5% sucrose post-injections and monitored using Activity Monitoring System devices (DAMS) from
Trikinetics (Waltham, MA) for a minimum of 24 hours in 25 °C LD incubators. Locomotion data was analyzed using a custom
MATLAB (MathWorks, Natick, MA Versions 2013B and 2020A) script [65] with additional analysis and plotting performed in R
(version 4.0.3). Comparisons for both assays were made using a two-sided t test using p<0.05 as a threshold for significance.

Feeding assay

An ARC assay [66] was used to record feeding rhythms of wild type and fumin. Male flies were entrained under 12 hours
Light:Dark conditions within one day of eclosion at 21 °C. On day 6, entrained flies were used to set up the feeding assay
with one fly per well containing 300 pl of 2% agar. Genotypes were loaded in alternating wells. A capillary containing a
(infrared) dye (for detection of food level) and 2.5% yeast and 2.5% sucrose was placed into each well as a food source.
After allowing for habituation to the setup, data was recorded for 48 hours with capillaries replaced each day before ZT 12.
This assay was performed at 21 °C to minimize evaporation of the capillaries. Data was visualized in R (version 4.0.3) and
any wells containing flies that had not survived, evaporation only of food and/or inconsistent food level recordings were
discarded. Data was processed using a python program (Noah15.2) with additional analyses in R (version 4.0.3).
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Glucose injection time courses

Within one day after eclosion, 15—-18 males were sorted into a new vial for entrainment to LD rhythms for a minimum

for 3 days in appropriate incubators at 25°C. All flies were between 5—7 days old at the time of injection. One vial was
placed on ice to immobilize flies 15min prior to each injection time point. The injection solution consisted of 1 M uniformly
labeled (™*C,) glucose (CIL D-Glucose, 99%) and a blue dye (50x dilution of McCormick, FD&C Blue Dye No. 1) to allow
for visualization during injections and normalization for variations in injection volumes during data processing. The solu-
tion was injected into the thorax using glass capillaries (9cm x 1.14 mm diameter, Drummond Scientific, Broomall, PA)

on ice. After injection, flies were moved to empty vials containing a kimwipe moistened with 1 ml of water to prevent flies
from becoming dehydrated and returned to the appropriate light or dark 25 °C incubator to metabolize the glucose tracer.
After one hour, flies were collected on dry ice and stored at —80 °C until extractions. Five separate days of injections were
performed as biological replicates for both WT and fumin mutants. Any flies which died after the injections were discarded.
No difference in survival rate (>95%) was noted between the genotypes.

For the shortened ad libitum versus 4-hour short term fasted time course, injections were modified as follows: 20-24
male wild-type flies were collected and entrained within one day of eclosion and were injected on day 7. Four hours prior
to each time point, flies were transferred either to fresh food vials (ad libitum condition) or agar vials (4-hour fasted con-
dition). Each group was injected with either 1 M "*C_-glucose or 1 M "?C_-glucose (Acros Organics alpha-D(+) Glucose,
99%) with blue dye (504 uM Sigma Aldrich Brilliant Blue FCF, analytical standard) dissolved in PBS.

Metabolite extraction and LC—MS measurements

Fly heads and bodies were separated prior to metabolite extraction, using an adaptation of the Bligh-dyer extraction
[35,67]. Briefly, to each fly body sample, a total of 600 pL of cold 2:1 methanol:chloroform was added and homogenized in
a bead-based tissue homogenizer at 25 Hz for 4 min (TissuLyser Il, Qiagen, Hilden, Germany). 200 pL each of water and
chloroform were then added, followed by centrifugation at 18787g for 7-10min at 4 °C. 350—400 uL of the upper (aque-
ous) layer was collected and dried under vacuum until dry or overnight. Samples were resuspended at 4 pl/fly body for
negative mode and diluted to 5.33 pl/fly body for positive mode using 50:50 water:acetonitrile. Each sample was analyzed
separately in ESI positive and negative modes. Transitions included in each method are shown in Table Ain S4 and S10
Data files. Chromatographic separations utilized an ACQUITY UPLC BEH Amide column (2.1 x150mm, 1.7 ym) on a
Waters ACQUITY H-Class UPLC coupled to a triple quadrupole Waters Xevo TQ-S Micro MS (Milford, MA). LC conditions
for the positive-ionizing method were performed as described previously [68] with a modified gradient from 100% to 20.6%
B over 15min at 0.35mL/min, followed by a wash of 100% A for 5min. Mobile phase B was changed from 0% to 100%
from 20 to 22 min and held for column equilibration until 30 min. For the negative-ionizing method, solvents consisted of
95:5 water:acetonitrile with 20 mM ammonium bicarbonate, pH 9 (mobile phase A) and 90:10 water:acetonitrile with 20 mM
ammonium bicarbonate, pH 9 (mobile phase A). The gradient was changed from 100% to 20.6% B over 15min at 0.4 mL/
min, followed by a wash of 100% A for 5min. Mobile phase B was changed from 0% to 100% from 20 to 22 min and held
for column equilibration until 30 min. lon counts were acquired through multiple reaction monitoring (MRM).

For the feeding time course samples, the LC-MS analyses was performed as described above with the addition of 5
MM ammonium phosphate to both mobile phases in both ionization modes.

Data processing and normalization

Chromatograms were processed using TargetLynx under MassLynx version 4.1 or using EI-MAVEN (version 0.12.1

beta) and exported as ion counts for further processing in R (version 4.0.3). Column pressure deviations were monitored
to identify poor sample injections which were excluded from further analysis. MRMs which were either not detected or
overlapped with other chromatographic peaks and thus prevented unequivocal peak integration were set to zero. For each
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sample, analytical duplicates were injected in a randomized order, along with QC samples every 4-10 injections, which
was comprised of a pool of all samples.

In order to perform an instrumental drift correction, consecutive QCs were averaged. Next, ion counts were used to cal-
culate metabolite pools and were also used to calculate a ratio of each transition acquired to the calculated pool. A LOESS
correction was performed on the metabolite pools to minimize the impact of differences in detection of isotopologues
across samples [69]. The corrected pools were multiplied by the ratios calculated earlier to regenerate transition-level data
corrected for instrumental drift. A validated FCF transition from the negative mode data was used to normalize for varia-
tion in glucose injection volumes for the wild type and fumin time courses. Analytical replicates were then averaged and
used to perform a NA correction using the Polly Phi LC-MS/MS application [70,71]. Transitions were summed to obtain
isotopologue-level data which was then used to calculate enrichments of each isotopologue on a metabolite level. Enrich-
ments were used for multivariate and rhythmicity analyses. The NA-corrected data was also used to calculate phi values
(product/precursor relationships) using the Polly Phi LC-MS/MS application. The resulting ratios were used for rhythmicity
analyses.

The ad libitum versus short-term fasted time course data acquired validated FCF transitions in both ESI negative and
positive modes and were used to normalize the data within each mode. After averaging the analytical replicates, a back-
ground correction was performed using the Polly Phi LC-MS/MS application using the '2C injected samples as back-
ground samples for the *C injected samples. The background-corrected data was then corrected for NA.

