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Diet-induced obesity dampens the temporal oscillation of
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Abstract Mitochondria play a pivotal role in energy
homeostasis and regulate several metabolic pathways.
The inner and outer membrane of mitochondria
comprises unique lipid composition and proteins that
are essential to form electron transport chain com-
plexes, orchestrate oxidative phosphorylation,
p-oxidation, ATP synthesis, etc. As known, diet-
induced obesity affects mitochondrial function, dy-
namics, and mitophagy, which are governed by
circadian clock machinery. Though DIO impairs the
interplay between circadian oscillation and lipid
metabolism, the impact of DIO on mitochondrial
membrane lipid composition and their temporal
oscillation is unknown. Thus, we investigated the
diurnal oscillation of liver mitochondrial lipidome at
various Zeitgeber times using quantitative lipidomics.
Our data suggested that obesity disrupted lipid
accumulation profiles and diminished the oscillating
lipid species in the hepatic mitochondria. Strikingly,
HFD manifested a more homogenous temporal oscil-
lation pattern in phospholipids regardless of pos-
sessing different fatty acyl-chain lengths and degrees
of unsaturation. In particular, DIO impaired the
circadian rhythmicity of phosphatidyl ethanolamine,
phosphatidyl choline, phosphatidyl serine, and ether-
linked phosphatidyl ethanolamine. Also, DIO altered
the rhythmic profile of PE/PC, ePE/PC, PS/PC ratio,
and key proteins related to mitochondrial function,
dynamics, and quality control. Since HFD dampened
lipid oscillation, we examined whether the diurnal
oscillation of mitochondrial lipids synchronized with
mitochondrial function. Also, our data emphasized
that acrophase of mitochondrial lipids synchronized
with increased oxygen consumption rate and Parkin
levels at ZT16 in chow-fed mice.Bl Our study
revealed that obesity altered the mitochondrial lipid
composition and hampered the rhythmicity of mito-
chondrial lipids, oxygen consumption rate, and Par-
kin levels in the liver.
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oscillation « High-fat diet « Membrane lipids « Diet-induced
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The daily 24-h light-dark (LD) cycle is the most
important reliable cue to entrain the circadian

oscillation system, and it synchronizes several physio-
logical processes, such as feeding behavior, rest and
activity, energy storage and energy utilization, etc. of
various tissues and organs with each other and with the
LD cycles. In mammals, the molecular machinery of
circadian rhythm comprises a transcriptional-
translational feedback loop that is hierarchically
orchestrated by the suprachiasmatic nucleus (SCN) of
the hypothalamus, the master pacemaker (1, 2). The
SCN receives the photic cues detected by the retina
through the retinohypothalamic tract and transmits the
signal via its neurons to all peripheral organs and cells
of the body to alter the expression of clock genes (3, 4).
This hierarchical network ensures that all our bodily
activities, including sleep and wake cycles, body tem-
perature, blood pressure, circulating hormones, and
metabolism, are entrained with circadian rhythm (5).
While SCN controls the temporal oscillation of behav-
ioral processes, several research studies reported that
perturbing the function of clock machinery and/or
interrupting circadian rhythm severely affects systemic
energy homeostasis in mammals (6-8).

The transcriptional feedback circuit governs the
molecular clock machinery in mammals, comprising
several genes. Among them, the CLOCK: BMALLI forms
a heterodimer complex and binds to specific DNA ele-
ments referred to as E-boxes (5-CACGTG-3') and E’-
boxes (5'-CACGTT-3') in the promoters and activate
transcription of its target genes, Per (Perl and Per2) and
Cry (Cryl and Cry2) (9-14). These genes establish the
negative limb of the transcriptional feedback loop by
forming a PER: CRY dimer complex and inhibit the
transcriptional activity of the CLOCK: BMAL complex
(15, 16). Besides, the turnover rate of PER and CRY
proteins adds another layer of complexity to maintain
the repression phase and replenish a new transcription
cycle. While CLOCK: BMALI forms a negative feedback
loop, the REV-ERB and ROR proteins also establish yet
another negative regulation by competing for retinoic
acid-related orphan receptor response element-binding
sites within the Bmall promoter. Although REV-ERBa
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binding onto the retinoic acid-related orphan receptor
response element site diminishes the Bmall expression,
binding of RORa onto the same site promotes Bmall
expression levels, suggesting that both proteins compete
with each other for the same site (17-20). As well known,
both proteins play a critical role in lipid metabolism and,
in particular, render their function in regulating circa-
dian rhythmicity lipid metabolism by governing Bmall
expression (21, 22).

Numerous findings suggest that systemic lipid ho-
meostasis is governed by the master clock and through
overlapping transcription networks tethered to the in-
ternal circadian clock machinery (23-27). However, diet-
induced obesity (DIO) or metabolic dysfunction-
associated steatotic liver disease drastically alters the
circadian rhythmicity of key nuclear receptors, clock
transcription factors, and clock-controlled lipid meta-
bolism genes in the liver (28, 29). Recent studies revealed
that DIO altered lipid profiles in the liver using lipid
mass spectrometry analyses (30, 31). As lipids decorate
the membranes of all organelles, even salient variations
in the membrane lipid composition affect the func-
tional capacity of organelles. In particular, mitochon-
drial lipid composition is crucial for many processes,
such as mitochondrial oxidative phosphorylation,
p-oxidation, fission-fusion dynamics, mitophagy, etc
(32-85). Thus, altering mitochondrial phospholipid
composition leads to deleterious effects on oxidative
phosphorylation (OXPHOS) complex protein organiza-
tion, abnormal mitochondrial cristae, and bioenergetic
properties of mitochondria and causes metabolic dis-
eases (33, 36, 37). Though elegant lipidomic studies re-
ported the changes in the circadian rhythmicity of lipids
and their spatial organization at the organelle level (23),
how DIO affects the temporal organization of mito-
chondrial lipids oscillation and mitochondrial dynamics
is unknown. Also, whether the oscillating lipids are
associated with temporal rhythmicity of mitochondrial
homeostasis in the liver is unclear.

Therefore, we profiled the liver mitochondrial lip-
idome of chow- and high fat diet (HFD)-fed mice using
quantitative lipidomics. Our study demonstrates that
DIO severely perturbed the lipid composition and
circadian oscillation of mitochondrial lipid species. The
DIO mice displayed an altered rhythmicity of lipid
biosynthetic genes, mitochondrial function, and
mitophagy markers. Hence, studying the lipid profile of
mitochondrial membranes during DIO-induced liver
disease progression that complies with the circadian
oscillation in the liver could pave the way for under-
standing obesity-induced mitochondrial dysfunction.

MATERIALS AND METHODS

Animal studies

All animal handling procedures and experiments were
reviewed and approved by the Institutional Animal Ethics
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Committee governed by the Central Animal Facility, Indian
Institute of Science (CAF, IISc). The approval committee was
constituted as per article number 13 of the Committee for
Control and Supervision of Experiments on Animals
(CPCSEA), Government of India. Male C57BL/6 mice were
maintained at a controlled temperature of 22°C + 2 under a
standard 12-h LD cycle and fed ad libitum with standard ro-
dent chow containing 10 kcal% or 60 kcal% in case of a high-
fat diet. For the DIO study, C57BL/6 male mice (5-6 weeks)
were challenged for 10- to 12-weeks of HFD. At the terminal
stage of the experiment, mice were euthanized using carbon
dioxide inhalation, and tissues were collected at 4-h intervals
(ZTO0, 4, 8, 12, 16, and 20), with six mice per time point. To
reduce the impact of light cues on circadian rhythms, animals
were sacrificed within 10 minutes of their scheduled tissue
collection time. Zeitgeber time (ZT) 0 corresponded to lights-
on and ZTI2 to lights-off in the animal facility.

Mitochondria isolation from the liver

Mitochondria were isolated from liver tissues using the
method described previously (38). Liver tissues were harvested
from mice (n = 6 mice/ZT point) and rinsed thoroughly in ice-
cold PBS 3 to 4 times. To generate each biological replicate,
tissues from two mice were pooled, and thus, each ZT point
consisted of three independent biological replicates per group.
The tissue was minced finely in mitochondrial isolation buffer
1(6.7 ml of 1 M sucrose/100 ml, 50 mM Tris/HCI, 50 mM KCl,
10 mM EDTA; pH 74) supplemented with 0.4% BSA and then
homogenized using a glass homogenizer with 80-90 strokes
with all steps carried out on ice. Both groups were processed
identically to minimize any discrepancies in the data. The
homogenate was centrifuged at 600 g for 10 mign at 4°C. The
supernatant was carefully aspirated without disturbing the
lipid layer and centrifuged at 7000 g for 10 min at 4°C. After
discarding the supernatant, the resulting pellet was washed
with ice-cold mitochondrial isolation buffer II (0.25 M sucrose,
3 mM EGTA/Tris, and 10 mM Tris/HCL, pH 7.4). The washed
mitochondrial pellet was finally resuspended to the desired
volume in mitochondrial isolation buffer II, and protein con-
centration was measured using Pierce™ BCA Protein Assay
Kit to prepare for lipid extraction.

Lipid extraction

Lipids were extracted from isolated liver mitochondria
(n = 3 biological replicates per ZT point, where each biological
replicate was generated by pooling liver tissue from two mice)
using the modified Bligh and Dyer method (39). Briefly, iso-
lated mitochondria (200 pg of protein/sample) were subjected
to a mixture of chloroform containing 0.01% butylated
hydroxytoluene and methanol (1:2, v/v). Phase separation was
induced by adding acidified water and chloroform (11, v/v),
followed by mixing and centrifugation at 5000 rpm for
10 min. The lower chloroform layer was collected, and lipids
were re-extracted by adding 1 ml of chloroform, followed by
another round of centrifugation and collection of the chlo-
roform phase. The pooled chloroform extracts were subse-
quently washed with 1 M KCl and then with acidified water.
Finally, the washed chloroform layer was dried under a vac-
uum for further lipidomic analysis.

Quantitative lipidomics study

The quantitative lipidome analyses were performed at the
Kansas Lipidomics Research Center Analytical Laboratory.
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Lipid molecular species were detected using electrospray
ionization. Mass spectrometry was performed on a Xevo TQ-S
micro-Tandem Quadrupole Mass Spectrometer (Waters cor-
poration) via direct infusion, with a sample infusion rate of
30 pl per minute from a sample loop. As ions transitioned into
the gaseous phase and traversed the tandem mass spectrom-
eter’s ion path, an applied electric field directed ions with
specific mass/charge (m/z) ratios to the detector. Phosphati-
dylcholine (PC), sphingomyelin (SM), phosphatidylserine (PS),
phosphatidylethanolamine (PE), and lysophosphatidyletha-
nolamine (LPE) species were analyzed as singly-charged pos-
itive [M + HI]+ ions, while phosphatidylinositol (PI),
phosphatidic acid (PA), and PS were detected as singly-
charged [M + NH4]+ ions. Precursor ion scans or neutral
loss scans were used to identify and quantify lipid species
within specific head group classes. Corrections for isotopic
overlap were applied before quantifying the spectral peaks in
relation to a set of internal standards. These standards
included 0.60 nmol PC (12:0/12:0), 0.60 nmol PC (24:1/24:1),
0.30 nmol PE (12:0/12:0), 0.30 nmol PE (phytanoyl/phytanoyl),
that is, PE (20:0/20:0), 0.30 nmol LPE (14:0), 0.30 nmol LPE
(18:0), 0.30 nmol LPG (14:0), 0.30 nmol PA (14:0/14:0), 0.30 nmol
PA (phytanoyl/phytanoyl), that is, PA (20:0,/20:0), 0.20 nmol PS
(14:0/14:0), 0.20 nmol PS (phytanoyl/phytanoyl), that is, PS
(20:0/20:0), 0.23 nmol PI (16:0/18:0), and 0.015 nmol cardiolipin
(CL, 14:0/14:0/14:0/14:0). As described by Zhou et al., lipidomic
data were processed utilizing the LipidomeDB Data Calcula-
tion Environment (40). The data for each lipid molecular
species is presented as nmol/mg protein for polar lipids. To
ensure data quality and reproducibility and to avoid any ar-
tifacts, the coefficient of variation, defined as the ratio of the
standard deviation to the mean (SD/Mean), was calculated for
each lipid species across all diets and ZT points. A threshold of
0.3 was used as the cutoff for use in further statistical analyses.
Also, lipids with an average value < 0.0005 nmol were below
the detection limit and were not analyzed further (41-46). The
list of lipid species that failed to meet this requirement is
provided in the supplemental data (Excel sheet 1).

Lipidomics data analyses

Normalized lipid values were calculated by dividing the
raw lipid measurements at each specific ZT by the average
lipid value across all ZT points for that day. Principal
component analysis (PCA) was performed on scaled lip-
idome data for all six-time points using the ggplot2, stats, and
dplyr packages in R. For bar graphs illustrating lipid con-
centrations in chow-fed and HFD-fed groups; the daily
average was calculated using measurements from six ZT
points. Heatmaps were generated using the Pheatmap pack-
age, while the correlation matrices were computed with the
cor function from base R and visualized using the corrplot
function. Hierarchical clustering for daily lipid oscillation
profile of the normalized lipidomics data was conducted
based on Euclidean distance using the "ward. D2" method,
implemented via the hclust from the stats package. The
number of clusters was decided by manually inspecting the
distance matrix, excluding those with fewer than five lipid
species. Lipid pairs were grouped based on correlation
strength, measured using Pearson correlation coefficients,
for chow- and HFD-fed mice. These pairs were further
categorized by lipid class, acyl chain length similarity, and
degree of unsaturation. To ensure statistical robustness, cat-
egories containing fewer than two lipid pairs were excluded
from the analysis. For fatty acid chain length analysis, lipid
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pairs within the same class were classified as within-group if
their chain length differed by no more than two carbons.
Similarly, for the degree of unsaturation, lipid pairs were
considered within the group if they differed by no more
than one double bond. Network plots were constructed using
the igraph and circlize packages in R, with lipid pairs filtered
based on a correlation threshold of >0.8 and a false discovery
rate < 0.01

Circadian lipidomics analysis

The rhythmicity of lipid levels and mRNA expression was
analyzed using the nonparametric test JTK_CYCLE, with a
20-24 h period across six ZT points (47). Lipids were consid-
ered rhythmic if the Bonferroni-corrected P-value was less
than 0.05.