Multivariate and rhythmicity analyses

Principal component analyses through SIMCA (Umetrics, version 17) were periodically checked throughout the data
processing steps to ensure data quality was being maintained. Enrichments were used for further OPLS-DA models in
SIMCA. OPLS-DA models were generated to test for time-dependent within each genotype and/or group by defining each
time point as a class with remaining time points as a second class. Genotype/Group level differences were also tested
overall as well as for each time point. For each model, the number of components was trimmed to obtain a model with
the lowest CV-ANOVA p-value to avoid overfitting. A CV-ANOVA p-value cutoff of 0.1 was used to determine significant
models for further analysis. SUS analyses [72] were also performed in SIMCA using significant OPLS-DA models. Each
metabolite enrichment was treated as an independent variable in multivariate models for computational simplicity.

In addition to multivariate analyses, univariate analyses were also performed. A two-way ANOVA using genotype and
time was performed followed by a post-hoc Tukey HSD test for any significant interaction compounds. P-values were
adjusted using a BH correction. The adjusted ANOVA genotype p-values along with calculated fold changes of fumin to
wild type were used in a volcano plot.

To identify metabolites with 24-h rhythmic patterns, we applied two complementary rhythm-detection methods
(JTK_CYCLE and RAIN), which test whether a time series follows a repeating daily pattern while accounting for the
sampling interval. Using both approaches provides a robustness check, as each method has different sensitivities to
waveform shape and noise. Using the enrichment-level data as 5 biological replicates from ZT 0-20, RAIN [73] and
JTK [74,75] algorithms were used to assess diurnal (24- and 20-28-hour periods) and ultradian (12-hour) rhyth-
micity through the R Rain and MetaCycle packages, respectively. Results from RAIN using a g-value cutoff of 0.2
were used for further analyses. For the product to precursor relationships (phi values), RAIN p-values less than 0.1
were used to determine significance. For feeding data, rhythms were tested using food consumption combined into
10-minute bins through JTK.

FCF and glucose quantitation

Representative sample of wild-type flies were injected with a glucose and blue dye solution, collected, and extracted as
described earlier. Uninjected flies were collected and extracted to use as a background matrix for the calibration curve. To

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003717  April 16, 2026 24733




PLON. Biology

ensure a similar background, the upper fractions from uninjected samples were pooled and then aliquoted before drying.
Injected samples were resuspended in diluent while uninjected samples were resuspended in appropriate calibration solu-
tions containing varying FCF concentrations in the diluent. Integration was performed in EI-Maven as described with data
processing in R (version 4.0.3) and Prism (version 9).

Human sample analysis

Plasma samples from 14 patients (8 males and 6 females; 12 White; average standard deviation age 29.14 9.37) col-
lected as described in [76] were used. These samples were collected every four hours from an in-patient protocol and the
first 24 h of samples analyzed here. The consent of the Institutional Review Board of the University of Pennsylvania and
the Clinical and Translational Research Center of the University of Pennsylvania was granted for this study and informed
consent obtained from all research subjects. 150 pL of plasma was used as a starting material and extracted using the
method described in metabolite extraction and LC—MS measurements section with the following differences: To each sam-
ple 900 pL of 2:1 methanol:chloroform was added followed by 300 pL of chloroform and water. Samples were vortexed
and centrifuged and 200 pL of the upper fraction was collected for LC-MS analyses and dried for 6 hours under vacuum.
Paired samples were acquired using an ion-switching method using transitions, solvents, instrumentation, LC and MS
parameters described in [35]. For sample resuspension, dried upper fractions were resuspending using 200 pL of 15:85
milliQ water:acetonitrile. Acquired data was integrated using EI-MAVEN (version 0.12.1 beta) as described in the data
processing and normalization section. Exported ion counts were corrected for instrument drift using a linear correction
followed by median fold change normalization. The data was combined for all subjects into a single dataset. To normalize
for interindividual differences in concentration, the ratio of each metabolite to the average for that metabolite was taken on
an individual level. The resulting ratios were used for multivariate and rhythmicity analyses as described in the multivariate
and rhythmicity analysis section.

Pathway analysis

Significant pathways as identified by VIP values were used in MetaboAnalyst 5.0 for a pathway analysis [77]. Metabolites
were uploaded using HMDB identifiers and processed using a hypergeometric enrichment method, relative-betweenness
centrality for topology analysis using the Homo sapiens (KEGG) pathway library. The resulting data was imported into R
(Version 4.0.3) and further analyzed. Significant pathways were defined using an FDR less than 0.05. To be included in
further analyses, an impact value greater than zero was required for at least one time comparison.

Total glycogen measurement

Glycogen measurements were done as previously [78] documented. Fly bodies of 5- to 7-day-old adult male flies were
collected on dry ice prior to homogenization. The decapitated fly bodies (N=3 groups/ five flies each group/genotype/time
point) homogenized in 200 pl of 0.1 M NaOH. The homogenate was then centrifuged at 13,300 rpm for 10min at 4 °C.
The supernatant was extracted from each replicate separately and 20 pl of the lysate was treated with 5mg/ml Amyloglu-
cosidase (Sigma-Aldrich, CAS-N0-9032-08-0) in 0.2 M acetate, pH 4.8. Amyloglucosidase enzyme catabolizes glycogen
to yield free glucose molecules. Simultaneously, another 20 ul aliquot of the lysate was treated with 0.2 M acetate, pH
4.8 alone (untreated lysate). Both reactions incubated for 2h at 37 °C on the heating blocks. Subsequently, Amplex Red
Glucose/Glucose Oxidase Assay kit (Invitrogen-A22189) was used to measure the free glucose content in each reaction
in triplicate. The protein concentration of these reactions was then measured using the Pierce™ BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL) for normalization. Finally, the glycogen content of each sample was calculated by sub-
tracting the free glucose concentration of the untreated lysate from the free glucose concentration of the lysate that was
treated with amyloglucosidase.
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Glycogen enrichment analysis

Lysates post Amyloglucosidase reaction, as mentioned in previous section, was subjected to Bligh-Dyer extraction. Polar
fraction of the extract was evaporated, reconstituted in 98:2 methanol/water, and 2.5 yl spotted on PTFE-coated glass
slides for further analysis in DESI-MS.

Glucose isotopomer intensities were obtained from DESI-MS analysis of fly body extracts and exported as peak areas
for the [M+%CI]~ adduct at m/z 215.0328—-221.0529 (M+0 to M+6). For each sample, the total isotopomer pool was calcu-
lated as the sum of the M+0—M +6 signals, and fractional enrichment was defined as the M + 6 fraction of this pool (M6/
pool=M+6+3M+0-M+86). Flies were sampled every 4 h from ZT 0 to ZT 20 with three biological replicates per group
(fmn and wild type) at each time point (40 male fly bodies each replicate/genotype/time point). To visualize multi-day
dynamics, these replicates were ordered by sample identifier and mapped onto three consecutive “virtual” days (replicate
1: ZT 0-20 hours, replicate 2: ZT 24—44 hours, replicate 3: ZT 48—68 hours), yielding a continuous 72 hours pseudo-time
series for each group.

Proline supplementation

Flies were reared under standard conditions (25 °C, 12 hours:12 hours light—dark cycle) on conventional cornmeal-molas-
ses food. 2—4-day-old adult males were used for the experiments. For proline supplementation, L-proline (Sigma) was
dissolved in distilled water to prepare a 1 M stock solution. The stock was added to melted, cooled (~50 °C) fly food to a
final concentration of 30mM and 15mM, mixed thoroughly, and poured into standard vials.

For each genotype, flies were transferred to vials containing 30 or 15mM proline-supplemented food (“proline media”)
and allowed to feed ad libitum for 5 consecutive days. Multiple vials contained 20 flies each, and flies were transferred
to fresh 30 and 15mM proline food every 2—3 days as needed to maintain food quality. Only flies that survived on 30 and
15mM proline through the pre-feeding period were used for subsequent glucose injection experiments and controlled con-
dition. On day 6 (Day 0 on graphs) of proline pre-feeding, surviving flies from each genotype were randomly allocated to
experimental and control groups: ?C Glucose-injected groups (Proline + Glucose): For each genotype, three indepen-
dent biological replicates were set up, each consisting of 20-25 flies (n=3 vials/genotype). Flies were kept briefly on ice
and injected with a '2C-glucose solution as described in the “Glucose injection and metabolic labeling” section. Following
injection, flies were immediately returned to fresh 30 and 15 mM proline food and maintained under standard conditions.
Non-injected control groups (Proline only): In parallel, for each genotype, three independent biological replicates of
20-25 flies each (n=3 vials/genotype) were handled identically (including ice exposure, if matched to injected groups), but
were not injected. These flies were also maintained on 30 and 15mM proline food for the duration of the assay. After the
day 6 intervention (glucose injection or control handling), survival was monitored daily for at least 3 days. Dead flies were
counted and removed at the same circadian time each day, and the number of surviving flies per vial was recorded. Flies
were maintained on 30 and 15mM proline food throughout this period, with food changed if necessary to prevent desicca-
tion or mold. For each genotype and condition, survival was summarized as the mean+ SEM across the three biological
replicates. Genotype- and treatment-dependent effects on survival at each time point (e.g., days 2 and 3 post-injection)
were assessed using appropriate statistical tests (ANOVA Sidak’s multiple comparison test).

Supporting information

S$1 Fig. Pairwise OPLS-DA models for each time point and 20-28-hour rhythmicity support time-of-day variation
in metabolite levels. (A) Overview of study design showing clock times and corresponding ZT times for blood collections
adapted from [76]. (B—F) Scores plots (left panel) and corresponding loadings plots (right panel) for significant pairwise
OPLS-DA models. Colors in scores plots represent classes and in loadings plot represent classes of metabolites. Size

of points in loadings plot represents significance as defined through VIP values. Models are (B) ZT 0 versus All, (C) ZT
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8 versus All, (D) ZT 12 versus All, (E) ZT 16 versus All, and (F) ZT 20 versus All. Two classes were defined for each
model as the time point being tested and all remaining time points. (G) Overview of the number of significant 20—28-hour
rhythmic metabolites observed at RAIN (dark) or JTK (light) g-value cut-offs of 0.1, 0.2, 0.3, and 0.4. (H) Phase-ordered
heatmap of significantly cycling metabolites with 20—28-hour periods as tested by RAIN with a g-value less than 0.2. (l)
Distribution of RAIN phases for significant 20—-28-hour metabolites. Colors represent classes of metabolites. Raw data for
these figures is available as S1 Data file.

(PDF)

S2 Fig. Overview of 20-28-hour and 12-hour rhythmicity in wild type. (A, D) Overview of the number of significant
12-hour (a) and 20-28-hour (d) rhythmic compounds observed at RAIN g-values of 0.1, 0.2, 0.3, and 0.4. (B, E) Phase-
ordered heatmaps of significantly cycling compounds with 12-hour (B) and 20—-28-hour (E) periods in wild type as tested
by RAIN with a g-value less than 0.2. (C, F) Distribution of RAIN phases for significant 12-hour (C) and 20—28-hour (F)
compounds grouped by metabolite. Shapes and colors refer to isotopologues or pools. Raw data for these figures is avail-
able as S4 Data file.

(PDF)

S3 Fig. Time-of-day-dependent incorporation of glucose-derived carbon into lipid-associated NMR resonances
and altered '*C-hexose labeling dynamics in per01. (A) Representative 'H-"C HSQC spectrum from flies injected with
[U-3C]-glucose, showing the set of manually defined regions of interest (ROIs) used to quantify label incorporation into
major aliphatic resonances. ROls are outlined in green. ROI2, highlighted here, corresponds to a cluster of cross-peaks in
the lipid-associated aliphatic region (primarily CHs/CH, environments). (B) Heatmap of temporal changes in the labeled—
unlabeled intensity difference across all HSQC ROls over the circadian cycle. Warmer colors indicate increased *C
incorporation relative to unlabeled controls. ROI2 exhibits a delayed peak in *C enrichment relative to small-molecule
metabolites, consistent with precursor to lipid allocation following the early-day metabolic “rush hour.” (C) Fraction

of labeled hexose (1 — M°/total isotopologue pool) across circadian time for WT and per mutants under LD following
[U-"3C]-glucose injection. Boxplots show individual biological replicates; lines represent LOESS fits £ 95% CI. WT flies
exhibit a time-structured labeling profile with an early-day rise in fractional labeling, whereas per mutants show attenuated
temporal structure consistent with loss of circadian regulation of glucose handling and downstream carbon allocation. Raw
data for these figures is available as S5 (A and B) and S6 (C) Data files.

(PDF)

S4 Fig. Genotype differences at ZT 4 display common and unique changes in labeled metabolite forms. (A) Heat-
map showing pearson correlation of select isotopologues with glutathione M+ 5 for both wild type and fumin. (B) Negative
log CV-ANOVA p-values for each time point tested in pairwise OPLS-DA models between genotypes. Significance was
defined as a CV-ANOVA p-value less than 0.1 (shown as points above the green line). (C) Scores plot of the significant ZT
4 wild type versus fumin OPLS-DA model. Classes were defined as all ZT 4 samples for WT as one class and for fumin

as a second class. (D) Loadings plot of the corresponding ZT 4 wild type versus fumin OPLS-DA model. Colors represent
different isotopologues while shading representing VIP significance (dark signifies a VIP value greater than 1 while lighter
shades are used for a VIP less than 1). Abbreviations are defined in Fig 3G. Raw data for these figures is available as S4
Data file.

(PDF)

S5 Fig. Increased biosynthesis downstream of glucose is observed during the light period in fumin. (A) Scores
plot of the significant fumin Light (ZT 4 and ZT 8) versus Dark (ZT 16 and ZT 20) OPLS-DA model. (B) Corresponding
loadings plot for the fumin Light versus Dark scores (A) plot. Colors represent different isotopologues and shading rep-
resents VIP significance. Abbreviations are defined in Fig 3G. (C) SUS plot comparing the loadings plot from the Wild
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Type ZT 4 versus All (Fig 3G) and fumin ZT 12 versus All (Fig 5E) OPLS-DA models with a regression line and equation.
Green refers to VIP compounds in both models; blue refers to VIP compounds in the wild type model; red refers to VIP
compounds in the fumin model. Shapes refer to isotopologues. Abbreviations are defined in Fig 3G. Raw data for these
figures is available as S4 Data file.

(PDF)

S6 Fig. Time-dependent lethality of fumin flies on proline with and without '>’C-glucose injection. (A-D) Survival

of wild-type and fumin flies fed 30 mM L-proline at ZT 4 (A, B) or ZT 16 (C, D) under control conditions (no injection) or
following 2C-glucose injection. At ZT 4, proline feeding resulted in selective lethality of fumin flies under control conditions
(A) but not after glucose injection (B). At ZT 16, fumin-specific lethality emerged only in the post-injection condition (D).
(E-H) Survival of wild-type and fumin flies fed 15mM L-proline at ZT 4 (E, F) or ZT 16 (G, H). Data represent N=3 biolog-
ical replicates (20-25 flies each replicate) per genotype per condition. Statistical analysis was performed using ANOVA
Sidak’s multiple comparison test for obtaining P-values: *p<0.05, **p<0.005, and ***p<0.0005. For all graphs, error
bars=SEM and NS is not significant. Raw data for these figures is available as S7 Data file.