Western blot analysis

Whole liver and mitochondrial proteins were extracted in
RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 150 mM
NaCl, 50 mM Tris-Cl (pH 7.5), and 0.1% SDS) supplemented
with protease inhibitor cocktail (cOmplete; Roche) and 1 mM
phenylmethyl sulfonyl fluoride. The protein estimation was
done using Pierce™ BCA Protein Assay Kit with BSA as
standard. Samples were heated at 95°C for 5 min in Laemmli
sample buffer. An equal amount of lysate or mitochondrial
fraction was separated onto a 10% SDS-PAGE and transferred
to PVDF membranes. After blocking with 5% skim milk, the
membranes were incubated with primary antibodies over-
night at 4°C, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies. The immuno-
blots were then developed using Clarity western blotting ECL
substrate (Bio-Rad). The sources of primary antibodies are
listed in supplemental Table SI.

Real-time qPCR

Total RNA was isolated from liver samples using RNAiso
plus reagent (Takara). The aqueous layer containing RNA was
collected and RNA was precipitated using isopropanol. The
resulting RNA pellet was washed with ethanol and resus-
pended in RNase-free water. One microgram of RNA from
each sample was reverse transcribed to complementary DNA
using a high-capacity cDNA synthesis kit (Applied Bio-
systems). Quantitative real-time PCR was performed with the
iTaq universal SYBR green mix (Bio-Rad) on the CFX384
Real-Time system (Bio-Rad). For each sample, duplicate test
reactions were analyzed to assess the expression of genes of
interest, and results were normalized to TATA-binding pro-
tein (7bp) mRNA. The sequences of the indicated primers are
presented in supplemental Table S2.

Oxygen consumption assay

As described earlier, mitochondria isolated from liver tis-
sue at ZT4 and ZT16 from chow-fed and HFD-fed mice,
respectively. Mitochondria were resuspended in respiratory
buffer containing 225 mM sucrose, 75 mM mannitol, 10 mM
Tris-HCl (pH 7.4), 10 mM KCl, 10 mM KHyPO,, 5 mM MgCly,
and 1 mg/ml fatty acids-free BSA (pH 7.4). Oxygen con-
sumption rate (OCR) was measured using the Strathkelvin
Oxygen electrode (MT200A) in the presence of 2 mM pyru-
vate for 2-3 min. The protein concentration of samples was
measured using a Pierce BCA protein assay kit, which was
utilized for OCR data normalization.

Temporal oscillation of mitochondrial lipids 3



Statistical analysis

All experiments were conducted for a minimum of three
times unless mentioned otherwise. Differences between
groups were analyzed using either an unpaired two-tailed
Student’s ¢ test or a two-way ANOVA. Data are presented as
mean + SEM. Statistical significance was set at *P < 0.05,
#P < 0.01, ¥*P < 0.001. Graphs and statistical analyses were
performed using GraphPad Prism software version 5.0.

RESULTS

DIO altered the mitochondrial lipid composition of
the liver

As reported, DIO leads to mitochondrial dysfunction
by altering mitochondrial membrane composition and
promotes metabolic diseases, including obesity, meta-
bolic dysfunction-associated steatotic liver disease, type

2 diabetes, etc (48-51). Though multiple lipidomics
studies (30, 31) revealed the lipid profile of liver lysate,
the comparative analyses of mitochondrial-specific
lipids and their circadian oscillation pattern of chow
and HFD mice are unknown. Thus, we first set out to
analyze the lipid composition of liver mitochondria
from chow- and HFD-challenged mice (Fig. 1A). As
anticipated, the fractionated mitochondria from the
liver showed an enrichment for voltage-dependent
anion-selective  channel (VDAC), mitochondrial-
specific protein. Further, we examined the presence
of other organelle marker proteins such as ERP72
(endoplasmic reticulum), GAPDH (cytosol), and
MATR3 (nucleus), respectively. Although we detected
other organelle markers in our mitochondrial frac-
tionation, their presence is significantly low and con-
stant throughout the LD cycle. On the contrary,
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Fig.1. High-fat diet-induced mitochondrial lipid remodeling in the liver. A: Experimental schematic: C57BL/6 mice (5-6 weeks old)
were fed either a chow or a high-fat diet (HFD) for 11-12 weeks. Liver tissues were collected every 4 h over a 24-h period within
10 min at each ZT point (six-time points, n = 6 mice/ZT point). Livers from two mice were pooled to isolate mitochondria using
differential centrifugation, resulting in three biological replicates per ZT point. Lipids were extracted from these mitochondrial
samples and analyzed via shotgun lipidomics. B: Principal component analysis (PCA) of lipidomic profiles distinguishing the two diet
groups. Each data point represents ZT0, 4, 8, 12, 16, and 20. C: Total polar lipid concentration in the liver mitochondria across chow
and HFD-fed groups. D: Lipid class abbreviations and color codes. E, F: Distribution of the different lipid classes across chow and
HFD conditions. G: Bar graphs depicting the concentration of lipid classes. Each data point in the bar represents ZT0, 4, 8,12, 16, and
20 for both chow-fed and HFD-fed groups (n = 3 biological replicates generated from 6 mice/ZT point). Data are presented as
mean + SEM. Statistical significance was determined using unpaired Student’s ¢ test; *P < 0.05, #P < 0.001.
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cytosolic, nucleus, and endoplasmic reticulum marker
protein levels were higher in the lysate of chow- and
HFD-fed liver tissue than mitochondrial fraction,
ascertaining the purity and enrichment of mitochon-
dria (supplemental Fig. SIA-C).