(PDF)

S7 Fig. Dopamine transporter mutant fumin show globally reduced glycogen that does not explain the shifted met-
abolic “rush hour”. (A) Ratio of "*C-labeled hexose (M+6) to total glycogen-derived glucose following enzymatic hydrolysis
of whole-body glycogen in LD. Flies were injected with [U-"*C]-glucose at each time point (n=3/time point, shown as separate
days), and glycogen-derived label was quantified by DESI-MS after hydrolysis. Shaded vertical bars denote subjective night-
time. (B) Quantification of glycogen levels in wild-type and fumin flies over a 24 hour light—dark cycle (ZT 0, 4, 8, 12, 16, 20).
Glycogen levels were measured in 5-to 7-day—old males for both the genotypes. The resultant values were then normalized
to protein content. Fly heads were removed prior to homogenization. N=3 replicates. Each sample contained an indepen-
dent group of 4 fly bodies. Within the mutant, glycogen showed a modest bimodal pattern, with ZT 0 and ZT 12 representing
relative higher levels compared with other ZTs. Notably, these relative glycogen peaks in fumin did not coincide with the time
window of maximal post-glucose-challenge flux, indicating that the shifted “rush hour” cannot be simply attributed to a change
in glycogen synthesis or storage timing. Statistical analysis was performed using ANOVA Sidak’s multiple comparison test

for obtaining P-values: *p<0.05, **p<0.005, and ***p<0.0005 for B. For C and D, statistical analysis was performed using
ANOVA Tukey’s multiple comparison test for obtaining P-values: *p<0.05, **p<0.005, and ***p<0.0005. For all graphs, error
bars=SEM and NS is not significant. Raw data for these figures is available as S8 (A) and S9 (B-D) Data files.

(PDF)

S8 Fig. 20-28-hour rhythmicity in fumin complements/supports 24-hour rhythmicity. (A) Overview of the number of
significant 20—28-hour rhythmic compounds observed at RAIN (dark) or JTK (light) g-value cut-offs of 0.1, 0.2, 0.3, and 0.4. (B)
Phase-ordered heatmaps of significantly cycling compounds with periods of 20—28-hour in fumin at a RAIN g-value cutoff of
0.2. Enrichments for wild type are shown for comparison. (C) Distribution of RAIN phases for significant 20—28-hour compounds
in fumin grouped by metabolite. Shapes and colors refer to isotopologues or pools. (D) Comparison of 20—28-hour significant
cycling compounds in wild type and fumin as defined by a RAIN g-value less than 0.2. g-value cutoffs of 0.2 (black dotted line)
and 0.4 (purple dotted line) are shown. Color refers to significant rhythmicity in one or both genotypes while shapes refer to
isotopologues. Abbreviations are defined in Fig 3G. Raw data for these figures is available as S4 Data file.

(PDF)

S9 Fig. Changes in isotopologue enrichments in response to a 4-hour short-term fast. (A) Corresponding loadings
plot for the ad libitum versus short-term fasted condition. Isotopologues are represented by shapes, metabolites by color
and size of the shapes represents significance as defined through VIP values. Abbreviations as defined in Fig 3G; Isoc-
itrate (Iso); Fructose-1,6-Phosphate (F-1,6-P); Fructose (Fruc); Fumarate (Fum); Glucose (Gluc); Hexose-6-Phosphate
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(H-6-P); Phosphoglycerates (PG); Ribulose-5-Phosphate (R-5-P). (B) Corresponding loadings plot for the short-term
fasted ZT 4 versus All OPLS-DA model. Colors represent isotopologues with shading representing VIP significance (dark
signifies a VIP value greater than 1 while lighter shades are used for a VIP less than 1). Abbreviations as defined in Fig
3G and 3A. (C) Clustered heatmap on both the x and y-axes shown using ZT 0—12 time points from the earlier Wild Type
samples along with the short-term fasted samples for VIP compounds determined from the Wild Type ZT 4 versus All
model (Fig 3F and 3G). Raw data for these figures is available as S4 and S10 Data files.

(PDF)

S1 Data. Table A. Human data—All sets and transitions combined (no zeroes). Table B. Sample information.
(XLSX)

S2 Data. Table A. Geotaxis results for wild type. Table B. Geotaxis results for fumin.
(XLSX)

S3 Data. Table A. Locomotion data for wild type (ZT 0). Table B. Locomotion data for wild type (ZT 12). Table C. Locomo-
tion data for fumin (ZT Q). Table D. Locomotion data for fumin (ZT 12). Table E. Male activity data for wild type and fumin.
(XLSX)

S4 Data. Table A. Transitions for wild type and fumin time courses. Table B. Positive mode raw data for wild type and
fumin time courses. Table C. Negative mode raw data for wild type and fumin time courses. Table D. Enrichment and pool
values for wild type and fumin time courses.

(XLSX)

S5 Data. ROI2 points from lipid synthesis.
(XLSX)

S6 Data. LCMS Hexose isotopologues.
(XLSX)

S7 Data. Time-dependent lethality raw data of wild type and fumin flies on proline.
(XLSX)

S8 Data. Results of Glycogen-associated labeling.
(XLSX)

S9 Data. Total glycogen assay raw data for wild type and fumin.
(XLSX)

S10 Data. Table A. Transitions for wild-type ad libitum and 4-hour fasted time courses. Table B. Positive mode raw data for wild
type ad libitum and 4-hour fasted time courses. Table C. Negative mode raw data for wild type ad libitum and 4-hour fasted time
courses. Table D. Enrichment and pool values for wild-type ad libitum and 4-hour fasted time courses. Table E. Feeding raw data.
(XLSX)

Acknowledgments

We thank Lisa Bottalico for discussions on LC-MS methodology; Gregory Grant for discussions on considerations for
proper sample randomization; Tom Brooks and Antonijo Mrcela for discussions on cycling measurement algorithms;
Sunil Dhakad, Maheswari Karthikeyan, Shefali Lathwal, and Raghav Sehgal (Elucidata) for their discussions and help on
performing natural abundance corrections and phi value calculations; Thomas Jongens for suggestions and editing; and
Joeseph Bedont for discussions around short sleeping mutants.

PLOS Biology | https://doi.org/10.137 1/journal.pbio.3003717  April 16, 2026 29/33



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s012
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s013
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s015
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s016
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s017
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s018
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003717.s019

PLON. Biology

Author contributions
Conceptualization: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Amita Sehgal, Aalim M. Weljie.

Formal analysis: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Arjun Sengupta, Erna Sif Arnardottir, Allan Pack, Aalim
M. Weljie.

Funding acquisition: Allan Pack, Amita Sehgal, Aalim M. Weljie.
Investigation: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Arjun Sengupta, Shirley L. Zhang, Paula Haynes.

Methodology: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Arjun Sengupta, Annika Barber, Erna Sif Arnardottir, Allan
Pack.

Resources: Shirley L. Zhang, Annika Barber, Paula Haynes, Erna Sif Arnardottir, Allan Pack, Richard G. Kibbey, Amita
Sehgal.