Next, we employed shotgun lipidomic analyses to
profile and quantify membrane lipid species of the
mitochondrial fraction. To avoid any artifacts, we
generated three biological replicates from six mice/ZT
point/diet, sacrificed all mice within 10 min to avoid
light-induced changes, and employed a stringent cut-
off to select lipid species. Our lipidome identified a
total of 405 glycerophospholipid species from mito-
chondria. Out of these, 127 lipid species with a coeffi-
cient of variation <0.3 were selected for detailed
analyses from all diets and ZT points. Also, we listed all
the lipid species that failed to meet our cut-off
(Supplemental Excel Sheet 1), and we observed that
largely very long chain fatty acids containing phos-
pholipids and ether-linked phospholipid species
belonged to this list. We subjected our lipidome data to
the principal component analysis, and it showed a
distinct pattern between chow- and HFD-fed mito-
chondria (Fig. 1B). While chow ZT points showed a
dispersed pattern across two axes, the HFD ZT points
clustered together, suggesting that HFD promoted less
variance. Next, we quantified and compared the total
mitochondrial lipids synthesized across all ZT points of
chow- and HFD-fed liver mitochondria. As anticipated,
DIO increased the total polar lipid content significantly
(Fig. 1C). While HFD displayed a severe reduction in the
fatty acyl chain length of C:30-35 (~25%) and C:55-70
(~45%), HFD increased C:35-55 (~22%) and C:70-80
(~26%) acyl chain length in total phospholipids
(supplemental Fig. SID). Besides, we observed a notable
decrease in MUFA and an increase in the PUFA of total
phospholipids (supplemental Fig. SIE).

The identified lipid species spanned several phos-
pholipid classes, including LPE, PE, PC, CL, lysocardio-
lipin (LCL), PA, PS, PI, SM, dihydrosphingomyelin
(DSM), ether-linked phosphatidylethanolamine (ePE),
and ether-linked phosphatidylcholine (ePC) (Fig. ID). As
reported previously, the mitochondrial lipidome from
chow-fed mice constituted predominantly with PC, PE,
and PI as a third abundant lipid class (23). The
mitochondrial-specific lipid, CL, represented a fourth
abundant lipid class in our lipidome analyses. Besides,
we also observed significant levels of PS, SM/DSM, ePC,
ePE, and PA as a constituent of our mitochondrial lip-
idome (Fig. 1E, F). Interestingly, PA seemed more sus-
ceptible to the HFD challenge, and DIO reduced PA
levels drastically by ~45% as compared to chow-fed
mice. While LPE, PE, PS, PI, ePE, and SM/DSM phos-
pholipid classes remain unchanged in their total
abundance, we observed a significant increase in the
total CL and an uptrend of PC and ePC levels upon
HFD treatment (Fig. 1G). Together, our data suggested
that DIO potentially altered the percentage and the
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total abundance of individual lipid classes in the liver
mitochondria.

DIO influenced the acyl chain remodeling of
mitochondrial membrane lipids in the liver

Glycerophospholipids with varying chain lengths and
degrees of saturation/unsaturation generate heteroge-
neity in the molecular species of phospholipid classes
and, thus, can decorate the mitochondrial membrane
with an ideal lipid-protein ratio and maintain appro-
priate fluidity (52). Therefore, we next probed the
profile of molecular species of phospholipids to un-
derstand the molecular characteristics associated with
DIO in the liver. As evident, the heatmap highlighted
that DIO drastically altered the abundance of lipid
molecular species identified in our study (Fig. 2A).
Further, our detailed analyses noted that DIO altered
chain length distribution and degrees of unsaturation
in major phospholipid classes of mitochondria in the
liver (Fig. 2B, C). Also, PCA emphasized the distinct
differences in mitochondrial lipid classes between
chow- and HFD-fed mice liver. Strikingly, the PCA
score plot displayed a clear separation for PC and PE,
while the 95% confidence ellipses for CL, LCL, and LPE.
This result indicated that DIO showed more impact on
PC and PE lipid classes than others (supplemental
Fig. S2A-E).

Although HFD reduced the overall abundance of
LCL (Fig. 2D) and LPE16:1 and 18:2 molecular species
(Fig. 2F) by ~40-50%, HFD showed a dichotomy impact
on CL, PE, and PC lipid classes. For example, while HFD
significantly increased several molecular species of CL
(70:5, 72:8, 72:7, 74:8), we detected a striking decline of
about ~50% in the abundance of CL species, namely CL
68:6, 70:7, 70:6 (Fig. 2E). However, we discerned a sig-
nificant change in the composition at the species level
and in particular, DIO showed a drastic reduction
(~50%) of PE 32:1, 34:3, 34:1, and 36:5 species. Although
we noted a significant reduction in PE 36:4, 36:3, 38:5,
38:3, and 40:5 species, DIO exhibited a notable increase
in PE 36:2, 38:4, and 40:6 species (Fig. 2G). Similarly,
HFD declined the amount of PC species with acyl chain
length of C30:0, 322, 32:1, 32:0, 34:3, 342, 34:1 and
significantly increased more than ~40% of the abun-
dant PC species such as 36:1, 38:6, 38:4, 40:8, 40:7, 40:6,
40:4, 42:10, 42:6 (Fig. 2H). These findings underscored
the significant remodeling of the mitochondrial lip-
idome, highlighting specific lipid species and classes
that are differentially affected by high-fat diet
conditions.

HFD challenge remodeled mitochondrial
phospholipid species

In general, perturbation in the acyl chain remodeling
of glycerophospholipids robustly modifies the fluidity
of the mitochondrial membrane and affects the effi-
ciency of nutrient oxidation and ATP generation
(53-56). As described in the previous section, HFD
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Fig. 2. Diet-induced obesity altered phospholipid and cardiolipin profiles. A: Heat map with hierarchical clustering (n = 3 biological
replicates generated from 6 mice/ZT point). B: Distribution of acyl chain lengths in LCL, CL, LPE, PE, and PC in the liver mito-
chondria. C: HFD-induced changes in the degree of fatty acid unsaturation in mitochondrial lipid classes. Relative abundance of
different lipid classes (D) LCL, (E) CL, (F) LPE, (G) PE, and (H) PC in the mitochondria of chow and HFD conditions. Each data point
on the bars represents a specific ZT point (n = 3 biological replicates/ZT point). Data are presented as mean *+ SEM. Statistical
significance was determined using two-way ANOVA; *P < 0.05, *P < 0.01, ***P < 0.00L