Supervision: Aalim M. Weljie.
Visualization: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Aalim M. Weljie.
Writing — original draft: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Aalim M. Weljie.

Writing — review & editing: Dania M. Malik, Pinky Kain, Seth D. Rhoades, Shirley L. Zhang, Annika Barber, Paula
Haynes, Richard G. Kibbey, Amita Sehgal, Aalim M. Weljie.

References

1. Potter GDM, Skene DJ, Arendt J, Cade JE, Grant PJ, Hardie LJ. Circadian rhythm and sleep disruption: causes, metabolic consequences, and
countermeasures. Endocr Rev. 2016;37(6):584—608. https://doi.org/10.1210/er.2016-1083 PMID: 27763782

2.  Wittmann M, Dinich J, Merrow M, Roenneberg T. Social jetlag: misalignment of biological and social time. Chronobiol Int. 2006;23(1-2):497-509.
https://doi.org/10.1080/07420520500545979 PMID: 16687322

3. Wyse CA, Biello SM, Gill JMR. The bright-nights and dim-days of the urban photoperiod: implications for circadian rhythmicity, metabolism and
obesity. Ann Med. 2014;46(5):253—63. https://doi.org/10.3109/07853890.2014.913422 PMID: 24901354

4. Akerstedt T. Shift work and disturbed sleep/wakefulness. Occup Med (Lond). 2003;53(2):89—-94. https://doi.org/10.1093/occmed/kqg046 PMID:
12637592

5. Shilts J, Chen G, Hughey JJ. Evidence for widespread dysregulation of circadian clock progression in human cancer. Peerd. 2018;6:e4327. https://
doi.org/10.7717/peerj.4327 PMID: 29404219

6. Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E, et al. Obesity and metabolic syndrome in circadian Clock mutant mice. Science.
2005;308(5724):1043-5. https://doi.org/10.1126/science.1108750 PMID: 15845877

7. Hower IM, Harper SA, Buford TW. Circadian rhythms, exercise, and cardiovascular health. J Circadian Rhythms. 2018;16:7.

8. Froy O. Metabolism and circadian rhythms — implications for obesity. Endocr Rev. 2010;31(1):1-24. https://doi.org/10.1210/er.2009-0014 PMID:
19854863

9. Masuyama K, Zhang Y, Rao Y, Wang JW. Mapping neural circuits with activity-dependent nuclear import of a transcription factor. J Neurogenet.
2012;26(1):89-102. https://doi.org/10.3109/01677063.2011.642910 PMID: 22236090

10. Dallmann R, Viola AU, Tarokh L, Cajochen C, Brown SA. The human circadian metabolome. Proc Natl Acad Sci U S A. 2012;109(7):2625-9.
https://doi.org/10.1073/pnas.1114410109 PMID: 22308371

11. Chua EC-P, Shui G, Lee IT-G, Lau P, Tan L-C, Yeo S-C, et al. Extensive diversity in circadian regulation of plasma lipids and evidence for different

circadian metabolic phenotypes in humans. Proc Natl Acad Sci U S A. 2013;110(35):14468-73. https://doi.org/10.1073/pnas.1222647110 PMID:
23946426

12. Gu F, Klerman EB, Kim S, Moore S, Yu K, Albert PS, et al. Diurnal variation of metabolites in three individual participants. Chronobiol Int.
2019;36(3):332—42. https://doi.org/10.1080/07420528.2018.1541901 PMID: 30557062

13. Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K, Gordijn M, et al. Epidemiology of the human circadian clock. Sleep Med Rev.
2007;11(6):429-38. https://doi.org/10.1016/j.smrv.2007.07.005 PMID: 17936039

14. Putilov AA, Marcoen N, Neu D, Pattyn N, Mairesse O. There is more to chronotypes than evening and morning types: results of a large-scale
community survey provide evidence for high prevalence of two further types. Pers Individ Dif. 2019;148:77-84. https://doi.org/10.1016/.
paid.2019.05.017

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003717  April 16, 2026 30/33



https://doi.org/10.1210/er.2016-1083
http://www.ncbi.nlm.nih.gov/pubmed/27763782
https://doi.org/10.1080/07420520500545979
http://www.ncbi.nlm.nih.gov/pubmed/16687322
https://doi.org/10.3109/07853890.2014.913422
http://www.ncbi.nlm.nih.gov/pubmed/24901354
https://doi.org/10.1093/occmed/kqg046
http://www.ncbi.nlm.nih.gov/pubmed/12637592
https://doi.org/10.7717/peerj.4327
https://doi.org/10.7717/peerj.4327
http://www.ncbi.nlm.nih.gov/pubmed/29404219
https://doi.org/10.1126/science.1108750
http://www.ncbi.nlm.nih.gov/pubmed/15845877
https://doi.org/10.1210/er.2009-0014
http://www.ncbi.nlm.nih.gov/pubmed/19854863
https://doi.org/10.3109/01677063.2011.642910
http://www.ncbi.nlm.nih.gov/pubmed/22236090
https://doi.org/10.1073/pnas.1114410109
http://www.ncbi.nlm.nih.gov/pubmed/22308371
https://doi.org/10.1073/pnas.1222647110
http://www.ncbi.nlm.nih.gov/pubmed/23946426
https://doi.org/10.1080/07420528.2018.1541901
http://www.ncbi.nlm.nih.gov/pubmed/30557062
https://doi.org/10.1016/j.smrv.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17936039
https://doi.org/10.1016/j.paid.2019.05.017
https://doi.org/10.1016/j.paid.2019.05.017

PLON. Biology

15. Roberts HJ. Afternoon glucose tolerance testing: a key to the pathogenesis, early diagnosis and prognosis of diabetogenic hyperinsulinism. J Am
Geriatr Soc. 1964;12:423-72. https://doi.org/10.1111/].1532-5415.1964.tb05730.x PMID: 14157686

16. Bowen AJ, Reeves RL. Diurnal variation in glucose tolerance. Arch Intern Med. 1967;119(3):261—4. https://doi.org/10.1001/
archinte.1967.00290210093007 PMID: 6019944

17. McGinnis GR, Young ME. Circadian regulation of metabolic homeostasis: causes and consequences. Nat Sci Sleep. 2016;8:163-80. https://doi.
0rg/10.2147/NSS.S78946 PMID: 27313482

18. Krishnaiah SY, Wu G, Altman BJ, Growe J, Rhoades SD, Coldren F, et al. Clock regulation of metabolites reveals coupling between transcription
and metabolism. Cell Metab. 2017;25(4):961-974.e4. https://doi.org/10.1016/j.cmet.2017.03.019 PMID: 28380384

19. Minami Y, Kasukawa T, Kakazu Y, ligo M, Sugimoto M, Ikeda S, et al. Measurement of internal body time by blood metabolomics. Proc Natl Acad
Sci U S A. 2009;106(24):9890-5. https://doi.org/10.1073/pnas.0900617106 PMID: 19487679

20. Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian gene expression atlas in mammals: implications for biology and medi-
cine. Proc Natl Acad Sci U S A. 2014;111(45):16219—-24. https://doi.org/10.1073/pnas. 1408886111 PMID: 25349387

21. Malik DM, Paschos GK, Sehgal A, Weljie AM. Circadian and sleep metabolomics across species. J Mol Biol. 2020;432(12):3578—610. https://doi.
org/10.1016/j.jmb.2020.04.027 PMID: 32376454

22. Eckel-Mahan KL, Patel VR, de Mateo S, Orozco-Solis R, Ceglia NJ, Sahar S, et al. Reprogramming of the circadian clock by nutritional challenge.
Cell. 2013;155(7):1464—78. https://doi.org/10.1016/j.cell.2013.11.034 PMID: 24360271

23. Gogna N, Singh VJ, Sheeba V, Dorai K. NMR-based investigation of the Drosophila melanogaster metabolome under the influence of daily cycles
of light and temperature. Mol Biosyst. 2015;11(12):3305-15. https://doi.org/10.1039/c5mb00386e PMID: 26422411

24. Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA, Gill S, et al. Time-restricted feeding without reducing caloric intake prevents metabolic
diseases in mice fed a high-fat diet. Cell Metab. 2012;15(6):848-60. https://doi.org/10.1016/j.cmet.2012.04.019 PMID: 22608008

25. Rhoades SD, Nayak K, Zhang SL, Sehgal A, Weljie AM. Circadian- and light-driven metabolic rhythms in Drosophila melanogaster. J Biol Rhythms.
2018;33(2):126-36. https://doi.org/10.1177/0748730417753003 PMID: 29355066

26. Malik DM, Rhoades SD, Kain P, Sengupta A, Sehgal A, Weljie AM. Altered metabolism during the dark period in Drosophila short sleep mutants. J
Proteome Res. 2024;23(9):3823-36. https://doi.org/10.1021/acs.jproteome.4c00106 PMID: 38836855

27. Jang C, Chen L, Rabinowitz JD. Metabolomics and isotope tracing. Cell. 2018;173(4):822-37.

28. Ch R, Rey G, Ray S, Jha PK, Driscoll PC, Dos Santos MS, et al. Rhythmic glucose metabolism regulates the redox circadian clockwork in human
red blood cells. Nat Commun. 2021;12(1):377. https://doi.org/10.1038/s41467-020-20479-4 PMID: 33452240

29. Katewa SD, Akagi K, Bose N, Rakshit K, Camarella T, Zheng X, et al. Peripheral circadian clocks mediate dietary restriction-dependent changes in
lifespan and fat metabolism in Drosophila. Cell Metab. 2016;23(1):143-54. https://doi.org/10.1016/j.cmet.2015.10.014 PMID: 26626459

30. Tseng T-W, Wu J-T, Chen Y-C, Urban PL. Isotope label-aided mass spectrometry reveals the influence of environmental factors on metabolism in
single eggs of fruit fly. PLoS One. 2012;7(11):€50258. https://doi.org/10.1371/journal.pone.0050258 PMID: 23185587

31. Nissim |, Lapidot A. Plasma amino acid turnover rates and pools in rabbits: in vivo studies using stable isotopes. Am J Physiol. 1979;237(5):E418-
27. https://doi.org/10.1152/ajpendo.1979.237.5.E418 PMID: 573971

32. Young ME, Razeghi P, Cedars AM, Guthrie PH, Taegtmeyer H. Intrinsic diurnal variations in cardiac metabolism and contractile function. Circ Res.
2001;89(12):1199-208. https://doi.org/10.1161/hh2401.100741 PMID: 11739286

33. Sefer E, Kleyman M, Bar-Joseph Z. Tradeoffs between dense and replicate sampling strategies for high-throughput time series experiments. Cell
Syst. 2016;3(1):35-42. https://doi.org/10.1016/j.cels.2016.06.007 PMID: 27453445

34. Kume K, Kume S, Park SK, Hirsh J, Jackson FR. Dopamine is a regulator of arousal in the fruit fly. J Neurosci. 2005;25(32):7377-84. https://doi.
org/10.1523/JNEUROSCI.2048-05.2005 PMID: 16093388

35. Malik DM, Rhoades S, Weljie A. Extraction and analysis of pan-metabolome polar metabolites by ultra performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS). Bio Protoc. 2018;8(3):e2715. https://doi.org/10.21769/BioProtoc.2715 PMID: 29623284

36. Hughes ATL, Piggins HD. Feedback actions of locomotor activity to the circadian clock. Prog Brain Res. 2012;199:305-36. https://doi.org/10.1016/
B978-0-444-59427-3.00018-6 PMID: 22877673

37. Alves TC, Pongratz RL, Zhao X, Yarborough O, Sereda S, Shirihai O, et al. Integrated, step-wise, mass-isotopomeric flux analysis of the TCA
cycle. Cell Metab. 2015;22(5):936-47.

38. Nakrani MN, Wineland RH, Anjum F. Physiology, glucose metabolism. Treasure Island (FL): StatPearls; 2022.
39. Chandel NS. Carbohydrate metabolism. Cold Spring Harb Perspect Biol. 2021;13(1).
40. Panda S. Circadian physiology of metabolism. Science. 2016;354(6315):1008—15. https://doi.org/10.1126/science.aah4967 PMID: 27885007

41. Marcheva B, Ramsey KM, Buhr ED, Kobayashi Y, Su H, Ko CH, et al. Disruption of the clock components CLOCK and BMAL1 leads to hypoinsuli-
naemia and diabetes. Nature. 2010;466(7306):627-31. https://doi.org/10.1038/nature09253 PMID: 20562852

42. Rudic RD, McNamara P, Curtis A-M, Boston RC, Panda S, Hogenesch JB, et al. BMAL1 and CLOCK, two essential components of the circadian
clock, are involved in glucose homeostasis. PLoS Biol. 2004;2(11):e377. https://doi.org/10.1371/journal.pbio.0020377 PMID: 15523558

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003717  April 16, 2026 31/33



https://doi.org/10.1111/j.1532-5415.1964.tb05730.x
http://www.ncbi.nlm.nih.gov/pubmed/14157686
https://doi.org/10.1001/archinte.1967.00290210093007
https://doi.org/10.1001/archinte.1967.00290210093007
http://www.ncbi.nlm.nih.gov/pubmed/6019944
https://doi.org/10.2147/NSS.S78946
https://doi.org/10.2147/NSS.S78946
http://www.ncbi.nlm.nih.gov/pubmed/27313482
https://doi.org/10.1016/j.cmet.2017.03.019
http://www.ncbi.nlm.nih.gov/pubmed/28380384
https://doi.org/10.1073/pnas.0900617106
http://www.ncbi.nlm.nih.gov/pubmed/19487679
https://doi.org/10.1073/pnas.1408886111
http://www.ncbi.nlm.nih.gov/pubmed/25349387
https://doi.org/10.1016/j.jmb.2020.04.027
https://doi.org/10.1016/j.jmb.2020.04.027
http://www.ncbi.nlm.nih.gov/pubmed/32376454
https://doi.org/10.1016/j.cell.2013.11.034
http://www.ncbi.nlm.nih.gov/pubmed/24360271
https://doi.org/10.1039/c5mb00386e
http://www.ncbi.nlm.nih.gov/pubmed/26422411
https://doi.org/10.1016/j.cmet.2012.04.019
http://www.ncbi.nlm.nih.gov/pubmed/22608008
https://doi.org/10.1177/0748730417753003
http://www.ncbi.nlm.nih.gov/pubmed/29355066
https://doi.org/10.1021/acs.jproteome.4c00106
http://www.ncbi.nlm.nih.gov/pubmed/38836855
https://doi.org/10.1038/s41467-020-20479-4
http://www.ncbi.nlm.nih.gov/pubmed/33452240
https://doi.org/10.1016/j.cmet.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26626459
https://doi.org/10.1371/journal.pone.0050258
http://www.ncbi.nlm.nih.gov/pubmed/23185587
https://doi.org/10.1152/ajpendo.1979.237.5.E418
http://www.ncbi.nlm.nih.gov/pubmed/573971
https://doi.org/10.1161/hh2401.100741
http://www.ncbi.nlm.nih.gov/pubmed/11739286
https://doi.org/10.1016/j.cels.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27453445
https://doi.org/10.1523/JNEUROSCI.2048-05.2005
https://doi.org/10.1523/JNEUROSCI.2048-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16093388
https://doi.org/10.21769/BioProtoc.2715
http://www.ncbi.nlm.nih.gov/pubmed/29623284
https://doi.org/10.1016/B978-0-444-59427-3.00018-6
https://doi.org/10.1016/B978-0-444-59427-3.00018-6
http://www.ncbi.nlm.nih.gov/pubmed/22877673
https://doi.org/10.1126/science.aah4967
http://www.ncbi.nlm.nih.gov/pubmed/27885007
https://doi.org/10.1038/nature09253
http://www.ncbi.nlm.nih.gov/pubmed/20562852
https://doi.org/10.1371/journal.pbio.0020377
http://www.ncbi.nlm.nih.gov/pubmed/15523558