treatment modified the fatty acyl chain length and
unsaturation levels in the mitochondrial lipids. Thus,
we were intrigued to analyze the impact of HFD on
mitochondrial lipidome in greater detail. The heat map
showed a distinct pattern of molecular species that are
selectively decreased and increased due to DIO across
various phospholipid classes (Fig. 3A). The PCA analysis
revealed partial overlap between chow and HFD groups
for PS, PI, and PA, whereas ePC, ePE, and SM exhibited
distinct separation (supplemental Fig. S3A-F). While PS
showed no significant difference in fatty acyl chain
length due to dietary intervention, HFD elevated 35-40
chain length containing PA and ePC species. Also, HFD
increased saturated fatty acid-containing SM and
PUFA-containing PA and ePE molecules, suggesting
acyl chain length and degree of unsaturation were
greatly influenced by DIO (Fig. 3B, C). Interestingly, PA
molecules seemed to be the most vulnerable phospho-
lipid class to nutrient perturbation, followed by ether-
linked phospholipids (Fig. 3D). As evident, HFD dimin-
ished PA species of 321 and 34:4 by ~75% and on
contrary, elevated most ePC species such as ePC34:3,
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36:1, 38:6, 38:5, 38:4, 38:2, 40:6, 40:4 (Fig. 3D, H). Besides,
we also monitored that HFD significantly reduced
various PS species, ePE38:0, ePC32:0, 34:1, and 34:2 spe-
cies, by ~30% (Fig. 3E, H, I). While HFD decreased mi-
nor PI species, we observed heightened levels in major
PI38:4 species (Fig. 3F). Additionally, HFD mice dis-
played higher levels of SM18:0 and SM22:0 species and
decreased the levels of SM24:1 and SM24:0 (Fig. 3G).
Overall, the HFD challenge accumulated the vast ma-
jority of ePC species compared to ePE, PA, PS, PI, and
SM (Fig. 3D-I). Together, our data suggested that DIO
affected membrane composition by altering the chain
length, degree of unsaturation and abundance, and/or
the ratio of phospholipid distribution in the mito-
chondrial membrane.

HFD modulated the temporal oscillation profile of
mitochondrial lipids in the liver

Previous reports suggest that obesity perturbs the
internal circadian clock machinery and affects the
oscillation pattern of membrane lipid composition in
the liver (28-31). Also, an elegant approach using
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quantitative lipidomics unravels the temporal and
spatial organization of lipids in the nucleus and mito-
chondria (23). However, obesity-induced mitochondrial
lipid remodeling and whether obesity affects the tem-
poral oscillation pattern of mitochondrial lipidome re-
mains unknown. Therefore, we investigated the impact
of DIO on the temporal oscillation of mitochondrial
membrane lipid composition using lipidomics analyses.
For this approach, we isolated mitochondria from the
liver of mice fed with chow and HFD and examined the
daily changes of each lipid class and their molecular
species at various time points such as ZT0, ZT4, ZT8,
ZT12, ZT16, and ZT20. As shown in Fig. 4A—], our data
revealed that each lipid class showed a unique pattern
of oscillation. Thus, we aimed to analyze and cluster the
daily oscillation pattern for each lipid class. We calcu-
lated the acrophase for each lipid class using JTK_Cy-
cle analysis. Notably, the abundance of PE, PS, and ePE
lipid classes peaks in their abundance during the dark
phase at the ZTI6 time point in the chow diet.
Conversely, HFD hampered the oscillation pattern of
these aforementioned lipid classes except PS. For
example, the ePE lipid class showed an acrophase at
7216, and PE peaked at the early light cycle starting
from ZTO in the HFD group. Overall, we profiled
mitochondrial lipid species from two different nutri-
tional states and analyzed the temporal organization of
various lipid classes. Our data suggested that HFD
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treatment annulled the oscillation profile of PE, PS, and
ePE lipid classes (Fig. 4B, F, J and supplemental
Fig. S4A). Besides, DIO significantly decreased the
levels of PA across all ZT points and LPE during the
late dark phase (supplemental Fig. S4B). Interestingly,
PC and ePC species displayed similar temporal profiles
in chow-fed mice, peaking at the light phase ZT10 and
ZT8, respectively and falling trend during the dark
phase, suggesting both lipid classes are coregulated in
the biosynthetic process (Fig. 4C, I). Though individual
species showed rhythmicity from each lipid class, the
total abundance of LPE, PC, PA, PI, CL, SM, and ePC
lipid classes showed no circadian rhythmicity as per
JTK_Cycle analysis (Fig. 4A, C, D, E, G-I).

Strikingly, the HFD challenge modulated the tem-
poral accumulation profiles of mitochondrial lipid
classes. However, molecular species from inter- and
intra-lipid classes showed varying patterns in their daily
accumulation profile. For instance, several molecular
species belonging to the intra-lipid class showed
different oscillation profiles, and molecular species
belonging to the inter-lipid class displayed a similar
pattern of daily oscillation. Hence, we employed unbi-
ased hierarchical clustering and pairwise correlation
analyses to group lipid species based on their daily
oscillation profile, irrespective of their lipid class. These
analyses identified 10 distinct clusters from the mito-
chondria of chow-fed mice and seven clusters in the
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HFD-fed mice. Further, it identified that the temporal
organization of mitochondrial lipidome appeared more
homogeneous in the HFD-fed mice between lipid
clusters compared to chow-fed mice (Fig. 4K, L). This
data suggested that HFD generated a synchronized
lipid oscillation profile, potentially reflecting a uniform
adaptation to nutritional stress. Interestingly, we found
a single lipid class present in multiple clusters, each
exhibiting different oscillation profiles. For instance,
PC species appeared in six different clusters in chow-
fed mice, with the profiles of these clusters peaking at
different ZT points during LD entrainment. On the
other hand, PC species from the mitochondria of HFD
mice assembled into three different clusters, suggesting
that the HFD challenge narrowed the pattern of the
temporal accumulation profile of PC species.
Conversely, SM species from DIO mice were grouped
into three different clusters, while SM species from
chow-fed mice were categorized into two different
clusters (Fig. 4M, N). Although the chow-fed group
showed several distinct clusters, cluster M1 displayed
strong circadian rhythmicity with a JTK_Cycle P-value
of 0.01 and composed of 29 lipid species that majorly
fell into PE, ePE, and PS lipid classes. Interestingly, we
observed that both class-wise and hierarchical clus-
tering demonstrated that these aforementioned lipid
classes showed circadian rhythmicity in chow-fed mice.
Conversely, hierarchical clustering showed three clus-
ters with circadian rhythmicity in the HFD-fed group,
but cluster N1 composed the vast majority of the lipid
species belonging to PE, ePE, PS, and LCL. These find-
ings provided insights into the dynamic organization of
the mitochondrial lipidome and highlighted the impact
of HFD on selective lipid class rhythmicity. The
observed clustering patterns and phase shifts under-
scored the complexity of lipid metabolism and its dif-
ferential regulation by the nutritional challenge.