PLON. Biology

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

Lamia KA, Storch K-F, Weitz CJ. Physiological significance of a peripheral tissue circadian clock. Proc Natl Acad Sci U S A. 2008;105(39):15172—7.
https://doi.org/10.1073/pnas.0806717105 PMID: 18779586

Onuma S, Kinoshita S, Shimba S, Ozono K, Michigami T, Kawai M. The lack of bmal1, a core clock gene, in the intestine decreases glucose
absorption in mice. Endocrinology. 2022;163(9):bgac119. https://doi.org/10.1210/endocr/bgac119 PMID: 35904419

Ugrankar R, Berglund E, Akdemir F, Tran C, Kim MS, Noh J, et al. Drosophila glucome screening identifies Ck1alpha as a regulator of mammalian
glucose metabolism. Nat Commun. 2015;6:7102. https://doi.org/10.1038/ncomms8102 PMID: 25994086

Rajan A, Perrimon N. Of flies and men: insights on organismal metabolism from fruit flies. BMC Biol. 2013;11:38. https://doi.org/10.1186/1741-
7007-11-38 PMID: 23587196

Mattila J, Hietakangas V. Regulation of carbohydrate energy metabolism in Drosophila melanogaster. Genetics. 2017;207(4):1231-53. https://doi.
org/10.1534/genetics.117.199885 PMID: 29203701

Li X, Hui S, Mirek ET, Jonsson WO, Anthony TG, Lee WD, et al. Circulating metabolite homeostasis achieved through mass action. Nat Metab.
2022;4(1):141-52. https://doi.org/10.1038/s42255-021-00517-1 PMID: 35058631

Hughes ME, Grant GR, Paquin C, Qian J, Nitabach MN. Deep sequencing the circadian and diurnal transcriptome of Drosophila brain. Genome
Res. 2012;22(7):1266-81. https://doi.org/10.1101/gr.128876.111 PMID: 22472103

Xu K, DiAngelo JR, Hughes ME, Hogenesch JB, Sehgal A. The circadian clock interacts with metabolic physiology to influence reproductive fit-
ness. Cell Metab. 2011;13(6):639-54. https://doi.org/10.1016/j.cmet.2011.05.001 PMID: 21641546

Akhtar F, Malik DM, Sengupta A, Haynes P, Klok J, Sehgal A. Integrated respirometry and metabolomics unveil circadian metabolic dynamics in
Drosophila. eLife. 2025;14:RP108681.

Ueno T, Tomita J, Kume S, Kume K. Dopamine modulates metabolic rate and temperature sensitivity in Drosophila melanogaster. PLoS One.
2012;7(2):€31513. https://doi.org/10.1371/journal.pone.0031513 PMID: 22347491

Rey G, Valekunja UK, Feeney KA, Wulund L, Milev NB, Stangherlin A, et al. The pentose phosphate pathway regulates the circadian clock. Cell
Metab. 2016;24(3):462—73. https://doi.org/10.1016/j.cmet.2016.07.024 PMID: 27546460

Xu K, Zheng X, Sehgal A. Regulation of feeding and metabolism by neuronal and peripheral clocks in Drosophila. Cell Metab. 2008;8(4):289-300.
https://doi.org/10.1016/j.cmet.2008.09.006 PMID: 18840359

Pickel L, Sung HK. Feeding rhythms and the circadian regulation of metabolism. Front Nutr. 2020;7:39.

Kessler K, Pivovarova-Ramich O. Meal timing, aging, and metabolic health. Int J Mol Sci. 2019;20(8).

Teong XT, Liu K, Vincent AD, Bensalem J, Liu B, Hattersley KJ, et al. Intermittent fasting plus early time-restricted eating versus calorie restriction
and standard care in adults at risk of type 2 diabetes: a randomized controlled trial. Nat Med. 2023;29(4):963-72. https://doi.org/10.1038/s41591-
023-02287-7 PMID: 37024596

Garaulet M, Gomez-Abellan P, Alburquerque-Béjar JJ, Lee Y-C, Ordovas JM, Scheer FAJL. Timing of food intake predicts weight loss effective-
ness. Int J Obes (Lond). 2013;37(4):604—11. https://doi.org/10.1038/ij0.2012.229 PMID: 23357955

Dote-Montero M, Acosta FM, Sanchez-Delgado G, Merchan-Ramirez E, Amaro-Gahete FJ, Labayen |, et al. Association of meal timing with body
composition and cardiometabolic risk factors in young adults. Eur J Nutr. 2023;62(5):2303—-15. https://doi.org/10.1007/s00394-023-03141-9 PMID:
37100891

Moholdt T, Parr EB, Devlin BL, Debik J, Giskegdegard G, Hawley JA. The effect of morning vs evening exercise training on glycaemic control and
serum metabolites in overweight/obese men: a randomised trial. Diabetologia. 2021;64(9):2061-76. https://doi.org/10.1007/s00125-021-05477-5
PMID: 34009435

Cavanaugh DJ, Vigderman AS, Dean T, Garbe DS, Sehgal A. The Drosophila circadian clock gates sleep through time-of-day dependent modula-
tion of sleep-promoting neurons. Sleep. 2016;39(2):345-56. https://doi.org/10.5665/sleep.5442 PMID: 26350473

Nichols CD, Becnel J, Pandey UB. Methods to assay Drosophila behavior. J Vis Exp. 2012;61.

Chiu JC, Low KH, Pike DH, Yildirim E, Edery |. Assaying locomotor activity to study circadian rhythms and sleep parameters in Drosophila. J Vis
Exp. 2010;43.