JTK_Cycle analyses revealed DIO perturbed the
diurnal rhythmicity of mitochondrial lipids

To further explore whether HFD influenced the
diurnal rhythmicity of mitochondrial lipids, we sub-
jected individual lipid species to the JTK_Cycle algo-
rithm, a nonparametric method designed to identify
rhythmic components. Further, we included lipids with
coefficients of variation below 0.3 across all diets and
time points, serving as our detection limit for our
analysis and eliminating potential artifacts. In mito-
chondria from chow-fed mice, 33 out of 127 lipids
exhibited oscillatory behavior, accounting for ~26% of
the total lipidome. However, mice fed with HFD
decreased this rhythmicity to 9% in mitochondria, with
11 oscillating out of 127 lipids species. We further

explored the impact of DIO on individual lipid species
and categorized them into four different groups such
as (i) oscillating, (ii) nonoscillating, (iii) significant, and
(iv) nonsignificant changes in their levels at various ZT
points. As shown in the heat map, we noticed that the
dietary regimens altered the concentration of both
oscillating and nonoscillating species at any one or
more ZT points (supplemental Fig. SS)A-C). We next
probed to evaluate the most entrained lipid class and
detected nearly 60% of the rhythmic lipidome of chow-
fed mice consisted of PC and PE species, followed by
~18% of PS, ~9% of ePE, ~3% of CL and PI (Fig. 5A).
Also, we observed a drastic reduction (~65%) in the
number of lipid species that displayed rhythmicity
upon HFD challenge. However, the distribution of
rhythmic lipid classes in the HFD-fed group was distinct
as compared to the chow diet, with a predominance of
PE and CL species. Also, ePC and LCL lipid classes
showed rhythmicity in HFD-fed mice (Fig. 5B). We
further investigated whether HFD affected the acrop-
hase of rhythmic lipids in mitochondria. Our analysis
revealed that the timing of the peak in lipid abundance
differed between chow-fed and HFD-fed mice. In
chow-fed mice, most lipids peaked during the dark cy-
cle, whereas in HFD-fed mice, lipid peaks were
distributed across the LD cycle, indicating a phase shift
(Fig. 5C, E and supplemental Fig. S5A, B). Interestingly,
out of the 33 oscillating species in chow-fed mice and 11
in HFD-fed mice, no individual lipid species were
found to oscillate in both chow- and HFD-fed groups
(Fig. 5E). To our surprise, we observed that most of the
PE and PS species showed acrophase between ZT14 to
ZT18, while the most abundant membrane lipid PC
peaked during the light phase (Fig. 5C, E).

We also analyzed the degree of overlap between
oscillating, significant, and nonsignificant lipid species
changes in their abundance by diet. As shown in the
Ven diagram, 37 lipid species showed both circadian
oscillation and significant change in their levels at one
or more ZT points, while seven lipid species displayed
circadian oscillation without significant change in their
levels. Among 37 lipid species, HFD challenge consisted
of PE381, PE36:3, PE32:2, PC38:2, LCL60:7, ePE38:0,
ePC32:0, CL70:6, CL70:5, and CL68:6 and remaining 27
lipid species belonged to chow-fed mitochondria
(supplemental Fig. S5D, E). Further, we also probed the
distribution of 95 lipid species that are altered signifi-
cantly in their levels at various ZT points irrespective of
their rhythmic profile (supplemental Fig. S5F). How-
ever, among 83 nonoscillating lipid species, 58 lipid
species differed significantly in their levels at one or
more ZT points and the remaining 25 species did not
display circadian oscillation or change in the levels by

was determined using JTK_Cycle. LAG corresponds to the acrophase for the 24-h cycle. Thin line depicts the individual lipid species.
Statistical significance for JTK_Cycle analysis determined at P < 0.05.
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Fig. 5. JTK_Cycle analysis displayed distinct temporal lipid profiles in DIO mice. A, B: Proportion of lipids showing circadian
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dietary intervention. In nonoscillating cum significant
lipid species, we noted that the vast majority of PC, ePC,
and SM lipid species showed a significant upsurge in
their levels by DIO across various ZT points. Interest-
ingly, more PE, PC, PS, LPE, and PA lipids species
revealed a significant change in their abundance at one
or more ZT points in the chow group (supplemental
Fig. S5D, G). Overall, our findings highlighted the pro-
found impact of HFD on the rhythmicity, concentra-
tion, and phase of mitochondrial lipids, suggesting
potential metabolic reprograming in response to di-
etary interventions.

Dietary intervention affected the coregulation of
various mitochondrial lipid species

Our analyses revealed the intricate changes in the
daily rhythm of mitochondrial lipidome upon high-fat
diet feeding. Thus, we arranged lipid species across all
lipid classes for pairwise correlation analysis to uncover
potential organization patterns that may suggest cor-
egulation of various lipid species. This metric displayed
higher correlation values for HFD (median r values of
0.43) as compared to the chow diet (median r values of
0.39). Further, it hinted that positively correlated lipid
species were more prevalent in the mitochondria of
HFD-fed mice compared to a chow diet (Fig. 6A, B).
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However, these positively correlated lipid species
possessed varying acyl-chain lengths and degrees of
unsaturation that traverse into inter- and intra-class
lipids. As evident, chow mitochondrial lipidome
included pairs with higher positive correlations, such as
PC(38:6)-PC(38:4), LPE(16:0)-LPE(181), and PC(36:4)-
ePC(38:5), reflecting similar patterns of daily accumu-
lation. Also, lipid pairs such as PC(34:1)-PC(38:4),
PC(34:2)-ePC(40:6), PE(36:4)-PE(38:4), and LPE(16:0)-
LPE(18:1) from HFD-fed mice exhibited stronger cor-
relations in their oscillatory profiles, which led us to
explore factors that might influence these correlations.
Further, our analyses consistently showed that several
lipid classes displayed more temporal uniformity
despite possessing different fatty acyl-chain lengths
and saturations (Fig. 6A-C). Conversely, lipid species
within the same class correlated more strongly than
inter-class lipid species. Certain lipid classes, like LPE
and LCL in the chow diet and PS, SM, and PE in the
HFD, showed a greater tendency for within-class cor-
relation, while others, such as PI, were more prone to
between-class correlations. Interestingly, both PC and
ePC in mitochondria demonstrated a mix of within and
between-class correlations (Fig. 6D, E). Overall, we
observed that within-class correlations were stronger in
the mitochondria of HFD-fed mice (6212%) than in
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chow-fed mice (59.57%). These findings suggested how
diet impacts the lipid organization profile in
mitochondria.

Circadian oscillation of PE, PC, and PS correlated
with mitochondrial function

As reported previously (57-59), the PC/PE ratio and
PE deficiency impair oxidative phosphorylation and

SASBMB

mitochondrial function. As described earlier in this
manuscript, DIO annulled the oscillation of PE, PC, ePE,
and PS lipid species, and thus, we analyzed whether
DIO dampened the rhythmicity of PE/PC, ePE/PC, and
PS/PC ratio to emphasize the interplay between diet-
induced temporal re-organization of lipid species and
mitochondrial function. Our analysis demonstrated
that chow-fed mitochondria displayed rhythmicity and
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showed acrophase between ZT14 to ZT18, which is
considered to be the most active metabolic phase.
Conversely, HFD-induced lipid accumulation in the
liver affected the temporal oscillation of these lipid
species and their ratio to PC, suggesting mitochondrial
lipid oscillation is essential to maintain appropriate
membrane composition to execute mitochondrial
function (Fig. 7A-C). Since the aforementioned lipid
classes showed an acrophase between ZT14 to ZT18, we
were intrigued to probe whether HFD-induced mito-
chondrial lipid remodeling correlates to OXPHOS
proteins and mitochondrial function. To address this,
we examined the levels of OXPHOS complex proteins
at ZT4 and ZT16 and noted that chow-fed mice showed
elevated levels of OXPHOS proteins, complex II, com-
plex IV, and complex V at ZT16 and correlated with the
peak time of PE, PS, and ePE. In contrast, HFD damp-
ened this association and affected the OXPHOS com-
plex protein levels, suggesting that the circadian
rhythmicity of these lipids is essential (Fig. 7D, E and
supplemental Fig. S7A, B). Further, we evaluated
whether the peak time of these lipids was connected
with mitochondrial function. For this, we carried out an
OCR assay using isolated mitochondria from chow- and
HFD-fed mice at ZT4 and ZT16 (Fig. 7I). To corroborate
our data with the circadian clock, we next examined the
daily rhythmicity of clock genes such as Bmall, Rev-Erba,
and Per2in the liver of chow- and HFD-treated mice. As
reported, DIO significantly changed the daily oscilla-
tion of clock genes along with Srebplc, a master regu-
lator of lipid synthesis and other genes involving fatty
acid biosynthesis (supplemental Fig. SOA-F). Notably,
Srebplc also showed a peak time at ZT14 and reduced
during the light cycle, as reported (28, 60). As known,
rodents demand high energy during the dark phase
(ZT14-18) and our data also aligned well and supported
that OCR and rhythmicity of these lipids synchronized
in chow-fed mice. Next, we explored how the mito-
chondrial dynamics and mitophagy processes were
entrained in an LD cycle in chow- and HFD-fed mice.
We analyzed the protein levels of VDAC, MFN2
(mitochondrial fusion marker), PINK, and Parkin
(mitophagy markers) at ZT4 (light phase) and ZT16
(dark phase) (Fig. 7D, F-H and supplemental Fig. S7C).
As reported, Parkin-mediated mitophagy is vital to
support high energy demand during the dark phase at
ZT16. Strikingly, the Parkin level was elevated at ZT16,
while PINK1 and VDAC levels were unchanged in
chow-fed mice. Conversely, HFD-induced obesity
diminished the mitophagy marker, Parkin levels at ZT4
and abolished the increment at ZT16 compared to the
chow-fed mice, suggesting the molecular link between
the oscillation of mitochondrial lipids and function.
Together, our data suggested that dietary intervention
perturbed the membrane lipid composition and thus
meddled with the correlations between diurnal oscilla-
tion patterns of mitochondrial lipids, oxygen con-
sumption rate, and dynamics.
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DISCUSSION

Multiple metabolic processes are tightly coupled with
circadian oscillation and the sleep-wake cycle, including
food intake, fasting, energy expenditure, and appetite-
regulating hormone release. Abdominal obesity with a
large neck circumference is not only associated with
increased risk for cardiovascular disease and T2DM but
is also well connected with circadian misalignment and
obstructive sleep apnoea (61). Also, several studies
explained that DIO decouples the synchronized func-
tion of the central pacemaker and peripheral clocks
and accelerates metabolic dysfunction (28, 29, 48-5I).
Subsequently, obesity induces altered fatty acid flux or
metabolites that modulate glucose and lipid homeo-
stasis (30, 46). Besides, high-fat DIO disrupts the circa-
dian clock function by increasing CLOCK and BMALLI
expression (28, 29). BMALLI deletion is known to cause
mitochondrial dysfunction and affects the diurnal
oscillation of mitochondrial dynamics (62). PER2 and
REV-ERBa are crucial players in regulating circadian
rhythm and governing lipid and glucose metabolism.
Also, Per2 or Rev-erba deletion in the liver disrupted the
circadian oscillation of lipid metabolism and contrib-
uted to metabolic dysfunction, including hepatic lipid
accumulation. Also, Per2’~ mice showed disrupted
oscillation of lipids during time-restricted feeding in
chow-fed mice (23, 24). However, the mechanism at
which DIO executes mitochondrial dysfunction and
disturbs the daily oscillation of mitochondrial dynamics
remains unclear. As reported previously, DIO is known
for impeding the transcript levels of clock genes Per2
and Rev-erba in the liver, followed by impaired lipid
oxidation and increased lipid synthesis (28, 29). Our
results also demonstrated that DIO decreased the levels
of Per2 and Rev-erba, suggesting their imperative role in
mitochondrial lipid composition and function
(supplemental Fig. S6B, C).

Although various findings demonstrated the tempo-
ral organization of lipids, how DIO influences lipid
composition, mitochondrial dynamics, and its oscilla-
tion pattern is unknown (23, 63). Therefore, we inves-
tigated the effect of DIO on mitochondrial lipid
composition and demonstrated that DIO not only
changed the lipid profile of mitochondria and dy-
namics but also affected their oscillation pattern.
Among various lipid classes, PA seems more vulnerable
to nutritional stress or HFD challenges than other lipid
classes. Though HFD did not significantly impact the
total levels of individual lipid classes, HFD brought out
drastic changes at the individual molecular lipid species
level. For example, HFD increased the total abundance
of CL, mitochondrial specific lipid class, and PUFA but
reduced specific CL species very strikingly (Figs. 1 and
2). Although CL levels are known to determine mito-
chondrial membrane potential and respiration,
elevated levels of CL are likely to correlate with liver
mitochondrial dysfunction (33, 37, 48, 53). Aligning with
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Fig. 7. High-fat diet altered the circadian rhythmicity of PE/PC, ePE/PC, and PS/PC. A-C: Oscillation profiles of lipid ratios in
liver mitochondria over 24 h in chow and HFD-fed mice: (A) PE/PC ratio, (B) ePE/PC ratio, and (C) PS/PC ratio. D: Immunoblot
analysis of OXPHOS complexes, mitochondrial fusion protein MFN2, mitophagy markers PINKI and Parkin, and VDAC, with
vinculin as loading control (n = 3-4 mice/ZT point/group). E-H: Quantification of immunoblot analysis: (E) OXPHOS protein
complexes II, III, and V, (F) PINK], (G) parkin, and (H) VDAC. I: Oxygen consumption rate (OCR) of liver mitochondria isolated
from chow and HFD-fed mice at ZT4 and ZT16 (n = 5-6 mice/ZT point/group). Data are presented as mean + SEM. Statistical
significance was determined using two-way ANOVA (*P < 0.05). LAG corresponds to the acrophase for the 24-h cycle. Statistical
significance of rhythmicity was determined using JTK_Cycle, with statistical significance determined at P < 0.05.
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this, our results support that obesity-induced mito-
chondrial defect might be due to altered CL composi-
tion and distribution of fatty acid symmetry in the
membrane. As a known fact, CL with PUFA is prone to
oxidation and free radical generation (64). Since CL is
part of the electron transport chain (ETC), DIO might
have distorted the function by incorporating PUFA in
CL and other membrane lipids.