Pfeiffenberger C, Lear BC, Keegan KP, Allada R. Locomotor activity level monitoring using the Drosophila Activity Monitoring (DAM) System. Cold
Spring Harb Protoc. 2010;2010(11):pdb.prot5518. https://doi.org/10.1101/pdb.prot5518 PMID: 21041391

Yuan Q, Joiner WJ, Sehgal A. A sleep-promoting role for the Drosophila serotonin receptor 1A. Curr Biol. 2006;16(11):1051-62. https://doi.
org/10.1016/j.cub.2006.04.032 PMID: 16753559

Murphy KR, Park JH, Huber R, Ja WW. Simultaneous measurement of sleep and feeding in individual Drosophila. Nat Protoc. 2017;12(11):2355—
66. https://doi.org/10.1038/nprot.2017.096 PMID: 29022943

Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol. 1959;37(8):911—7. https://doi.org/10.1139/059-
099 PMID: 13671378

Rhoades SD, Weljie AM. Comprehensive optimization of LC-MS metabolomics methods using design of experiments (COLMeD). Metabolomics.
2016;12(12):183. https://doi.org/10.1007/s11306-016-1132-4 PMID: 28348510

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003717  April 16, 2026 32/33



https://doi.org/10.1073/pnas.0806717105
http://www.ncbi.nlm.nih.gov/pubmed/18779586
https://doi.org/10.1210/endocr/bqac119
http://www.ncbi.nlm.nih.gov/pubmed/35904419
https://doi.org/10.1038/ncomms8102
http://www.ncbi.nlm.nih.gov/pubmed/25994086
https://doi.org/10.1186/1741-7007-11-38
https://doi.org/10.1186/1741-7007-11-38
http://www.ncbi.nlm.nih.gov/pubmed/23587196
https://doi.org/10.1534/genetics.117.199885
https://doi.org/10.1534/genetics.117.199885
http://www.ncbi.nlm.nih.gov/pubmed/29203701
https://doi.org/10.1038/s42255-021-00517-1
http://www.ncbi.nlm.nih.gov/pubmed/35058631
https://doi.org/10.1101/gr.128876.111
http://www.ncbi.nlm.nih.gov/pubmed/22472103
https://doi.org/10.1016/j.cmet.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21641546
https://doi.org/10.1371/journal.pone.0031513
http://www.ncbi.nlm.nih.gov/pubmed/22347491
https://doi.org/10.1016/j.cmet.2016.07.024
http://www.ncbi.nlm.nih.gov/pubmed/27546460
https://doi.org/10.1016/j.cmet.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18840359
https://doi.org/10.1038/s41591-023-02287-7
https://doi.org/10.1038/s41591-023-02287-7
http://www.ncbi.nlm.nih.gov/pubmed/37024596
https://doi.org/10.1038/ijo.2012.229
http://www.ncbi.nlm.nih.gov/pubmed/23357955
https://doi.org/10.1007/s00394-023-03141-9
http://www.ncbi.nlm.nih.gov/pubmed/37100891
https://doi.org/10.1007/s00125-021-05477-5
http://www.ncbi.nlm.nih.gov/pubmed/34009435
https://doi.org/10.5665/sleep.5442
http://www.ncbi.nlm.nih.gov/pubmed/26350473
https://doi.org/10.1101/pdb.prot5518
http://www.ncbi.nlm.nih.gov/pubmed/21041391
https://doi.org/10.1016/j.cub.2006.04.032
https://doi.org/10.1016/j.cub.2006.04.032
http://www.ncbi.nlm.nih.gov/pubmed/16753559
https://doi.org/10.1038/nprot.2017.096
http://www.ncbi.nlm.nih.gov/pubmed/29022943
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
https://doi.org/10.1007/s11306-016-1132-4
http://www.ncbi.nlm.nih.gov/pubmed/28348510

PLON. Biology

69. Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-Mclntyre S, Anderson N, et al. Procedures for large-scale metabolic profiling of serum
and plasma using gas chromatography and liquid chromatography coupled to mass spectrometry. Nat Protoc. 2011;6(7):1060—-83. https://doi.
org/10.1038/nprot.2011.335 PMID: 21720319

70. Moseley HN. Correcting for the effects of natural abundance in stable isotope resolved metabolomics experiments involving ultra-high resolution
mass spectrometry. BMC Bioinformatics. 2010;11:139. https://doi.org/10.1186/1471-2105-11-139 PMID: 20236542

71. Raaisa R, Lathwal S, Chubukov V, Kibbey RG, Jha AK. Corna — an open source python tool for natural abundance correction in isotope tracer
experiments. bioRxiv. 2020:2020.09.19.304741.

72. Wiklund S, Johansson E, Sjostrom L, Mellerowicz EJ, Edlund U, Shockcor JP, et al. Visualization of GC/TOF-MS-based metabolomics data
for identification of biochemically interesting compounds using OPLS class models. Anal Chem. 2008;80(1):115-22. https://doi.org/10.1021/
ac0713510 PMID: 18027910

73. Thaben PF, Westermark PO. Detecting rhythms in time series with RAIN. J Biol Rhythms. 2014;29(6):391—400. https://doi.
org/10.1177/07487304 14553029 PMID: 25326247

74. Hughes ME, Hogenesch JB, Kornacker K. JTK_CYCLE: an efficient nonparametric algorithm for detecting rhythmic components in genome-scale
data sets. J Biol Rhythms. 2010;25(5):372—80. https://doi.org/10.1177/0748730410379711 PMID: 20876817

75. Wu G, Anafi RC, Hughes ME, Kornacker K, Hogenesch JB. MetaCycle: an integrated R package to evaluate periodicity in large scale data. Bioin-
formatics. 2016;32(21):3351-3. https://doi.org/10.1093/bioinformatics/btw405 PMID: 27378304

76. Arnardottir ES, Nikonova EV, Shockley KR, Podtelezhnikov AA, Anafi RC, Tanis KQ, et al. Blood-gene expression reveals reduced circadian rhyth-
micity in individuals resistant to sleep deprivation. Sleep. 2014;37(10):1589—-600. https://doi.org/10.5665/sleep.4064 PMID: 25197809

77. Pang Z, Zhou G, Ewald J, Chang L, Hacariz O, Basu N, et al. Using MetaboAnalyst 5.0 for LC-HRMS spectra processing, multi-omics integration
and covariate adjustment of global metabolomics data. Nat Protoc. 2022;17(8):1735-61. https://doi.org/10.1038/s41596-022-00710-w PMID:
35715522

78. Weisz ED, Towheed A, Monyak RE, Toth MS, Wallace DC, Jongens TA. Loss of Drosophila FMRP leads to alterations in energy metabolism and
mitochondrial function. Hum Mol Genet. 2018;27(1):95—-106. https://doi.org/10.1093/hmg/ddx387 PMID: 29106525

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003717  April 16, 2026 33/33



https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1038/nprot.2011.335
http://www.ncbi.nlm.nih.gov/pubmed/21720319
https://doi.org/10.1186/1471-2105-11-139
http://www.ncbi.nlm.nih.gov/pubmed/20236542
https://doi.org/10.1021/ac0713510
https://doi.org/10.1021/ac0713510
http://www.ncbi.nlm.nih.gov/pubmed/18027910
https://doi.org/10.1177/0748730414553029
https://doi.org/10.1177/0748730414553029
http://www.ncbi.nlm.nih.gov/pubmed/25326247
https://doi.org/10.1177/0748730410379711
http://www.ncbi.nlm.nih.gov/pubmed/20876817
https://doi.org/10.1093/bioinformatics/btw405
http://www.ncbi.nlm.nih.gov/pubmed/27378304
https://doi.org/10.5665/sleep.4064
http://www.ncbi.nlm.nih.gov/pubmed/25197809
https://doi.org/10.1038/s41596-022-00710-w
http://www.ncbi.nlm.nih.gov/pubmed/35715522
https://doi.org/10.1093/hmg/ddx387
http://www.ncbi.nlm.nih.gov/pubmed/29106525