While CL is known to bind tightly onto complex I,
PE and PC lightly bind and affect the stability and
latter catalytic function, respectively. Besides, PE is
part of complex II, III along with CL and complex IV
along with PC and CL, suggesting that CL and PE are
essential lipids for forming ETC (32-37). Thus,
changes in PE and CL could directly contribute to
OXPHOS function and control the oxygen con-
sumption rate of liver mitochondria. Our data
demonstrated that DIO severely altered the levels of
PE and CL molecular species and their acyl chain
remodeling during the dark/active phase in the liver.
These data suggested that the reduced abundance of
several PE species affected the PE/PC ratio and
mitochondrial dynamics at ZT16 since more PE spe-
cies peak between ZT12-16, and they might engaged in
forming ETC. Together, our study demonstrated that
altered CL and PE levels and their oscillation profile
highly corroborated with decreased OXPHOS and
OCR levels during DIO. Mitochondrial function and
dynamics increase during the dark phase between
ZT12-ZT16 or the high energy demand phase, but
these processes also generate elevated ROS levels and
damaged mitochondria. Thus, PE, PS, CL, and PA are
pivotal in activating and regulating the increased
mitophagy process to prevent the accumulation of
damaged mitochondria (65-67). Our data also corre-
lated with increased mitophagy and PE, PS, CL68:6,
CL70:7, LPE161, etc. lipids, suggesting that these lipids
are engaged with mitophagy during the dark to
accompany high energy demand.

Also, DIO selectively increased or decreased the
abundance of specific PE, PC, and SM species (Figs. 2
and 3). In particular, HFD decreased the abundance
of long-chain fatty acids (<C:36) and increased very
long-chain fatty acids (>C:38) containing phospholipids,
including PC, PE, PI, ePC, and PS. Our data suggests
HFD could diminish the efficiency of very long chain
fatty acid (VLCFA) oxidation and, thus, accumulate in
different lipid classes, leading to defective mitochon-
drial membrane formation (Figs. 2 and 3) (68). Addi-
tionally, a reduction in PE and PC species could have
led to a concomitant decrease in OXPHOS complex IV
activity (69). Though several studies dealt with the lip-
idome of whole cell lysate, our study specifically cata-
loged the lipid species of mitochondria and
demonstrated that DIO accumulated VLCFA-
containing phospholipids and ether lipid species in
the hepatic mitochondria (30, 31).
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As acquainted, mitochondria are an indispensable
organelle in maintaining cellular energy homeostasis
and thus, mitochondrial composition, dynamics, and
quality control are under strict regulation. However,
several metabolic and/or environmental cues strongly
impact membrane lipid composition. Mitochondrial
lipids contribute a major share in determining the
physicochemical properties of mitochondrial mem-
brane fluidity, curvature, lipid-protein ratio, assembly
of supramolecular protein complexes, etc (23, 38, 48, 50,
51, 53, 54). In line with this phenomenon, our study also
revealed that a reduction in the number of diurnally
oscillating lipid species, in specific PE and PS phos-
pholipids  strongly associated with mitochondrial
morphology and membrane fusion, as one of the
striking impacts of HFD treatment (Figs. 4 and 5). The
oscillating PE species under both diet conditions had
similar acyl chain lengths (C32-C41), suggesting the
DIO-generated modulation in the proportion of PUFA
and VLCFA affected the temporal rhythm of mito-
chondrial lipid remodeling in the liver. Also, the
reduction in PS oscillation likely contributed to the
observed decrease in PE oscillatory behavior since PE
synthesis depends on an enzymatic decarboxylation of
PS (70). Besides, our hierarchical clustering analysis
further endorsed that HFD reduced the diversity of
lipid molecular species overall and, thus, led to the
reduced number of oscillating molecules and gener-
ated a phase shift in the diurnal rhythm of PE species, a
definite phase shift. For example, HFD treatment
increased interclass correlations, indicating a shift to-
ward greater lipid homogeneity in certain lipid classes,
such as PS, oscillations reverted to intraclass correlation
under HFD, a sign of disrupted lipid interactions and
functions (Fig. 6). Although PE is a major nonbilayer-
forming phospholipid in mitochondrial membranes,
the temporal oscillation of PE, ePE, and PS species
might play a key role in mitochondrial morphology,
biogenesis, dynamics, and maintenance (32).

Further, to address the distinct mitochondrial lipid
signature during circadian rhythmicity, we integrated
the data set available (already published) from whole
tissue lysate lipidome with our mitochondrial lipidome
(71-74). This analysis led us to identify 62 common lipid
species between both data sets and 65 lipid species
unique to our mitochondrial data set (data not shown).
Also, we detangled the oscillation pattern of these
common species and found that the majority of PE
species showed rhythmicity only in mitochondria, while
more PC species showed rhythmic oscillation in tissue
lysate. Further, our analysis revealed that 65 lipid spe-
cies specific to mitochondria majorly belonged to ePC,
CL, PE, PC, LPE, and ePE. Notably, ePC and ePE species
were also enriched despite their being minor constitu-
ents of mitochondria since other data sets did not
explore or even identify these lipid classes in lip-
idomics. Together, the integrated analyses of common
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as well as unique lipid species identified from previ-
ously published tissue lysate and our mitochondrial
lipidomics data set revealed a greater number of
lipid species from PE displayed circadian rhythmicity in
mitochondria. However, DIO  perturbed this
mitochondrial-specific lipid oscillation and their levels
across various ZT points, suggesting mitochondrial-
specific lipid signature is indispensable to maintain
mitochondrial function and dynamics.

It is important to note that the mitochondrial lip-
idome analyzed in our study reflects mitochondria
derived from a heterogeneous population of liver cells.
While changes in hepatocyte mitochondria are central
to metabolic adaptations in the context of DIO, mito-
chondria from other liver cell types—such as Kupffer
cells, endothelial cells, and hepatic stellate cells—also
play critical roles in metabolic stress. During the pro-
gression of fatty liver disease, activated Kupffer cells
and Stellate cells accumulate triacylglycerol and
sphingolipids to promote an inflammatory environ-
ment (75). While activated stellate cells showed a
decrease in saturated PC, SM, and PA lipid species, they
also showed an increase in PS and ePC species (76). Our
lipidome data also displayed a certain degree of simi-
larity in decreasing saturated PC and PA species. Also,
we noted an increase in several ePCs, PS38:7, and PS40:7
species during DIO, suggesting an overlap between
hepatocytes, stellate, and Kupffer cells in the liver.
Although our data overlaps with other cell types
residing in the liver, further studies comparing mito-
chondrial lipidomes from specific cell types may
contribute valuable insights into the cell type-specific
lipid composition and their role in mitochondrial
dysfunction in DIO. Altogether, our data suggested that
the HFD challenge drastically altered the mitochon-
drial lipid remodeling and temporal oscillation of lipid
species, highlighting the critical role of mitochondrial
lipid oscillation in maintaining mitochondrial integrity
and function.
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